
CHAPTER 8 

Biology and Pathogenicity of 
Autonomous Parvoviruses 

GUNTER SIEGL 

1. INTRODUCTION 

During the past ten years parvoviruses have attracted considerable in
terest. This is in part due to their unique molecular organization as well 
as to the fact that they provide an excellent experimental tool to study 
the replication of a small, single-stranded viral DNA genome and to probe 
into the synthesis of eucaryotic cell DNA. On the other hand, parvovi
ruses were shown to be associated with various economically important 
diseases of animals. At lease since the very recent world-wide epidemic 
of canine parvovirus enteritis they are no longer regarded as constituting 
a mere laboratory problem. 

In parallel to this increasing importance of parvoviruses as causative 
agents of specific diseases, several excellent articles on individual par
voviruses have been published (Toolan, 1972; Siegl, 1976; Porter and Cho, 
1980; Porter et al., 1980; Mengeling, 1981). These reviews list the avail
able information on distinct characteristics of the viruses in great detail. 
The present article, on the contrary, traces the properties in common to 
the various autonomous parvoviruses. It places emphasis on those char
acteristics which allow rapid and unambiguous identification of individ
ual members of this genus and attempts to provide a basis for the general 
understanding of this group of viruses. 
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A. History of Isolation 

Isolation of autonomous parvoviruses can be dealt with under two 
distinct headings, i.e., the isolation by chance and isolation as the result 
of an intensive search for the causative agent of a specific infectious 
disease. By far the most parvoviruses have been isolated accidentally. Rat 
virus (RV), the type species of the genus Parvovirus, owes its discovery to 
the search for an anticipated papovavirus of rats. In the course of these 
investigation, Kilham and Olivier (1959) inoculated tumor tissue ho
mogenates from three rats into rat embryonic cell cultures and observed 
the replication of a small, hemagglutinating virus of outstanding stability. 
In subsequent years similar viruses were frequently recovered from tis
sues of tumor-bearing rats as well as from tissue of rats treated with 
carcinogenic or immunosuppressive chemicals (Zhdanov and Mereka
lova, 1962; Kilham and Molony, 1964; Spencer, 1967). Thus, X-14 virus 
was isolated in rat embryonic cell cultures inoculated with mammary 
tumor homogenates of rats X-irradiated and treated with methyl cholan
threne (Payne et al., 1963). The LS agent was recovered by similar tech
niques from a rat bearing a chloroleukemic tumor (Lum and Schreiner, 
1963), and the "hemorrhagic encephalopathy of rats" (HER) agent was 
found to be responsible for an acute paralysis of the hind limbs of rats 
which developed after the animals were treated with high concentrations 
of cyclophosphamide (El Dadah et ai., 1967). All these viruses as well as 
those recovered by Kilham and Molony (1964), Spencer (1967), and Zhda
nov and Merekalova (1962) are serologically closely related. 

At about the same time as Kilham and Olivier (1959) isolated RV, 
Toolan (1960) and Toolan and co-workers (1960) observed the develop
ment of a rather complex syndrome after inoculation of fractions or cell
free filtrates of transplantable human tumors into newborn hamsters. 
These animals developed dwarfism, microcephalic domed head, fragility 
of bones, and malformation of teeth. The causative virus was identified 
in samples originating from the human tumor HEp-l. It shared many 
characteristics with RV, yet proved to be serologically distinct from this 
virus. Because of its source it was named H-1 virus. Under almost iden
tical experimental conditions H-3 virus was recovered from the human 
tumor HEp-3 (Dalldorf, 1960) and injection of various tissues of cancer 
patients (Toolan, 1961a,b) as well as of human embryos and placentas 
(Toolan et ai., 1962) into hamster neonates led to the repeated isolation 
of H-1 virus and the detection of the serologically related HT virus. The 
still scarcely characterized HB virus also originated from such studies 
(Toolan, 1964). 

A constant and apparently inexhaustable source for the isolationilf 
viruses with the physicochemical characteristics of parvoviruses are pri
mary and permanent cultures of cells from various animals and man. 
Hallauer and Kronauer (1962) became aware of latent infections of per-
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manent human cell lines with parvoviruses when uninfected cultures 
subjected to treatment with the alkaline glycine buffer (Hallauer and 
Kronauer, 1960) yielded a then unidentified hemagglutinating agent. Be
tween 1960 and 1970 a total of 43 strains of permanent human cell lines 
such as HeLa, KB, HEp-2, FL-Amnion, Lu106 have yielded a total of 38 
isolates (Hallauer et ai., 1971). The great majority (29) of these isolates, 
represented by the prototype KBSH virus, proved to be serologically re
lated to porcine parvovirus (PPV). Eight isolates represented by the pro
totype TVX (= tumor virus X) and Lurn virus (isolated only once from 
Lu106 cells) were antigenically unrelated to any other known parvovirus. 
Circumstantial evidence (Hallauer et ai., 1971) and direct isolation 
(Croghan et ai., 1973) support the view that the viruses serologically 
related to PPV had been transmitted to the cultures by the use of trypsin 
derived from the pancreas of PPV-infected pigs. The origin of TVX and 
Lurn-type viruses, on the other hand, is still unknown. 

Hallauer et ai.(1971) also reported on the isolation of a serologically 
unique parvovirus (R TV) from a permanent line of rat cells (AT) originally 
established by P. Tournier. In contrast, the agents isolated by Melnick 
et. ai.(1971) and Berquist et ai. (1972) from Detroit 6 cells (neoplastic 
human bone marrow) and HEL (human embryonic lung) cells, respec
tively, had the antigenic characteristics of H-3 virus. 

At the present time, it is well known that parvoviruses may persist 
in their natural hosts in spite of the presence of an impressive humoral 
immunity. Cell cultures prepared from tissues of infected animals there
fore are frequently found to yield these viruses (Mayr et ai., 1968; O'Reilly 
and Whitaker, 1969; Wozniak and Hetrick, 1969). Consequently, it is 
impossible to decide whether parvoviruses such as the minute virus of 
mice (MVM) or porcine parvovirus (PPV) which have come to our notice 
as contaminants in mouse adenovirus stocks (Crawford, 1966) or hog 
cholera virus (Horzinek et ai., 1967; Mayr et ai., 1968), respectively, had 
been already present in the original isolates or were picked up during 
passage of the latter viruses in latently infected cultures of mouse and 
pig cells. In any case, cell cultures prepared from tissues of conventionally 
raised, apparently healthy animals are always prone to yield parvoviruses. 
The latter fact is emphasized by the observation that apparently healthy 
animals may shed parvoviruses in their feces (Bouillant and Hanson, 
1965; Csiza et al., 1971c; Storz and Leary, 1979). Three distinct parvo
viruses-the bovine parvovirus (BPV) (Abinanti and Warfield, 1961), the 
minute virus of canines (MVC) (Binn et al., 1970), and the lapine par
vovirus (LPV) (Matsunaga et ai., 1977)-were isolated under these con
ditions. 

In striking contrast to the frequency and readiness with which par
voviruses were recovered as contaminants from various biological ma
terials, their identification generally posed a considerable problem when
ever they were involved in clinically overt disease. Thus, both the 
syndromes of feline ataxia and feline enteritis had been known for almost 
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a hundred years /Herringham and Andrewes, 1888; Zschokke, 1900) and 
had been studied in much detail during the first half of this century. 
Nevertheless, the feline parvovirus /FPV) responsible for both syndromes 
was isolated and characterized in the mid-1960s only lJohnson, 19641 

1965; Kilham and Margolis, 1966a; Johnson and Cruickshank, 1966; John
son et al.I 1967). Similarly, the syndrome of Aleutian disease of mink has 
been described by Hartsough and G-orham in 1956 and then was thought 
to be of genetic origin. In 19621 however, its transmissible nature was 
recognized almost simultaneously by two groups /Karstad and Pridham, 
1962; Henson et al.I 1962). In spite of the growing knowledge on the 
properties of parvoviruses, the causative virus was isolated in cell cultures 
in recent years only /Porter et al.I 1977; Hahn et al.I 1977a/b) and the 
definite physicochemical characteristics of the virion enabeling unam
biguous classification of ADV with the parvoviruses were reported by 
Bloom et al. in 1980! 

Comparable difficulties were encountered with goose panrovirus 
/GPV). The fatal disease resulting from infection with this virus is con
fined almost exclusively to goslings aged between 8 and 30 days. It was 
first described in Poland in 1962 by Wachnik and Nowaki. When the 
disease caused by the virus swept through Europe between 1962 and 1972 
the related syndrome became known as "goose influenza II in Hungary, 
"virus hepatitis of geese" in Germany, "goose plague II in the Netherlands 
and "ascitic-hepato-nephritis" in France due to varying clinical symp
toms and postmortem findings. Losses of up to 95% in affected geese 
flocks were reported /Kraus, 1965; van Cleef and Miltenberg, 1966; Derzy, 
1967; Schettler, 1971a; Dannacher et ai' l 1974). Isolation in vitro and 
subsequent detailed characterization of the agent, however, indicated that 
all the different syndromes were caused by the same parvovirus /Schettler, 
1973; Dannacher et al.I 1974; Kisary, 1974; Kisary and Derzsy, 1974). 

Finally, the very recent isolation and characterization of a parvovirus 
from dogs either suffering from severe enteritis or dying from acute heart 
failure /myocarditis) has to be mentioned. This virus-generally referred 
to as canine parvovirus /CPV)-is unrelated to the minute virus of canines 
/MVC) isolated previously by Binn et al. /1970). As described elsewhere 
in more detail/see Chapter 9)1 it represents a new, second, host-range 
variant of feline parvovirus. The first host-range variant of FPV -mink 
enteritis virus /MEV)-appeared in Canada more than 30 years ago /Scho
field, 1949). Since then it has spread throughout the world and is now 
considered a major threat to mink-breeding colonies. 

B. Host Range of Parvoviruses 

In spite of the observations with the host-range variants of FPV the 
history of isolations of the various parvoviruses is suggestive for their 
host range and, hence, for their grouping within the genus within the 
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TABLE I. The Origin of Autonomous Parvoviruses 

Virus Vernacular name Source of first isolation Natural host 

RV Rat virus Rat neoplastic tissues Rats 
RTV Rat cell line Rats (1) 
H-1 Human tumorsa Rats, man (1) 
HB Human fetal tissuesa Man (1) 
MVM Minute virus of mice Mouse adenovirus stock Mice 
FPV: 

FPLV Feline parvovirus: feline Feline tissues Cats 
panleukopenia virus 

MEV Mink enteritis virus Mink tissues Mink 
CPV Canine parvovirus Canine feces Dogs 

MVC Minute virus of canines Canine feces Dogs 
BPV Bovine parvovirus Bovine feces Cattle 
PPV Porcine parvovirus Primary porcine cell Swine 

cultures 
GPV Goose parvovirus Goose tissues Geese 
ADV Aleutian disease virus Mink tissues Mink 
LPV Lapine parvovirus Rabbit feces Rabbits 
TVX Human permanent cell Rats (1) 

line 
LuIII Human permanent cell Unknown 

line 

a Isolated via inoculation of tissue homogenates into newborn hamsters. 

helper-independent, autonomous parvoviruses. However, additional fac
tors such as, for example, the incidence of antibodies in populations of 
the various species and a thorough comparison of viral antigens are nec
essary to obtain a reliable picture. The synopsis of such an analysis is 
given in Table I. It clearly indicates that, with very few exceptions which 
have to be discussed later, individual antigenically distinct parvoviruses 
apparently are limited to one natural host. 

II. ANTIGENIC STRUCTURE AND SEROLOGIC 
RELATIONSHIP 

Parvoviruses are rather simple particles consisting of not more than 
three structural proteins (Johnson, Chapter 7 of this volume). These pro
teins also share overlapping peptide sequences (Tattersall et al., 1977). 
Some of the polypeptides probably are present in precursors of the mature 
virion only and there is preliminary evidence (Majaniemi et al., 1981) 
that the capsid of the infectious particle of parvovirus LuIII might consist 
of multiple copies of one single polypeptide. It may be expected, therefore, 
that the mature parvovirus particle is of rather homogeneous antigen
icity. 

The antigen of the mature virion (llDS, p = l.41 glml in CsCI) can 
be detected and identified by neutralization tests, by hemagglutination 
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and hemagglutination inhibition, as well as by complement fixation. The 
extent to which the mature virion is antigenically related to the "dense" 
or "heavy" infectious virion 1110S; p = 1.44-1.47 g/ml), to the defective 
or incomplete particles 170-90S; p = 1.34-1.39 g/ml), or to empty capsid 
structures 170S; p = 1.32 g/ml), is still unknown. All these types of par
ticles react also in hemagglutination inhibition and complement fixation 
tests. Whether they can be distinguished serologically like D and L an
tigens of the infectious picornavirus particle and its corresponding empty 
capsid has not been investigated. 

A. Hemagglutination and Hemadsorption 

With exceptions of Aleutian disease virus IADV) IPorter and Cho, 
1980) and goose parvovirus IGPV) I Schettler, 1973; Kisary and Derzsy, 
1974) the ability to agglutinate red blood cells of at least one animal 
species is a common characteristic of all agents listed in Table I. Due to 
the simple structure of the virus particle the hemagglutinating entity is 
identical with the virus capsid structure. Empty capsids, incomplete par
ticles, as well as the two density variants of the infectious virion therefore 
are able to agglutinate suitable erythrocytes. Because the polypeptide 
composition of these particles differs Icf. Johnson, Chapter 7 of this vol
ume), it could be assumed that the ability to hemagglutinate might also 
vary. In fact, it has been reported that the "heavy" 11.44-1.46 g/ml) var
iant of the infectious virion of several parvoviruses has a lower specific 
hemagglutinating activity than the empty capsid or the "light" mature 
virion iClinton and Hayashi, 1976; Tattersall, 1978a; Kongsvik et al., 
1978). Interpretation of such results, however, depends on parameters like 
the purity of virus suspensions, the absence of virus aggregates, and the 
concentration of particles, none of which are easily controlled. The avail
able results therefore are still far from being conclusive. 

The parvovirus hemagglutinin is as resistant as the infectious virion. 
For various parvoviruses it proved to be stable from pH 2 through pH 11 
when the particles were incubated at 4,25, and 37°C IGreen, 1965; Siegl 
et al., 1971). With increasing temperature, however, a gradual fall of HA 
titers of the treated virus suspensions could be observed. This became 
particularly evident at extreme pH values. At pH 5 to 7, on the other 
hand, the active hemagglutinin could still be demonstrated after incu
bation at 80°C for 30 min to 2 hr. Treatment with organic solvents such 
as ether and chloroform, or with various alcohols also does not affect the 
hemagglutinin Ifor reference see Siegl, 1976). Similarly, proteolytic en
zymes le.g., trypsin, chymotrypsin, and papain) proved without destruc
tive effect IGreen, 1964; Kongsvik and Toolan, 1972b; Siegl et al., 1971; 
Siegl, 1976). On the contrary, a brief treatment of H-l virus with papain 
IKongsvik and Toolan, 1972) or with ficin IKongsvik et al., 1974) even 
enhanced hemagglutination. These results were obtained with unpurified 
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virus suspension of undefined particle composition. Therefore, they can
not be related to the results of the more recent biochemical studies which 
show that part of the polypeptides contained in the two buoyant density 
variants of the infectious parvovirus particle are in fact cleaved by both 
trypsin and chymotrypsin in vitro IKongsvik, 1972b; Clinton and Hay
ashi, 1976; Tattersall 1978a; Kongsvik et ai., 1978). 

The effect of formaldehyde, glutaraldehyde, and (3-propiolactone on 
the hemagglutinins of parvoviruses IKongsvik et ai., 1974; Scott, 1980; 
Siegl, unpublished) mostly depend on the temperature of reaction. Under 
carefully controlled conditions none of these agents demages the hem
agglutination or the antigenicity of the particles even though infectivity 
is readily abolished. 

The counterpart of the viral hemagglutinin-the receptor at the sur
face of the agglutinated red blood cell-has been assumed to be a gly
coplipid structure containing N-acetylneuraminic acid linked with car
bohydrates and fatty acids ICocuzza and Russo, 1969). This view is 
supported by the findings that pretreatment of erythrocytes with influ
enza virus or Newcastle disease virus, with receptor destroying enzyme 
IRDE) of bacterial origin, with lipid solvents, or with periodate rendered 
them nonagglutinable for parvoviruses IMoore, 1962a; Payne et al., 1964; 
Cocuzza and Russo, 1969; Hallauer et ai., 1972). Formaldehyde, glutar
aldehyde, and trypsin, on the other hand, proved to be without effect in 
these studies. Somewhat contradictory results were reported more re
cently by Mochizuki et al. 11978). These authors observed that the re
ceptor for FPV on porcine erythrocytes was almost completely inactivated 
by trypsin, KI04, a-amylase, and, to some extent, also by formaldehyde. 
In consequence, the receptor structure was supposed by these authors to 
have the characteristics of a glycoprotein. 

As far as the reaction between hemagglutinin and receptors is con
cerned, the reversible sensitivity of H-l hemagglutination to p-chloro
mercurybenzoate suggests that virus-bound sulfydryl groups could play 
an important role ICastro et al., 1971a,b; Kongsvik and Toolan, 1972b). 
The most critical parameters in the reaction of parvoviruses with suitable 
red blood cells, however, are temperature and pH. In some instances skill
ful control of these parameters even can be used to distinguish between 
antigenically closely related viruses. For example, feline panleukopenia 
virus IFPLV) preferentially agglutinates pig erythrocyes at pH 6.5, whereas 
CPV, the canine variant of FPV, shows considerable hemagglutination 
activity at pH 7.2 ICarmichael et al., 1980; Tratschin et al., 1982). Like
wise, FPLV and the mink variant MEV agglutinate pig erythrocytes al
most exclusively at 4°C. CPV again reacts effectively with the same type 
of cells also at room temperature ITratschin et al., 1982). A reaction tem
perature around + 4°C was also found indispensable for hemagglutination 
by the minute virus of canines IMVC) IBinn et al., 1970) as well as for 
the lapine parvovirus IMatsunaga et al., 1977). For all other hemagglu
tinating parvoviruses the reaction apparently is completed within 2-4 hr 
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TABLE II. The Most Appropriate Conditions for the Detection and 
Quantitation of Parvoviruses by Hemagglutination 

Virus 

RV 
RTV 
H-I 
HE 
MVM 
FPV: 

FPLV 
MEV 
CPV 

MVC 
BPV 
PPV 
LPV 
TVX 
LuIll 
GPV 
ADV 

Temperature 
Erythrocytes: species of origin pH 

Guinea pig and human 0 7.2a 
Guinea pig and human 0 7.2 
Guinea pig and human 0 7.2 
Guinea pig 7.2 
Guinea pig 7.2 

Pig 6.5 
Pig 6.5-7.0 
Pig and rhesus monkey 7.2 
Rhesus monkey 7.2 
Guinea pig and human 0 7.2 
Guinea pig and human 0 7.2 
Guinea pig 7.2 
Guinea pig and human 0 7.2 
Guinea pig and human 0 7.2 

No hemagglutination demonstrable 
No hemagglutination demonstrable 

(0C) 

20b 

20 
20 
20 
20 

4 
4 

4-20 
4 

20 
20 
4 

20 
20 

a Buffers in the range of between pH 6.8-7.4 were used by various authors. According to 
personal experiences pH 7.2 is a good compromise. 

b In general, reaction was allowed to proceed at "room temperature." In some instances 
higher titers may be obtained during incubation at 4°C. 

at room temperature. Nevertheless, slightly higher titers are frequently 
recorded after incubation in the refrigerator overnight (Mayr et a1., 1968 j 

Bachmann, 1971 j Bates et a1., 1972j Mengeling, 1972j Inaba et a1., 
1973d,b). 

Table II summarizes the most convenient hemagglutination condi
tions for the various parvoviruses. It is evident that the great majority of 
these viruses agglutinates guinea pig erythrocytes at room temperature. 
Rhesus monkey or African green monkey red blood cells, on the other 
hand, are suitable for MVC and CPV, whereas FPLV and MEV are easily 
detected with pig erythrocytes. All the latter viruses hemagglutinate pref
erentially at 4°C. They elute from the red blood cells as soon as the tem
perature is raised to 20 or 37°Cj yet, the erythrocytes remain agglutinable 
and the reaction is reversible upon reincubation at refrigerator temper
ature. 

For many of the viruses listed in Table II erythrocytes of as many as 
19 different animal species have been tested for suitability in the heag
glutination reaction (Toolan, 1976j Siegl, 1976j Porter and Cho, 1980j 

Mengeling, 1981 j Siegl, Chapter 9 of this volume). In some of these in
vestigations it was also proposed that particular isolates of antigenic ally 
closely related viruses can be distinguished on the basis of their hem
agglutination pattern. It was realized, however, that reliable results can 
only be obtained under strictly controlled test conditions. In this respect, 
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minimal prerequisites are standardization of virus suspensions and the 
use of a single batch of erythrocytes in all comparative experiments (Too
lan, 1967bj Hallauer et ai., 1972). The importance of the latter parameter 
is sufficiently illustrated by the frequent observations in routine diag
nostic laboratories that hemagglutination titers of one and the same virus 
suspension may vary with the donor animal of the erythrocytes (e.g., 
Carmichael et ai., 1980). In the case of PPV it was found that the extent 
to which this virus reacts with chicken erythrocytes depends on both the 
genetic composition (Cartwright et ai., 1969j Morimoto et ai., 1972j Pini, 
1975j Ruckerbauer et ai., 1978) and the age of the donor animal. 

Closely related to the ability of parvoviruses to agglutinate red blood 
cells of various species is the phenomenon of hemadsorption. The re
spective results, however, are rather inconsistent (Kilham and Olivier, 
1959j Portella, 1964j Cartwright et ai., 1969r Hallauer et ai., 1972j Hin
aidy et ai., 1979). Portella (1964) reported that in tissue cultures infected 
with RV, H-1, or H-3 virus only those cells proved to be infected to which 
guinea pig erythrocytes attached. According to electron micrographs the 
attachment of the erythrocytes to the cellular membranes was directly 
mediated by virus particles. Portella therefore recommended hemadsorp
tion as a suitable and rapid means to detect virus infected cells. In con
trast, rather slight hemadsorption was observed with BPV in cell cultures 
exhibiting low degree CPE (Hinaidy et al., 1979) and binding of guinea 
pig red blood cells to cell cultures infected with KBSH virus took place 
only after the cell associated virus had reached rather high HA titers 
(Hallauer et al., 1972). These discrepancies can be explained on the basis 
of the replication behavior of parvoviruses. Whereas enveloped hemag
glutinating viruses mature by budding from the cell membrane, parvo
viruses are replicated within the nucleus of an infected cell. The great 
majority of progeny virions are released upon the final disintegration of 
the host cell only. They then associate with unoccupied receptor struc
tures both at the surface of intact cells and of cell debris and thus provide 
the substrate for the adsorption of erythrocytes. 

The binding of progeny parvovirus particles to the cell detritus is a 
well-known phenomenon. During purification of the viruses this fact is 
allowed for by the use of receptor destroying enzyme (Salzman and Tori, 
1970j Siegl et ai., 1972j Tattersall et ai., 1976) or treatment with buffer 
solutions of pH 8.0 to 9.0 (Hallauer and Kronauer, 1965 j Gierthy et ai., 
1974) to dissociate the virus-receptor complex. 

B. Hemagglutination Inhibition 

Hemagglutination inhibition (HI) is the most convenient means of 
identifying the great majority of autonomous parvoviruses. This serolog
ical technique has been extensively used to investigate the antigenic re
lationship between individual viruses and to screen sera for the presence 
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of antiviral antibodies as diagnostic indicator of a past infection. In both 
cases, however, the respective results can only be relied upon if hem
agglutination conditions are sufficiently standardized (Hallauer et ai., 
1972; Joo et ai., 1976b; Carmichael et ai., 1980). Moreover, HI-tests are 
extremely sensitive to the presence of nonspecific inhibitors. These sub
stances have been demonstrated in sera of humans and of almost all an
imal species so far tested (Moore, 1962b; Lum, 1970a,c; Hallauer et ai., 
1972; Joo et ai., 1976b; Siegl and Kronauer, 1980). They may be present 
in extraordinarily high concentration and sometimes were still found in 
serum dilutions of 1 :640! The nature of these inhibitors is largely un
resolved. They resist heating to 56°C for 30 min. Pretreatment of sera 
with RDE, trypsin, sodium periodate, ether, or MnC12 was found to yield 
inconsistent results. The most reliable technique of removing the sub
stances from sera consists in extraction with Kaolin (Clarke and Casals, 
1958). Even under these conditions, however, HI-titers of up to 1:80 can 
still be due to the presence of "inhibitory substances" rather than re
flecting a low antibody titer. A second parallel extraction of the serum 
sample under investigation or more subtle techniques such as column 
chromatography and velocity sedimentation then can be used to reach 
an unambiguous decision. 

To the best of our knowledge, the serum inhibitors dealt with so far 
are nonspecific, i.e., they indiscriminately inhibit hemagglutination by 
various parvoviruses. This is apparently not true for that inhibitor of H
I hemagglutination which has been isolated from human placentas (Too
lan 1964, 1968). The substance was purified and characterized by Usa
tequi-Gomez (19651, Karasaki et ai. (1965), and Usatequi-Gomez and Mor
gan (1968) as a glycoprotein with many properties of a macroglobulin. It 
interfered specifically with hemagglutination by H-l virus. Hemagglu
tination by the antigenically closely related HT virus was only occa
sionally inhibited and hemagglutination by the serologically unrelated 
HB, RV, and H-3 viruses was not affected at all. 

On the basis of HI-tests, the hemagglutinating autonomous parvo
viruses can be separated into 12 distinct groups (Table III). These groups 
apparently share no HI-antigen in common. A one-sided serologic rela
tionship between individual groups (e.g., between TVX and H-l) has been 
occasionally reported (d. Lum and Schreiner, 1963; Hallauer et 01., 1971). 
It cannot be excluded, however that such observations reflect a contam
ination of the antigens used to raise the antisera rather than a true an
tigenic relationship between the viruses concerned. Contamination of 
antigens thereby may have resulted from the use of primary cell cultures 
prepared from the tissues of latently infected animals (Mayr et 01., 1968; 
O'Reilly and Whitaker, 19691 or from cell cultures contaminated in the 
laboratory (Wozniak and Hetrick, 1969; Hallauer et 01., 1971). It is there
fore also conceivable that the "new" serotype of BPV described so far only 
by Inaba et 01. (1973a) and compared exclusively to BPV reference strains 
represents an already well-known parvovirus (PPV?). 
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In general, virus strains belonging to a certain antigenic group cannot 
be distinguished by HI. The validity of this observation was also claimed 
for the host-range variants of FPV, i.e., for FPLV, MEV, and CPV (Car
michael et ai., 1980; Lenghaus and Studdert, 1980). Following preadsorp
tion of anti-CPV serum with FPLV antigen, however, Flower et al., (1980) 
have provided evidence for the existence of a specific extra antigenic 
determinant in CPV, Tratschin et ai. (1982) also could show that, in 
agreement with the results of neutralization tests, antisera prepared 
against FPLV or MEV do not distinguish between the three viruses in HI
tests. Antisera raised against CPV, on the other hand, react with the 
homologous virus at considerabley (8 to 64 times) higher dilutions than 
the two heterologous agents. 

To the extent tested, antisera against the two non hemagglutinating 
autonomous parvoviruses ADV and CPV did not interfere with hemag
glutination by some of the viruses listed in Table III. 

C. Serum Neutralization 

As far as the serologic relationship between the viruses grouped in 
Table III is concerned, cross neutralization brought about no new points 
of view. No antigen in common to the various viruses could be revealed 
by such tests (Moore, 1962b; Portell a, 1963; Lum and Schreiner, 1963; 
Toolan, 1964; Crawford, 1966; Gorham et al., 1966; Johnson, 1967b; John
son et ai., 1967; Scott et ai., 1970b; Cross and Parker, 1972; Storz et ai., 
1972; Inaba et al., 1973b; Joo et al., 1975; Siegl, 1976; Tratschin et al., 
1982). Slight antigenic differences between individual isolates of one and 
the same virus, however, apparently are more readily detected than by 
means of HI. This has been observed in studies within RV, H-3, and L-S 
virus (Moore, 1962b; Portella, 1963; Lum and Schreiner, 1963) where im
mune sera showed considerably higher titers for the homologous than for 
the heterologous virus. Similarly, Lenghaus and Studdert (1980) reported 
that, by serum neutralization, CPV proved closely related but clearly 
distinguishable from wild-type and vaccine strains of FPLV. The results 
of Tratschin et a1. (1982) are in agreement with these findings. 

Of the two nonhemagglutinating parvoviruses GPV and ADV the 
goose parvovirus was shown by neutralization tests to be unrelated to 
MVM, PPV, BPV, and H-l virus (J. Kisary, personal communication). 
Moreover, cross neutralization with the French isolate, the isolate from 
Hungary, from the Netherlands, and one from the USSR suggested that 
probably all GPV strains isolated in Europe are antigenic ally identical 
(Dannacher et al., 1974; Kisary, 1974). Neutralization tests with ADV, 
on the other hand, present a special and so far unresolved problem. As 
will be discussed elsewhere in more detail, ADV infection of mink results 
in the formation of large amounts of circulating antiviral antibodies. 
These antibodies could be shown by electron microscopy to react with 
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ADV. The resulting virus-antibody complexes, however, remain infec
tious for both susceptible animals and sensitive cell cultures. Such results 
were obtained with sera from chronically infected mink, with sera of 
mink with a nonpersistent ADV infection, as well as with sera from 
ferrets with ADV antibody and no disease (Larsen and Porter, 1975; Porter 
and Cho, 1980). 

Neutralization tests have been reported to be more sensitive than HI 
tests in the detection of antiviral antibody (Johnson and Collings, 1971; 
Joo et a1., 1975; Siegl and Kronauer, 1980). This is especially true for 
plague-reduction tests where sera nonreactive in HI can frequently be 
diluted several-hundred-fold before end titers in neutralization are 
reached (Siegl and Kronauer, 1980). On the basis of assay systems which 
detect viral infectivity via the induction of cytopathologic changes in the 
infected monolayer or by screening for intranuclear inclusion bodies, 
however, neutralizing serum antibodies frequently are found to be of the 
same magnitude as antibody titers read by HI (Goto, 1975; Konishi et al., 
1975; Mochizuki et al., 1978). 

D. Immunofluorescent Studies 

Immunofluorescent staining has successfully been used to detect par
vovirus antigens in tissues of infected animals (d. Csiza et al., 1971b; 
Storz and Bates, 1973; Mengeling et al., 1975; Carmichael and Binn, 1981) 
to study the replication of parvoviruses in cell cultures (Mayor and Ito, 
1968; Cole and Nathanson, 1969; Siegl and Gautschi, 1973; Bachmann 
and Danner, 1976; Hahn et al., 1977a,b), and to follow synthesis and 
accumulation of viral polypeptides in infected cells (Croft et al., 1974). 
IF-staining is very helpful in determining infectivity titers of parvovi
ruses. It is usually much easier and much less time consuming to detect 
single infected cells by this technique than by screening cultures infected 
with end point dilutions for, e.g., FPV-specific intranuclear inclusion bod
ies (King and Croghan, 1965; Mochizuki et ai., 1978; Siegl and Kronauer, 
1980). In consequence, much higher virus titers are usually recorded and 
the apparent infectious unit consists of less virus particles. This, in re
turn, affects the results of neutralization tests (Scott et al., 1970b). More
over, under conditions where virus infections neither lead to cytopath
ologic alterations in the unstained monolayer nor to formation of 
inclusion bodies, IF-staining is the only reasonable means to detect viral 
replication. At the present time, this does apply to the propagation of 
ADV in vitro. Infectivity of the latter virus is titrated by a fluorescent 
focus assay (Hahn et al., 1977a,b; Porter and Cho, 1980). 

IF-staining has also been used to investigate the antigenic relation
ship of several parvoviruses. Cross and Parker (1972) infected rat embryo 
cell cultures with RV, H-1, and MVM and, by cross-IF staining with the 
respective antisera, found these viruses to share a common antigen (s). 
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Similarly, Black et aI. (1979) and Eugster (1980) reported on an antigen 
in common to CPV and PPV which can be revealed by fluorescent an
tibody staining. Most authors, however, agree that the latter two viruses 
are antigenically unrelated (for reference see Chapter 9). In our laboratory 
repeated attempts to reveal a common antigen for PPV and CPV by in
direct IF-staining have failed (G. Siegl and G. Kronauer, unpublished). 

On the other hand, fluorescent antibody staining indicated that GPV 
is serologically unrelated to RV, H-l, MVM, RTV, PPV, BPV, FPV, TVX, 
and LuIII virus (P.A. Bachmann, personal communication). 

E. Complement Fixation and Further Serologic Techniques 

Complement fixation (CF) has been repeatedly used to identify and 
to quantitate parvovirus antigens (Kaariiiinen et aI., 1966; Cross and Par
ker, 1972, Schettler, 1973; Ruckerbauer et al., 1978; Mochizuki et aI., 
1978). In such studies it was found that CF reactivity is associated with 
the well-known types of virus particles detected also by infectivity assay 
andlor hemagglutination. The time course the appearance of CF-antibody 
subsequent to the contact with parvovirus antigens has only been studied 
in rabbits infected with FPL V. In this animal the CF antibody response 
paralleled the behavior of HI and SN titers but was distinctly lower. Fi
nally, in agreement with HI and SN tests, attempts to detect a common 
CF-antigen for some of the viruses listed in Table III failed (Cross and 
Parker, 1972). It proved also impossible to discriminate between individ
ual strains of FPLV by this technique (Mochizuki et al., 1978). 

Of further serologic techniques applied to the study of parvoviruses, 
counter-immune electrophoresis (CIEP) was found to be the most useful 
approach to detect and to quantitate ADV antigen in the serum of infected 
mink (Cho and Ingram, 1972, 1973, 1974; Bloom et al., 1975; Notani et 
aI., 1976; Porter and Cho, 1980). Immunodiffusion finally was used by 
Joo et aI. (1978) in the study of PPV antigenicity, and, very recently, 
Flower et aI. (1980) have applied the latter technique to reveal an extra 
antigenic determinant in CPV by means of which it can be distinguished 
from FPLV and MEV. 

III. PROPAGATION AND ASSAY SYSTEMS 

A. Dependence of Viral Replication on Cell Physiologic State 

Although the viruses dealt with in this review are referred to as non
defective or autonomous parvoviruses, they depend for replication on 
cellular helper functions. These functions are expressed only transiently 
in late S- or early G-2 phase during the life cycle of a susceptible cell 
(Tennant et al., 1969; Hampton, 1970; Tattersall, 1972; Rhode, 1973; 
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Siegl and Gautschi, 1973}. Our present state of knowledge concerning the 
characteristics of the cellular functions as well as the steps in virus rep
lication governed by them will not be discussed in this context. Here I 
shall only summarize some basic in vitro observations and shall place 
emphasis on the implications of this specific virus-cell relationship for 
the propagation and assay of parvoviruses. 

In 1965 Margolis and Kilham related the pronounced destructive ac
tion of viruses like RV and H-l in rapidly proliferating tissues of newborn 
rodents to their affinity for cells undergoing mitosis. At about the same 
time Johnson (1965, 1967a) attempted in vitro propagation of feline pan
leukopenia virus. He then listed a number of critical parameters either 
stimulating or hampering replication of the virus in primary feline kidney 
cells. All those parameters which affected mitotic activity within the cell 
cultures (e.g., density of the cell monolayer, the quality of sera used to 
supplement growth medium, or the temperature of incubation) appar
ently favored virus replication whenever they increased the mitotic ac
tivity. Since these early observations, comparable cultural prerequisites 
have been established for in vitro propagation of every autonomous par
vovirus studied in greater detail, i.e., for RV, H-1, FPV, PPV, BPV, ADV, 
GPV, LPV, RTV, TVX, and LuIII virus (Cole and Nathanson, 1969j Led
inko et al., 1969j Tennant et al., 1969j Hallauer et al., 1972j Tattersall, 
1972j Storz and Bates, 1973j Lubeck and Johnson, 1976j Hahn et al., 
1977a,b j O'Shea and Studdert, 1978 j Kisary, 1979j Carmichael and Binn, 
1981 j Johnson and Spradbrow, 1979). In particular it was found essential 
to either infect cultures "not yet completely confluent" or to add the 
virus already at the time of seeding the cells. At rather low multiplicity 
of infection, for example, in cultures inoculated with end point dilutions 
of virus suspensions, even this technique may fail to stimulate viral rep
lication to a degree inducing CPE before the monolayer reaches conflu
ence. In such cultures, in which mitotic activity has slowed down due 
to density-dependent inhibition of cellular growth, viral replication can 
be activated again by trypsinization and splitting of the cells at a rea
sonable rate (Hallauer et al., 1972j Johnson et al., 1974). 

In susceptible culture systems the ability of the cells to proliferate 
and to pass actively through the division cycle thus is the predominant 
prerequisite of successful virus replication. If this is taken into account, 
some of the observations of Cole and Nathanson (1969) and Ledinko et 
al. (1969) concerning the replication of RV and H-l virus in L-cells and 
in the diploid cell line Wi-26, respectively, can probably be explained. 
Judged on the production of infectious virus particles, replication of these 
viruses in the cell systems originally appeared to be incomplete or even 
abortive. Fluorescent antibody staining, however, revealed that viral rep
lication proceeded successfully in a small proportion of cells apparently 
undergoing active growth. 

Finally, it has to be mentioned that a cell's ability to support repli
cation of a parvovirus-in other words, its susceptibility or resistance to 
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infection-seems to be a function of its metabolic capacity as expressed 
under the control of differentiation and development. This conclusion 
can be drawn from in vitro experiments conducted by Tattersall (1978b). 
Using murine teratoma cells he could show that, within the pathway 
these cells can differentiate, only one type of cell evolved which supported 
replication of MVM. 

B. Host Cell Range and Cultivation 

It is obvious that the dependence of parvovirus replication on helper 
functions expressed under the control of cellular differentiation has a 
direct influence on the in vitro host range of the viruses. This host range 
therefore is both of basic theoretical and of practical laboratory signifi
cance. In most of the studies available to date, however, mere practical 
points of view prevailed and investigations were mainly centered at the 
question whether a certain parvovirus can be propagated to high titers in 
a readily accessible and easily maintainable culture system. The respec
tive published laboratory experience is condensed to Table IV. To the best 
of our knowledge, this table lists the most appropriate culture systems 
for the various viruses. 

As is evident, most of the viruses can be propagated in primary and 
secondary cultures derived from tissues of embryos or neonates of their 
natural animal host. Moreover, permanent cell lines originating from 
such sources in general proved to be very useful. For some of the par
voviruses, e.g., RTV, MVM, BPV, MVC, LPV, and GPV, primary and per
manent cell cultures derived from tissues of their natural host apparently 
are the only susceptible ones (Crawford, 1966; Binn et al., 1970; Parker 
et al., 1970a; Hallauer et al., 1971, 1972; Storz and Bates, 1973; Kisary, 
1974; Matsunaga et al., 1977). These culture systems frequently also have 
to be used to achieve isolation of RV, PPV, and FPLV under routine di
agnostic conditions (Kilham and Olivier, 1959; Lum and Schreiner, 1963; 
Payne et al., 1964; Mayr et al., 1968; Johnson, 1964). Of these viruses, 
however, variants are known which can be readily propagated in cells of 
widely unrelated hosts. Thus, H-3 virus-antigenically closely related to 
RV-can be grown in cell lines of human origin (Toolan and Ledinko, 
1965; Hallauer et al., 1972) and related viruses were recovered from a 
cloned line of Detroit-6 cells (neoplastic human bone marrow) (Melnik 
et al., 1971) as well as from human embryonic lung (HEL) cells (Berquist 
et al., 1972). Likewise, Hallauer et al. (1971, 1972) found the great ma
jority of parvoviruses isolated as contaminants of permanent human cell 
lines (e.g., KB, HeLa, HEp-2, and FL-Amnion) to be serologically indis
tinguishable from PPV. Attempts to isolate PPV from tissues of infected 
pigs in cells of human, monkey, and rat origin originally had failed (Mayr 
et al., 1968), but Cartwright et al. (1969) succeeded in adapting PPV to 
growth in a variety of human cell lines. Finally, the determination of the 
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TABLE IV. The Most Convenient in Vitro Systems for the Propagation of 
Parvovirusesa 

Virus: Strain 

RV 
H-3 

X-14 
L-S 

HER 
RT 
H-l 
MVM 
FPV: FPLV 

MEV 
CPV 

PPV 

KBSH 
BPV 

MVC 
ADV 

LPV 
GPV 
TVX 
LuIIl 

Primary cultures 

Rat embryonic 
Rat embryonic 
Rat embryonic 
Rat embryonic 
Rat embryonic 
n.t.b 

Rat embryonic 
Mouse and rat embryonic 
Feline kidney 
Feline kidney 
Feline and canine kidney 

Fetal or neonatal porcine 
kidney and testicle 

? 
Bovine fetal lung, spleen and 

kidney 
? 

Mink, ferret and feline 
kidney 

Rabbit kidney 
Goose embryo, duck embryo 

? 

Permanent cell lines 

Rat nephroma (Babcock and Southam) 
NB (human transformed, Shein &. Enders) 
Rat nephroma 
Rat nephroma 
Rat nephroma 
AT (rat; Tournier) 
NB (human transformed, Shein &. Enders) 
A-9 (mouse L-cells) 
CRFK (feline kidney) 
CRFK 
CRFK; MDCK (canine kidney), 

A 72 (canine neoplastic) 
PK-14 (porcine kidney) 
SK (swine testicle) 
HeLa, KBS (human neoplastic) 
Buffalo lung fibroblast 

WRCC (canine) 
CRFK (feline kidney) 

RK (rabbit kidney) 
? 

HeLa, KB (human neoplastic) 
HeLa, NB (human transformed, Shein &. 

Enders) 
Chimpanzee liver (Douglas) 

a For references the reader is referred to the text as well as to the specific reviews (Toolan, 1968; Siegl, 
1976; Porter and Cho, 1980; Mengeling, 1981; Siegl, Chapter 9). 

b Not tested. 

in vitro host cell range is one of the very few possibilities to distinguish 
CPV from FPLV and MEV. The latter two variants of the feline parvovirus 
have a rather limited host range and are routinely propagated in feline 
cells only. CPV, on the other hand and well in accordance with in vivo 
observations, was found to replicate exceptionally well in primary and 
permanent cultures of both feline and canine origin (Johnson and Sprad
brow, 1979; Eugster, 1980; Lenghaus and Studdert, 1980; Carmichael et 
al., 1980; Tratschin et al., 1982). 

Serological surveys and epidemiological observations (d. Mengeling, 
1981) clearly indicate that the natural host of PPV is the pig. Viruses like 
KBSH and comparable isolates (Hallauer et al., 1971, 1972) therefore may 
be regarded as host cell variants selected by cultivation in the laboratory. 
Similar considerations were drawn into account to explain the generation 
of CPV from FPV (see Chapter 9). In this special case the new host-range 
variant also established itself as pathogen in a so far unaffected species. 
In contrast to these two examples, however, the situation with H-1 virus 



314 GONTER SIEGL 

is not conclusive. This virus was found to replicate readily in human cells 
in vivo and in vitro IToolan et ai., 1965; Toolan and Ledinko, 1965; Too
lan, 1968); yet, primary cultures of rat embryo cells support virus repli
cation to the same extent IMoore, 1962a; Nicoletti et ai., 1969) and there 
is evidence for a widespread dissemination of the agent in rat populations 
IKilham and Margolis, 1969). Neither the in vivo nor the in vitro host 
range of H -1 therefore provides helpful hints in the search for its natural 
host. 

Similar difficulties are encountered with two of the parvoviruses iso
lated by Hallauer et ai. 11971) from contaminated human cell lines. To 
date, LuIII virus could only be propagated in permanent cell lines of 
human and chimpanzee origin IHallauer et ai., 1972; Soike et ai., 1976; 
Siegl and Gautschi, 1978) but antibodies to the virus could never be de
tected in sera of these species. TVX also was shown to replicate readily 
in various human cell lines. As with LuIII virus, no antibodies could be 
detected in human sera. Screening of rat sera, however, revealed HI-an
tibody titers as high as 1:1280 in 16 out of 50 sera IG. Siegl and G. Kron
auer, unpublished). Whether the virus can replicate in rat cells in vitro 
still awaits testing. 

There is sound reason to regard the viruses dealt with in the preceding 
paragraphs as easily cultivable parvoviruses. For each of the agents several 
susceptible culture systems have been described and, given incubation 
conditions stimulating cellular proliferation and mitosis, all viruses can 
easily be propagated. In contrast, at least two of the better characterized 
parvoviruses as well as a series of possible members of the autonomous 
parvovirus group are rather delicate with respect to cultivation. MVC, 
the canine virus isolated by Binn et ai., in 1970, could only be propagated 
in the WRCC IWalter Reed canine cell) line. All parallel attempts to adapt 
the virus to growth in primary cells of dog, cat, mouse, rat, hamster, 
guinea pig, rabbit, pig, bovine, monkey, and human origin failed. Per
manent lines of cells derived from the same species also proved insus
ceptible. Since that time many laboratories have tried to propagate the 
original isolate of MVC in canine cells or to recover the virus again in 
culture from fecal canine specimens. According to various personal com
munications all these attempts, including those undertaken in our own 
laboratory, were in vain. Impressed by these negative results R. H. John
son Ipersonal communication) assumes that MVC does not belong to the 
autonomous but rather, is a member of the helper-dependent parvovi
ruses. On the basis of such a hypothesis, propagation in the WRCC line 
could then have been possible due to a preexisting latent infection with, 
or the unrecognized presence in the inoculum of an adenovirus helper. 
The necessary critical experiment to test for this possibility consists in 
the inoculation of MVC into canine cells together with an adequate helper 
virus. This has not yet been attempted. It is also quite questionable 
whether the results of such an experiment would be conclusive. Brailov
sky and Chany 11965), Chany and Brailovsky 11965), as well as Ledinko 
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and Toolan (1968) have shown that, comparable to the situation with the 
dependoviruses, multiplication of autonomous parvoviruses like RV and 
H-l in inappropriate culture systems can be stimulated by coinfection 
with an adenovirus helper. The necessary critical helper function was 
found to be expressed late in adenovirus replication (Ledinko et ai., 1969). 
Under its influence H-l virus replicated successfully both in human em
bryonic lung cells as well as in cells of the diploid human cell line Wi-
26 which otherwise did not support progressive virus growth. 

In spite of the difficulties in interpretation apparently associated with 
the experiments suggested by R.H. Johnson, the idea might be worthwhile 
trying with the various noncultivable, parvoviruslike particles detected 
repeatedly during the past decade in human feces and sera (Cossart et ai., 
1975 j Paver et ai., 1973, 1974, 1975a,bj Paver and Clarke, 1976 j Pattison 
et ai., 1981 j Serjeant et ai., 1981). Samples containing these viruses are 
in general very rare and even a low degree of multiplication of the vi
ruses-whether completely helper virus dependent or not-would be 
helpful in determining their characteristics and in facilitating the search 
for a susceptible culture system. 

Besides the "priming" of an otherwise unsuitable cell culture system 
by co infection with a helper adenovirus, an additional factor stimulating 
or inducing replication of poorly or even noncultivable parvoviruses could 
consist in a proper selection of the temperature of incubation. This pro
cedure proved to be rewarding in studies with ADV. In spite of the fact 
that the body temperature of mink is 39°C, frequent attempts to propagate 
ADV at 37°C failed or could not be reproduced (for reference see Hahn 
et ai., 1977a). In 1977, however, Porter et a1. succeeded in cultivating the 
virus in primary or permanent feline kidney cells at 31.8°C. After 10 
passages under these conditions of incubation, the temperature optimum 
shifted to 37°C. In parallel, Hahn and co-workers (1977a) could adapt the 
highly virulent Utah-l strain of ADV directly to growth in feline kidney 
cells at 37°C whereas virus strains of low virulence underwent abortive 
replication under the same conditions of cultivation. Porter and Cho 
(1980) recently reported that such less virulent ADV strains are even 
difficult to propagate at 31.8°Cj yet, they could be serially passaged when 
the temperature of incubation was further reduced to 28°C. In all the in 
vitro experiments conduced so far. with ADV, the CRFK permanent line 
of feline kidney cells was found to be the best system for the propagation 
of the virus (Hahn et a1., 1977aj Porter and Cho, 1980j Bloom et a1., 1980). 
It is noteworthy, however, that primary mink and ferret cells were also 
quite susceptible. Finally, expression of ADV antigen has been observed 
by means of fluorescent antibody staining in guinea pig peritoneal mac
rophages and even in NB (simian virus 40-transformed newborn human 
kidney) cells (Hahn et a1., 1977a). To what extent, if at all, accumulation 
of this antigen is indicative of synthesis of progeny infectious virus has 
not yet been tested. 



316 GUNTER SrnGL 

There are two additional points which have to be mentioned in con
text with the propagation of parvoviruses in vitro. The first concerns the 
transiency of virus replication as observed in several culture systems. It 
is closely related to the dependence of virus synthesis on actively growing 
cells. As lined out already under Section lILA and as is referred to again 
in the following chapter, virus replication is halted whenever cellular 
proliferation is arrested. In culture systems prone to reach a state of den
sity-dependent inhibition of cellular growth, virus synthesis then might 
become completely undetectable. In general, this phenomenon is less 
~vident during propagation of the viruses in permanent line cells than in 
primary or secondary cell cultures. 

The final facet of parvovirus replication which has to be referred to 
concerns the strict cell association frequently observed with parvovi
ruses. Strict cell association, however, is not·a stable characteristic of all 
parvovirus-cell systems. It can vary considerably both with the virus 
strain and the cell type used. Therefore, no generally valid rule can be 
established j rather, both the supernatant culture medium and the cellular 
extracts have to be assayed for presence of progeny virus at regular in
tervals to obtain reliable information on the distribution of the virus in 
the culture system of interest. For that purpose, cellular extracts can 
either be prepared by treatment of monolayers with alkaline glycine 
buffer according to Hallauer and Kronauer (1965) or by repeated freezing 
and thawing of cells followed by digestion with RDE or treatment with 
Freon. 

C. Cytopathology 

With only the exception of ADV, replication of the autonomous par
voviruses in one of the in vitro culture systems listed in Table IV is 
accompanied by cytopathologic changes. These virus induced cellular 
changes can be observed both in the unstained monolayer and after his
tologic staining. In the unstained monolayer they are in general char
acterized by diffuse granulation, rounding up of cells, detachment of sin
gle or groups of pyknotic cells and, finally, by complete destruction of 
the culture (Moore, 1962aj Toolan and Ledinko, 1965 j Johnson, 1967aj 
Mayr et al., 1968 j Parker et al., 1970a Binn et al., 1970j Hallauer et al., 
1972 j Storz and Bates, 1973 j Matsunaga et al., 1977). Complete CPE, 
however, will only develop if a mitotically active cell sheet is inoculated 
at a sufficiently high multiplicity of infection. If this requirement is not 
met, Le., if the infected monolayer reaches a state of density-dependent 
inhibition of cellular growth before infection has spread to the greater 
majority of a culture's cells, the cytopathologic changes are transient in 
nature (Johnson, 1965, 1967aj Lubeck and Johnson, 1967). Under the latter 
circumstances the virus-affected, pyknotic cells are lost from the cell 
sheet which then resumes an uninfected appearance and can be distin-
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guished from control cultures only on the basis of a more or less char
acteristic thinning. Detection of parvovirus replication by CPE, therefore, 
may require a careful, sometimes lengthy observation period and repeated 
subculturing may be necessary to continuously provide a source of ac
tively proliferating cells. 

In many of the early studies centered at the in vitro replication of 
parvoviruses, the time necessary for the development of clear CPE was 
reported to vary from two to 15 days. From the more recent studies in 
synchronized culture systems, however, we know that the shortest pos
sible replication cycle of an autonomous parvovirus, that is to say, the 
time elapsing between infection of a susceptible cell in mid S-phase and 
the height of maturation of progeny virus, is about 8 to 10 hr (Hampton, 
1970; Rhode, 1973; Siegl and Gautschi, 1973a,b). Mter that period oftime, 
phase contrast microscopy may already reveal early intranuclear changes 
consisting of a more or less prominent granulation. The full spectrum of 
cytopathology accompanying cellular death, however, will not develop 
before 24 to 48 hr after infection. 

In contrast to the delayed morphologic reaction of the parvovirus
infected cell as observed by light microscopy, histologic staining reveals 
virus-induced cytopathology at a much earlier stage. The changes are 
detectable by H &. E, May-Gruenwald-Giesma, or Feulgen staining. They 
consist in the generation of intranuclear Cowdry type-A inclusion bodies 
and have been described for H-l, as well as for RV and related isolates 
(Dawe et ai., 1961; Moore, 1962; Bernhard et ai., 1963; Portella, 1963; 
Hampton, 1964; Mayor and Jordan, 1966; Nicoletti et ai., 1969), for FPLV 
(Johnson, 1965; Goto and Ishiko, 1976; O'Shea and Studdert, 1978), PPV 
(Mayr et ai., 1968; Cartwright et ai., 1969), MVC (Binn et al., 1970), CPV 
(Johnson and Spradbrow, 1979; Gagnon and Povey, 1979), BPV (Storz and 
Warren, 1970), GPV (Kisary and Derzsy, 1974), and for LPV (Matsunaga 
et al., 1977). In an unsynchronized, randomly proliferating cell culture 
the first visible histologic changes become evident already between 8 and 
12 hr after infection (O'Shea and Studdert, 1978). In general, they consist 
in an enlargement of the nucleoli, which is followed by rarefaction of 
normal chromatin around. the nucleoli and the replacement of normal 
chromatin by granular, mostly eosinophilic materiaL With progressing 
time, continued accumulation of granular material leads to margination 
of the cellular chromatin, to thickening of the nuclear membrane, and, 
finally, to the development of a homogeneous, mostly basophilic inclu
sion. At this stage the nucleoli are in general dislocated to the nuclear 
membrane. 

An additional, different type of inclusion has been described for BPV 
(Inaba et ai., 1973; Hinaidy et ai., 1979; Leary and Storz, 1980). This type 
either consists of multiple round, eosinophilic to basophilic foci spread 
throughout the nucleus or of similar structures arranged along the nuclear 
membrane. The factors predisposing the development of the multifocal 
or the classical Cowdry type A inclusion in a BPV infected cell are un-
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known. On the basis of preliminary experiments with plague purified 
BPV, however, Leary and Storz 11980} have suggested that the genotype 
of the virus may playa significant role. Yet, additional parameters such 
as the actual cellular phenotype or the number of virus particles entering 
a cell may also influence the result of infection. In this context it has to 
be mentioned that the multifocal type of inclusion body has not yet been 
observed in tissues of infected animals. 

According to fluorescent antibody staining, both the classical Cow
dry type A inclusion and the multifocal inclusion body consist of an 
accumulation of parvovirus antigen. The structure of this antigen as well 
as its intranuclear distribution has been repeatedly analyzed by electron 
microscopy IBernhard et ai., 1963; Portella, 1964; Mayor and Jordan, 1966; 
Mayr et ai., 1968; AI-Lami et a1., 1969; Vincent, 1971; Siegl et ai., 1972; 
Bates and Storz, 1974, O'Shea and Studdert, 1978; Leary and Storz, 1980}. 
The most thorough ultrahistological study was conducted with H-l virus 
ISinger, 1975, 1976; Singer and Toolan, 1975; Singer and Rhode, 1977a,b, 
1978}. Singer and co-workers took into consideration the influence of the 
physiologic state of the infected cell as well as the genetic characteristics 
of the infecting virus. They also related ultrastructural observations to 
biochemical and immunocytochemical findings. Under the limitations 
of this review it is impossible to discuss the multitude of these inves
tigators' ultrastructural observations in detail. Due to significant differ
ences in the experimental design-parasynchronously rather than ran
domly growing cells were infected and analyzed-it is also difficult to 
relate the sequence of events recorded for H-l to the findings with other 
parvoviruses. Nevertheless, a general picture of the morphologic aspects 
of parvovirus replication can be deduced from the available studies: 

The first specific ultrastructural changes are observed as early as 8 
to 12 hr after infection. In the case of H-l virus they consist of vacuoli
zation of nucleolar fibrillar centers and are accompanied by the appear
ance of "full" and "empty" virus particles within the nucleolus. Involve
ment of the nucleolus early in the replication of parvoviruses has also 
been claimed for RV INicolletti et ai., 1969} and for BPV IBates and Storz, 
1974}. The subsequent, prominent accumulation of viral antigen, how
ever, occurs outside the nucleolus. Most of this antigen in the form of 
assembled virus capsids is localized on nuclear euchromatin fibers. Im
munocytochemical studies of H-l infected cells, however, also pointed 
to the presence of significant concentrations of H-l proteins not assem
bled into capsids, in condensing and marginating nucleolus-associated 
chromatin and in the extranucleolar heterochromatin. Whether predom
inantly "full" or "empty" particles finally accumulate in the nucleus 
seems to depend on the host cell type ISinger and Toolan, 1965). The host 
cell type apparently also determines whether the virus particles are ran
domly distributed throughout the nucleoplasm or whether cristalline ar
rays are formed IAI-Lami et ai., 1969). Experiments with temperature
sensitive mutants of H-l virus, however, seem to indicate that the gen-



BIOLOGY AND PATHOGENICITY OF AUTONOMOUS PARVOVIRUSES 319 

otype of the infecting virus plays an additional role (Singer and Rhode, 
1977a). 

Fluorescent antibody staining of infected cells revealed that, in ter
minal stages of parvovirus replication, virus antigen is released from the 
nucleus into the cytoplasm. This observation is corroborated by ultra
histological studies where virus particles were found within the cyto
plasm in the vicinity of nuclear pores at later phases of infection. Since 
at that time the nuclear membrane frequently shows signs of fragmen
tation, it is not clear whether the presence of virions in the cytoplasm 
is the result of an active transport process or reflects a passive release of 
progeny virions from a degenerating nucleus into a similarly degenerating 
cytoplasm. 

D. Persistently Infected Cell Cultures 

Latency and persistent infection are common features of the inter
action of parvovirus with host cells. This applies both for the situation 
in vivo (c£. Section IV.D) and for propagation in vitro. In fact, many of 
the autonomous parvoviruses have been recovered when tissues latently 
infected in vivo were trypsinized and the cells were explanted (Kilham 
and Olivier, 1959; Mayr et al., 1968). Others apparently were introduced 
by chance into permanent cell lines in the laboratory and remained un
detected throughout a great number of passages (Wozniak and Hetrick, 
1969; Lum, 1970a,c:, Hallauer et al., 1971; Bonnard et al., 1976; Men
geling, 1975; Nettleton and Rweyemamu, 1980). In both cases the in
fected monolayers mostly showed a quite normal aspect. The contami
nating virus was produced in rather low quantity and remained highly 
cell associated. Presence of infection therefore was indicated by not more 
than a slight degree of cellular degeneration similar to that characteristic 
for an aging, yet uninfected monolayer. Occasionally, however, virus rep
lication in such cultures can be activated and then leads to the production 
of high concentrations of progeny virus in parallel to complete destruction 
of the cell sheet. It is under these circumstances only that a persistent 
infection of cell cultmes with parvoviruses is finally recognized. 

We have at present no detailed insight into the factors controlling, 
on the one side, the development and maintenance of persistent infection 
and, on the other side, confering latent infection into fulminant, frank 
virus replication. In primary and low-passage cell cultures established 
from latently infected tissues a virus-cell relationship could exist which 
might be described as IIsupraoptimal steady state infection." In such cul
tures the equilibrium between virus replication, virus-specific cytopath
ology, and cell proliferation is very delicate and may be controlled by two 
parameters. The first of these is assumed to consist in the percentage of 
cells infected in the original tissue. The second then concerns the number 
of cell doublings possible before density-dependent inhibition of cellular 
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proliferation in the developing monolayer ensues. These two parameters 
could confine infection to a limited, but nevertheless increasing number 
of cells and, hence, would determine the time and the number of passages 
after which virus replication culminates in complete destruction of the 
cell sheet. 

The virus/cell relationship in persistently infected, long-term pas
saged cell straills cannot be explained in the same way. As described by 
Lum (1970a), Hallauer et aI. (1971), and by Bass and Hetrick (1978b), such 
cultures can continuously produce low concentrations of parvoviruses 
over a period of months or even years. In most cases, however, a sequence 
of alternating "virus positive" and "virus negative" passage cycles is ob
served. The terms "negative" and "positive" thereby refer to the detect
ability of infectious or hemagglutinating virus under the prevailing lab
oratory conditions. They do not imply complete absence of virus
synthesizing cells. Unfortunately, cell cultures exhibiting such fluctua
tions in virus replication have not been examined by fluorescent antibody 
staining. For persistently infected cultures which continuously released 
RV over a period of 212 days, Bass and Hetrick (1978b), however, have 
shown that, at any given time, not more than 1-5% of the cells were 
engaged in virus synthesis. 

It is not very likely that in long-term cultures the low percentage of 
susceptible cells is equivalent to the percentage of cells undergoing mi
tosis. If this were true, virus infection should sooner or later involve the 
whole monolayer. Similarly, it is difficult to ascribe the restriction of 
virus replication to a limited number of cells to the influence of antiviral 
factors in spite of the fact that at least RV is very sensitive to inhibition 
by interferon (Kilham et aI., 1968). Rather, it may be hypothesized that, 
at any given time, only a limited percentage of cells of an otherwise virus
resistent culture become susceptible to infection by derepression of cer
tain genetic functions. Whether the result of this derepression consists 
in the appearance of specific receptors at the cell surface or whether dis
tinct intracellular processes are turned on, remains to be shown. In any 
case, the frequency of the geheration of susceptible cells at every passage 
level argues against mutational events playing an important role. Some 
observations of Hallauer et al. (1971) may be interpreted in favor of the 
above theory. These authors reported that an unrecognized latent infec
tion can be activated if the cells are subjected to "stress" situations, such 
as incubation at the wrong temperature, by freeze-storing, or by addition 
of culture medium either lacking calf serum or having the wrong os
molarity. 

At the level of the virus, persistent infection may also be the result 
of the presence of defective interfering (DI) particles or the generation of 
temperature-sensitive mutants. So far, these aspects of the parvovirus
cell relationship have not been analyzed in detail. It is however, well 
known that autonomous as well as the helper-dependent parvoviruses 
readily give rise to the formation of incomplete and DI particles (Muller 
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et al., 1978; Rhode, 1978; Carter et ai., 1979; Siegl et ai., unpublished) 
and that presence of this type of particles in the inoculum greatly affects 
the outcome of virus replication. On the other hand, ADV strains of low 
virulence apparently can be adapted to growth in CRFK cells only at 
temperatures in the range of 28°C (Porter and Cho, 1980). Under this 
condition persistent infections are readily established whereas the viruses 
apparently are lost from the cultures as soon as the temperature of in
cubation is shifted to 37°e. 

E. Assay Systems 

Infectivity of the autonomous parvoviruses can be assayed in cell 
cultures by reading of unstained CPE, by counting intranuclear inclusion 
bodies after histologic staining, by staining with fluorescent antibody, or 
on the basis of plaque formation. Each of these approaches has its ad
vantages and disadvantages; all, however, yield suitable results only if 
the already repeatedly mentioned main prerequisite of parvovirus repli
cation-the availability of cycling cells-is fulfilled. Even then unstained 
CPE may be weak, uncharacteristic, and transient in parallel with the 
disappearance of cycling cells as soon as the infected monolayer reaches 
confluence. In cultures inoculated at a low multiplicity of infection virus 
replication therefore frequently will pass undetected unless attempts are 
made to reactivate virus replication by repeated subculturing of the cell 
sheet. Moreover, extraction and assay of viral hemagglutinin may prove. 
to be rewarding. Hallauer et al. (1972) have shown that by skillful com
bination of subcultivation and extraction of hemagglutinin up to three 
log higher infectivity titers can be recorded for one and the same virus 
suspension than are observed by reading of end points on the basis of 
virus-induced cytopathology. 

It is obvious that titration of parvoviruses by this technique is la
borious and time consuming. Moreover, the reliability of the results will 
depend on the patience of the investigator. This is also true for the assay 
of parvovirus infectivity by screening for specific intranuclear inclusions 
in stained monolayers. In this respect detection of one single character
istic inclusion is sufficient to prove the presence of infectious virus in 
the inoculum; yet, formation of inclusions was found to be time depen
dent (Johnson, 1965b, 1967a; Scott et al., 1970a,b). In consequence, mul
tiple cultures of each dilution have to be screened at various times after 
infection to assure maximum sensitivity and reliability. 

Under properly controlled experimental conditions staining of cov
erslip cultures by the direct or indirect fluorescent antibody technique 
probably provides the most feasible means to detect parvovirus infected 
cells. It is in general much easier to localize a single fluorescing cell 
against the background of an unstained monolayer than to discriminate 
a cell with more or less pronounced intranuclear changes from a mul-
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titude of only slightly different neighbors. Besides, fluorescent antibody 
staining is able to detect those early stages in the intranuclear accu
mulation of parvovirus antigen which do not show up by H&.E or May
Gruenwald-Giemsa staining. On the basis of a comparable period of time 
allowed for screening of cultures the assay of parvovirus infectivity by 
the fluorescent antibody technique, therefore, can be of ten-fold to a hun
dredfold higher sensitivity than the reading of cytopathologic changes 
(Siegl and Kronauer, 1980). In addition, replication of ADV in CRFK cells 
can only be detected by this means. Hahn et ai. (1977a,b) have developed 
a fluorescent focus assay for this parvovirus which, under proper con
ditions, can be as effective as a plaque assay. 

Plaque titration of parvovirus infectivity overcomes most of the prob
lems associated with the methods listed in the previous paragraphs. In 
general, it yields the highest infectivity titers and, because its sensitivity 
is primarily not a function of the user's patience, it also yields the most 
reproducible results. So far, plaque tests have been developed for RV (Brai
lovsky, 1966), H-l (Ledinko, 1967:, Rhode, 1973), MVM (Tattersall, 1972; 
Kajioka et al., 1974), BPV (Bates and Storz, 1973; Lubeck and Johnson, 
1976), FPV (Siegl and Kronauer, 1980), and LuIII virus (Siegl and Kronauer, 
unpublished). The basis of each of these tests is a viable monolayer com
posed of cells which ~ontinue to proliferate under the overlay of the so
lidified medium. To meet this requirement, both viability and number 
of cells used to establish the monolayers as well as the time elapsing 
between seeding of cells and the inoculation of virus suspensions have 
to be carefully controlled. Moreover, solidification of the culture medium 
by addition of agar frequently is not suitable and electrophoresis grade 
agarose or methylcellulose have to be used to allow formation of plaques. 
There is some circumstantial evidence suggesting that unpurifieCl agar 
and agarose contain some type of inhibitor(s) interfering with the spread 
of parvovirus from cell to cell. Substances active at the same level were 
also detected at a high frequency in fetal calf sera (Siegl and Kronauer, 
1980; Tokuhisa et al., 1981). In consequence, pretesting of the ingredients 
of the overlay is an absolute necessity to guarantee reproducible results. 

For most viruses plaque size and plaque morphology are assumed to 
reflect the genetic composition of the infecting particle. This is not nec
essarily true for parvoviruses. For the various members of this virus group 
it could be shown that the diameter of a plaque apparently is a function 
of the density of the infected monolayer rather than an expression of the 
virus genetic information. The use of plaque size as a genetic marker for 
parvovirus strains therefore should be treated with caution. 

IV. PATHOGENESIS 

Parvoviruses have been frequently referred to as "viruses in search 
of a disease." This proved to be true especially in the early years following 
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the discovery of these agents by Kilham and Olivier (1959) and by Toolan 
et al. (1960). At that time serologic surveys as well as the frequency of 
accidental isolations indicated that RV and H-1 were wide spread in pop
ulations of both wild and laboratory rats and, yet, specific syndromes 
could only be observed after experimental infection of laboratory rodents. 
During the past two decades thorough studies have now related parvo
viruses to a broad variety of syndromes developing both upon natural and 
upon experimental infection. These studies also shed some light on the 
conditions predisposing the course of parvovirus infection. In most in
stances, however, we are still far from being able to predict the course 
of events let alone to understand the interactions between viral and cel
lular function, the reaction of the organism, and the influence of adven
titious environmental factors. It is hoped that, by presenting the patho
genic properties of parvoviruses in concise chapters, at least the outlines 
of some of the mechanisms active in parvovirus disease might show up. 

A. Natural and Experimental Host Range 

At first sight the results of various serological surveys and of trans
mission experiments suggest that parvoviruses can be divided into viruses 
easily crossing the species barrier and those replicating and inducing dis
ease in their natural host species only. In fact, however, it is dangerous 
to make such a statement because the information available on the host 
range of individual members of the parvovirus group differs considerably 
with respect to both quantity and quality. 

The most extended studies have been conducted with RV and an
tigenically related isolates. In accordance with the frequence of isolation 
of the viruses from rat tissues serologic surveys revealed antibodies in 
up to 85% of rat sera collected at various occasions (Moore and Nicastry, 
1965; Kilham, 1966; Nathanson et a1., 1968; Robey et a1., 1968). There
fore, it appears to be safe to assume that the natural host of these viruses 
is the rat. Whereas, however, experimental injection of RV into neonates 
of the syrian hamster almost regularly resulted in the development of 
characteristic syndromes and frequently also in death of the animal (Kil
ham, 1961b), inoculation of RV into newborn rats usually led to inap
parent infection rather than to acute lethal disease (Kilham, 1961a; Kil
ham and Moloney, 1964; Kilham and Margolis, 1966; EI Dadah et a1., 
1967; Novotny and Hetrick, 1970). Due to pretesting of experimental 
animals in at least some of the studies, this failure to induce clinical 
disease in the most likely natural host cannot be attributed to the pres
ence of anti-RV antibodies in the infected animals. Rather, genetic aspects 
of the infecting virus may playa significant role. In support of this view, 
Moore and Nicastri (1965) have observed that an initially apathogenic 
virus will gain in pathogenicity in the course of repeated successive an-
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imal-to-animal passages and, finally, may be able to cause acute lethal 
disease in newborn rats. 

Without previous adaptation, however, RV was found to replicate 
and to induce disease in newborn mastomys (Rattus natalensis) (Rabson 
et al., 1961). Moreover, EI Dadah et al. (1967) and Matsuo and Spencer 
(1969) recorded fatal paralysis and the development of acute lethal disease 
after intracerebral injection of the HER-virus and of RV, respectively, into 
less than day-old baby mice. Previous attempts to transmit RV to mice 
had failed (Kilham and Olivier, 1959; Lum and Schreiner, 1963). This 
failure very likely has been due to inappropriate experimental conditions 
because EI Dadah et al. as well as Matsuo and Spencer could provide 
evidence that the route of infection (intracerebral instead of intraperi
toneal) and the virus dose administered (at least 104 TCIDso ) were nec
essary prerequisites for successful induction of disease. 

In contrast to the relatively clear situation with RV, the designation 
of the main natural host of H-l, HT, and HB viruses is still controversal. 
These viruses were isolated from cell-free fractions of human tumors and 
other fast-growing human tissues by injection into hamster neonates 
(Toolan, 1961a, 1964, 1968; Toolan et al., 1961). Because thousands of 
uninfected hamsters tested by Toolan were seronegative for the viruses 
(Toolan, personal communication) and because blind passages of hamster 
tumors or tissues under identical conditions never yielded similar viruses, 
Toolan has concluded that man is the natural host of these viruses. Some 
additional support in favor of this view was derived from serological sur
veys which revealed antibodies to H-l virus in two out of 130 sera of 
woman with a history of abortions or congenital defects in their infants 
(Monif et ai., 1965) and in "very few" of the 500 serum samples collected 
from cancer patients (Toolan, 1968). A considerably higher incidence of 
anti H-l positive sera 113.71 %) has recently been reported in a survey of 
350 sera collected from woman with a history of repeated abortions and 
still birth (Guglielmino et ai., 1978). 9.14% of the same sera also con
tained HI-antibodies to RV. The prevalence of antibodies to H-l and RV 
in 300 control samples collected from people in the same region but with 
no history of reproductive problems were 2.66 and 1.66%, respectively. 
Finally, it has been repeatedly observed, that laboratory workers handling 
H-l may develop high titer HI-antibody which can persist over years 
(Toolan, personal communication). 

It is beyond question that H-l virus can proliferate in humans. This 
was shown by intramuscular injection of the virus into human volunteers 
(Toolan et ai., 1965) as well as by direct isolation of the virus from both 
the tumor and the embryo of a pregnant woman with metastatic breast 
carcinoma (Toolan, 1964). The latter patient had developed HI-antibody 
to the virus at a titer of 1 : 640. 

Data which are not in agreement with the above results and contra
dict the view taken by Toolan have been reported by Newman et al. (1970) 
and by Kilham and Margolis (1969). Newman et ai. tried to isolate H-l 
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or similar viruses from as many as 50 tissue specimens collected from 
cases of spontaneous human abortions by means of injection of tissue 
homogenates into newborn hamsters. In contrast to the frequency of iso
lates reported by Toolan (about 20%) not a single virus could be recovered 
in these studies. Moreover, Kilham and Margolis (1969) isolated H-1 virus 
from tissues of rats and HI-antibodies to the virus were detected in as 
many as 80% of sera collected from both wild and laboratory rats. The 
wild rats bled in the latter surveys had been caught in the surroundings 
of human garbage dumps near Hanover, New Hampshire. 

At the present time, it is thus difficult if not impossible to decide 
whether man or rat or man and rat represent the natural reservoir for the 
H-1 viruses. In any case, both species apparently are susceptible to natural 
and experimental infection. The idea that H-1 virus infection has the 
characteristics of a zoonosis is tempting and might explain the differences 
in antibody prevalence and in frequency of isolations reported by the 
various investigators on a social and environmental basis. On the other 
hand, however, it is also conceivable that rats could have contracted in
fections by feeding on virus-contaminated human garbage. 

On the basis of an increase in antibody titers it was also assumed 
that, after experimental injection, H-1 virus can proliferate in newborn 
rhesus monkeys or in adult, tumor-bearing animals of this species (Too
lan, 1966). Attempts to induce antibodies to RV, H-3, and HB-virus in 
monkeys were unsuccessful. 

In respect to natural and experimental host range MVM, RTV, TVX, 
and perhaps also LuIII virus seem to be related to the "hamster osteolytic 
agents" RV and H-l. Thus, according to the results of serologic surveys 
(Parker et ai., 1970bL MVM is highly prevalent in colonies of wild and 
laboratory mice. Clinically apparent disease due to MVM infection, how
ever, has not been observed in naturally infected animals. After experi
mental infection of susceptible baby mice nothing but a retardation in 
growth of the inoculated animals has been recorded (Kilham and Mar
golis, 1970). Low titer HI-antibody to MVM was also detected at a high 
incidence in sera of rats (Kilham and Margolis, 1970). The reliability of 
this finding has been questioned (Parker et ai., 1970); yet, MVM appar
ently proliferates in various organs of newborn rats both after intraper
itoneal and intracerebral injection. Clinical disease, however, is only ob
served after experimental injection of hamster neonates. In such animals 
the syndromes induced resemble those resulting from infection with RV 
and H-1 (Kilham and Margolis, 1970, 1971). 

RTV, TVX, and LuIII virus have only been isolated from contami
nated permanent cell lines (Hallauer et ai., 1971) and no direct line to a 
potential natural host can be drawn. Screening of sera from many species 
for HI-antibody also yielded not the slightest indication in respect to the 
natural host of LuIII virus. For RTV and TVX, however, HI-antibodies 
were detected in 9/50 and 16/50 sera of laboratory rats, respectively (Siegl 
and Kronauer, unpublished), thus suggesting that the latter two viruses 
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are at least able to proliferate in this rodent. Finally, RTV and LuIII virus 
were found to induce acute lethal disease after injection into day-old 
hamsters (Siegl, 1976; Soike et ai., 1976). Soike et al. (1976) also could 
show that, after infection of pregnant hamsters, LuIII virus crossed the 
placenta and caused abortions at a high frequency. 

The origin and natural hosts of parvoviruses like BPV, PPV, GPV, 
and LPV have been established beyond doubt. Numerous serolOgical sur
veys provided evidence for the worldwide occurence of the viruses in 
populations of the respective natural host, i.e., in cattle, swine, and geese. 
Besides, BPV, PPV, and GPV are well known to cause characteristic syn
dromes in these animals both after natural and experimental infection 
(d. Derzsy, 1967; Siegl, 1976; Storz and Leary, 1979; Matsunaga and 
Chino, 1981; Mengeling, 1981). Transmission to other animals has been 
attempted in some limited experiments only. Mayr et al. (1968), Car
twright et ai. (1969), and Hallauer et al. (1971) reported that neither suck
ling mice and hamsters nor embryonated hen's eggs could be infected 
with PPV. GPV, on the other hand, replicated in embryonated eggs of 
geese, Muskovy ducks, and, after adaption by serial blind passages, also 
in embryonated eggs of white Peking ducks (Schettler, 1971b; Hoeckstra 
et al., 1977). 

The minute virus of canines (MVC) was isolated from the feces of 
dogs and antibody to MVC was detected at an incidence of 70% in dog 
sera (Binn et al., 1970). The pathogenic potency of the virus as well as 
its experimental host range, however, are still unresolved. 

Of the remaining two autonomous parvoviruses listed in Table 1-
ADV and FPV-Aleutian disease virus of mink apparently has a rather 
broad natural and experimental host range. Under natural conditions an
tibodies to ADV were found in sera of mink, ferrets, feral skunks, rac
coons, and foxes (Ingram and Cho, 1974; Porter et al., 1980); yet, clinical 
disease was only observed to occur in mink and ferrets (Kenyon et ai., 
1966, 1967; Ohshima et al., 1978). After experimental infection of as 
many as 14 species of Mustelidae, Kenyon et al. (1978) detected antibodies 
in the mink, ferret, weasel, fisher, marten and striped skunk. In accord
ance with observations under field conditions, characteristic lesions were 
only present in experimentally infected mink and ferrets. Lesions ob
served in the striped skunk and in martens could not be unambiguously 
related to the injected virus. 

The host range of feline parvovirus finally presents a complicated 
yet interesting problem. As described elsewhere in more detail (d. Siegl, 
Chapter 9 of this volume), huge epidemics of lifeline enteritis" have swept 
through Europe North America, and South America during the first dec
ades of this century. The virus also has been shown to persist as endemic 
infection in feline populations all over the world (for references see Siegl, 
1976). Up to the end of the 1930s, however, neither circumstantial nor 
experimental observations pointed to the existence of a susceptible spe
cies other than the cat (Urbain, 1933; Kikuth, et al., 1940; Syverton et 
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al., 1943). It therefore aroused considerable interest when, beginning with 
1947 in Canada (Shofield, 1949), an infectious agent indistinguishable 
from the virus incriminated in feline enteritis was found responsible for 
the outbreaks of severe enteritis in ranch mink. Subsequent studies re
vealed that the same or a very similar virus can proliferate and cause 
disease in raccoons and in coatimundi (Gorham et al., 1966j Johnson, 
1967bj Nettles et al., 1980). The virus also could be transmitted to ne
onatal but not to adult ferrets (Schofield, 1949j Johnson, 1965 j Johnson 
et al., 1967j Kilham et al., 1967). 

In more recent years pandemics of enteritis have been observed in 
canines. All available evidence indicates that this highly contagious dis
ease results from infection by CPV, a previously nonexisting host-range 
mutant of FPV. For example, antibody to FPV could not be found in canine 
sera collected before 1976 and it is still a matter of discussion whether 
FPL V or MEV can proliferate in dogs after experimental infection. Felines, 
however, are susceptible to infection with CPV (for references see Chapter 
9). 

The generation of host-range mutants of FPV which are able to spread 
and to cause disease in populations of a previously unaffected and, con
sequently, fully unsusceptible species necessarily raises the question for 
the factors predisposing the evolution of such viruses. At the present time 
there is at least some evidence that, in the case of CPV, handling of FPLV 
or MEV in the laboratory might have played a significant role (Johnson 
and Spradbrow, 1978 j McMaster et al., 1981 j Tratschin et ai., 1982). If 
definite proof for this assumption can be obtained, experiments centered 
at the in vivo host range and the pathogenicity of parvoviruses will have 
to be conducted in the future under the strictest precautions only. 

B. Transmission 

As outlined in the previous sections, parvovirus infections are highly 
endemic in populations of their natural hosts. This observation points to 
the existence of a potent reservoir as well as to a very efficient mode of 
transmission of the viruses. With respect to reservoir there is reliable 
evidence that both infected animals succumbing to acute disease as well 
as those experiencing clinically inapparent infection shed the virus in 
their feces, in urine, saliva, and nasal secretions (Urbain, 1933 j Lawrence 
et al., 1943 j Schofield, 1949j Kenyon et al., 1963 j Gorham et al., 1964j 

Derzsy, 1967j Eklund et al., 1968 j Toolan, 1968 j Parker et al., 1970bj 

Binn et al., 1970j Lipton et al., 1972j Storz and Leary, 1979 j Mengeling, 
1981). Information concerning the duration of shedding, however, is 
scarce. In the course of acute enteritis CPV has been recovered from the 
feces of dogs for only 10 days after the onset of disease (M.J.G. Appel, 
personal communication), and Johnson et al. (1976) also did not observe 
shedding of PPV beyond the interval of acute infection. The situation is 
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different, however in the case of clinically inapparent infections (d. Sec
tion IV.D). Circumstantial evidence suggests that persistently infected 
animals may harbor parvoviruses in the kidneys throughout their lives. 
In accordance with Kilham and Margolis (1966b) and Csiza et ai. (1971c) 
such animals therefore can be suspected to shed the viruses into the 
environment by way of urine. Nothing is known about whether this shed
ding occurs in all infected animals at a constant low level, whether it 
takes place more or less periodically and is triggered by hormonal con
ditions, superinfections, and other unknown factors, or whether only 
some few individual excreters exist. 

Due to their outstanding resistance to environmental factors such 
as temperature, pH, detergents, and enzymes, excreted parvoviruses re
main infectious over a prolonged period of time and constitute a contin
uous and frequently undetected source of infection. This has been rec
ognized already in the early studies with FPL V where it proved almost 
impossible to protect susceptible control cats from contracting disease 
when kept in the usual animal quarters with infected animals (Hammon 
and Enders, 1939a,b; Kikuth et al., 1940; Lawrence et al., 1943). Similarly, 
susceptible weanling rats readily developed antibodies to RV when placed 
in clean cages in a rat colony room where this infection was endemic 
(Toolan, 1968; Robinson et al., 1971). The ability of PPV to survive under 
farm conditions was demonstrated by the seroconversion of pigs placed 
in a stable that had been routinely cleaned and then kept empty for 135 
days after infected pigs were removed (Johnson et al., 1976). Finally, Pol
lock et ai. (1.E. Carmichael, personal communication) could show that 
CPV survived in canine feces at room temperature for as long as 6 months. 
It may be concluded from all these observations that the main routes of 
transmission of parvoviruses are fecal-oral, saliva-aerosol-respiratory, 
or dust-respiratory. Besides, mechanical transport of the viruses via con
taminated food (Lawrence et al., 1943), contaminated gloves (Larson, 
1969, cited by Porter and Cho, 1980), or clothing (Carmichael and Binn, 
1981) had been suspected to playa role in the spread from animal quarter 
to animal quarter as well as over long distances. 

The isolation of PPV from semen and from testicles, as well as from 
scrotal lymph nodes of infected boars (Cartwright and Huck, 1967; Car
twright et al., 1969; McAdaragh and Anderson, 1975; Lucas et al., 1974) 
suggests that parvoviruses can also be sexually transmitted. However, 
vertical transmission by transplacental infection may be more important 
in the disemination of parvoviruses. This has been observed by Toolan 
et ai. (1960) already in the early experimental studies with H-l virus. 
Since then this mode of transmission was reported for RV (Ferm and 
Kilham, 1964; Kilham and Ferm, 1964), LuIII (Soike et al., 1976), MVM 
(Kilham and Margolis, 1971), FPV (Kilham and Margolis, 1966; Kilham 
et al., 1967; Csiza et al., 1971), PPV (for reference see Mengeling et al., 
1980; Mengeling, 1981), BPV (Storz et al., 1972; Inaba et al., 1973b; Storz 
et al., 1978b), as well as for ADV (Padgett et al., 1967; Porter et al., 1977a; 
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Porter and Cho, 1980). Factors such as the time of gestation at which the 
animals acquire infection, their state of immunity, and last but not least, 
the genetic composition of the infecting virus apparently determine the 
outcome of in utero infection. The main prerequisite for transplacental 
infection, however, seems to be the presence of the virus in the blood 
stream independent of whether this is brought about by intraveneous 
injection of the virus or by viremia as result of the replication of virus 
in maternal tissues (Kilham and Margolis, 1969; Csiza et al., 1971a,b; Joo 
et al., 1976a; Mengeling and Cutlip, 1977; Storz et al., 1978b). 

Several attempts have also been made to elucidate the transmission 
of parvoviruses at the level of ova. Kilham and Margolis (1968) observed 
that ova, whether mitotically inert or arrested in meiosis, were refractory 
to infection by RV. Vegetative cells of the ovary, however, apparently 
supported virus replication. In contrast, proliferation of MVM was re
ported to occur after in vitro infection of fertilized, two-cell mouse eggs 
deprived of their zona pellucida (Mohanty and Bachmann, 1974); yet, the 
development of the cultivated embryo was not affected. Under conditions 
where the zona pellucida was not removed, PPV did not penetrate into 
fertilized pig eggs (Wrathall and Mengeling, 1979a). The antigen remained 
associated with the zona pellucida and infectious virus could be trans
ferred to seronegative gilts by transplantation of contaminated ova (Wra
thall and Mengeling, 1979b). Early embronic loss and pregnancy failure 
then was assumed to result from infection of the uterine epithelium and, 
at later times, from infection and damage of the developing fetus. In 
context with the increasing importance of egg transplantations in animal 
live stock the potential risk of spreading parvovirus infections by this 
route therefore should be seriously considered. 

Transmission of goose parvovirus via ova has also been reported by 
Derzsy (1967). 

C. The Spectrum of Disease 

1. In Utero Infection, Fetal and Neonatal Death, and Congenital 
Malformations 

In their review of intrauterine and neonatal infections Kilham and 
Margolis (1975) have stated that the ability to induce transplacental in
fections is more widespread among parvoviruses than among any other 
group of viruses. In fact, the greater part of the spectrum of disease caused 
by these agents is related to intrauterine infection. It results either in 
death of the embryo and fetus, in obvious malformations, or in specific 
defects which sooner or later become evident during the animal's post
natal life. There is good evidence that the spectrum of syndromes reflects 
the state of histogenesis and organogenesis of the fetus at the time of 
infection. However, maternal and fetal immune response as well as hor-
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monal changes accompanying pregnancy also seem to modulate the effect 
of parvoviruses during in utero infection. 

Direct in utero inoculation of fetuses as well as transplacental in
fection after injection of pregnant animals suggest that the embryos and 
fetuses of rats, hamsters, mice, cats, dogs, ferrets, pigs, and of cattle are 
susceptible to infection with the respective parvoviruses throughout the 
time of gestation IToolan et al., 1960; Ferm and Kilham, 1963, 1964; 
Kilham et al., 1967, 1971; Kilhaffi and Margolis, 1969, 1971; Joo et al., 
1977; Storz et al., 1978b; Lenghaus et al., 1980; Mengeling, 198.1). The 
question whether parvoviruses also play a role in transplacental infec
tions in man cannot be answered conclusively on the basis of the available 
data. 

The reaction of the embryo and fetus to infection with parvoviruses 
varies considerably With the time of gestation. As already outlined in the 
section on transmission, the very early stages of the developing embryo 
apparently resist infection with parvoviruses. At what time this state of 
apparent insusceptibility is terminated has not been investigated to a 
reliable degree. In the hamster, implantation occurs around day six of 
gestation. It was reported that, up to that time, infection of pregnant 
animals with H-1, RV, and LuIII virus has no deleterious effect on the 
developing embryo IFerm and Kilham, 1964, 1965; Soike et al., 1976; 
Toolan, 1978) Nevertheless, animals born to mothers infected during the 
preimplantation period may harbor the virus at the time of birth. 

The hamster embryo seems to be most susceptible to infection by 
H-1 and LuIII virus at around eight days or, in other words, at about the 
middle of the short gestation period of this species IFerm and Kilham, 
1964, 1965; Soike et al., 1976; Toolan, 1978). A high percentage of fetuses 
infected at that time die and are resorbed or aborted. Littermates surViving 
to parturition are frequently born severely ill and usually die shortly after 
birth. The effects of BPV and PPV on bovine and porcine embryos or 
fetuses, respectively, are quite similar. In both species the most severe 
consequences of in utero infection were recorded subsequent to infection 
in the first and second trimester of gestation. They consisted in death of 
the embryo or fetus, followed either by resorption, mummification, or 
abortion IStorz et al., 1978b; Joo et al., 1976a; Bachmann et al., 1975; 
Mengeling and Cutlip, 1977; Mengeling, 1981). In the pig mummified 
fetuses may be farrowed at term. Their presence in the uterus, however, 
can also prolong gestation and lead to stillbirth of apparently normal 
littermates INarita et al., 1975). These immediate consequences of tran
splacental infection in the pig and a probably related, reduced neonatal 
vitality of affected litters _are summarized under the term "reproductive 
failure." This syndrome is assumed to represent the major and usually 
only clinical response of pigs to infection with PPV. 

Fetuses infected in the third trimester towards the end of gestation 
run a good chance of overcoming infection without obvious clinical man
ifestations. This has been observed after injection of the rodent parvo-
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viruses as well as of Lulli virus into pregnant rats and hamsters (Ferm 
and Kilham, 1964, 1965; Kilham and Margolis, 1966b; Soike et al., 1976). 
Toolan (1978), however, reported that injection of H-1 virus into pregnant 
hamsters on days 12 to 14 of gestation, i.e., shortly before delivery, may 
cause as high a mortality and morbidity in the fetus and in newborns as 
does transplacental infection at midgestation. Because the progesterone 
levels in the gravid hamster closely parallel the observed bimodal mor
tality pattern, it was hypothesized that this hormone plays a distinct role 
in fetal mortality due to parvovirus infection. The most likely mode of 
action of the hormone was assumed to consist in its role as a T-cell 
suppressor, by means of which it could interfere with the development 
of an immunological response to the infecting agent. In this context it 
is also of interest that the resistance of the bovine and procine fetuses 
to infection with their specific parvoviruses late in gestation has been 
attributed to the beginning ability of the fetuses to generate an immune 
response (Redman et al., 1974; Bachmann et al., 1975; Cutlip and Men
geling, 1975; Storz et al., 1978b); The presence of antiviral antibody in 
considerable quantity and a continuously reduced ability of fetal tissues 
to support virus replication could be the reason for a limited proliferation 
and spread of the infecting agents. At the same time, however, restriction 
of virus replication in still differentiating tissues, partially inaccessible 
to antiviral antibody, could favor the development of distinctly located 
congenital malformations such as cerebellar hypoplasia (Kilham and 
Ferm, 1964; Kilham and Margolis, 1966a,b, 1971), hydrocephalus (Csiza 
et al., 1971), and perhaps also myocarditis (Lenghaus et al., 1980). 

Neither the varying susceptibility of embryonal and fetal tissues nor 
the maternal and fetal immune response to the infecting parvovirus are 
sufficient criteria to explain the full and changing spectrum of disease 
resulting from in utero infection. As emphasized by Kilham and co-work
ers, genetically determined properties of the infecting virus are at least 
of similar importance. Thus, it was found (Ferm and Kilham, 1963) that 
a strain of RV which had been carried for 42 passages in neonatal hamsters 
readily crossed the placenta of pregnant rats. The virus was recovered 
from tissues of the uterus, the placenta, and the embryos of infected 
animals at significant titers. In contrast to the evident pathogenicity of 
this strain when injected directly into fetal rats or neonatal hamsters, 
however, none of the rat fetuses acquiring infection transplacentally 
showed any sign of clinical disease. Quite similar results were obtained 
with another strain of RV passaged many times in tissue culture (Kilham 
and Ferm, 1964). From these and further observations (Kilham and Mar
golis, 1969) it was concluded that the fewer laboratory passages a strain 
of H-1 and RV has been subjected to, the more readily transplacental 
infections in hamsters and rats are accompanied by overt diseas~. In agree
ment with these observations Paul and Mengeling (1980) were recently 
able to select a strain of PPV for the production of a live virus vaccine 
which did not pass the placenta of pregnant gilts. However, the virus 
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replicated in the tissues of the gilt as well as in the tissue of fetuses after 
direct in utero inoculation. 

The results available to date allow no conclusion with respect to the 
nature of the virus-specific function(s) responsible for transplacental pas
sage and in utero pathogenicity. No virus strain has been isolated so far 
which exhibited a specific affinity for a distinct type of embryonal or fetal 
tissuej rather, both embryos severely affected and those surviving in utero 
infection without clinical disease frequently were found to harbor the 
virus at comparable concentrations in a quite similar broad spectrum of 
tissues. Moreover, pathogenic as well as apathogenic strains caused vi
remia in pregnant animals and, as far as rodent parvoviruses are con
cerned, were able to pass the placenta. It is therefore quite unlikely that 
pathogenic strains are distinguished by an exceptional capability to pro
liferate and to spread in maternal and fetal tissues. On the other hand it 
has been repeatedly reported that the concentration of virus injected into 
pregnant hamsters or rats determines the severity of in utero disease. 
Injection of high concentrations of H-1 virus into pregnant animals reg
ularly resulted in death of embryos in utero or at birth. Inoculation of 
smaller quantities of the same virus, however, frequently induced distinct 
malformations or an overall deformation of the developing animal (Ferm 
and Kilham, 1964, 1965b j Toolan, 1978). 

As regards the pathologic features of in utero disease, numerous mac
roscopic changes and microscopic lesions in the embroys and fetuses in
fected by the different parvoviruses have been recorded in great detail. 
Compilation of the vast information would exceed the scope of this re
view. In summary, however, it was observed that virus replication and 
the resulting lesions were most severe in tissues with the most pro
nounced cellular proliferation. In early gestation mesendermal tissues 
were heavily involved. With beginning differentiation the various organs 
represented the main goal of attack, and during late gestation the lamina 
propria and muscularis are preferentially affected. For detailed informa
tion on this subject the interested reader is referred to the reviews of 
Toolan (1968), Margolis and Kilham (1975), Siegl (1976), and Mengeling, 
(1981). 

2. The Osteolytic Syndrome 

Both after transplacental infection and after direct inoculation into 
newborn hamsters RV and related isolates, MVM, as well as the H-viruses 
frequently give rise to the development of the so-called osteolytic syn
drome. Affected animals develop either dwarfism and/or mongoloidlike 
features characterized by small flat face, microcephalic domed head, pro
truding eyes and tongue, missing or abnormal teeth, and fragile bones 
(Toolan, 1960j Dalldorf, 1960j Kilham, 1961bj Baer and Kilham, 1962a,bj 
Ferm and Kilham, 1965aj Baer and Kilham, 1965; Lipton and Johnson, 
1972). Dwarfism as the result of parvovirus infection is also occasionally 
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observed in litters of infected rats and mice (Moore, 1963; Moore and 
Nicastri, 1965; Matsuo and Spencer, 1969) and retardation in growth was 
reported to result from infection of calves with BPV, of piglets with PPV, 
and of goslings with GPV (Derzsy, 1967; Storz and Bates, 1973; Mengel
ing, 1981). Only in hamsters and rats, however, is the overall picture of 
dwarfism conserved throughout an animal's life, whereas affected mice, 
calves, piglets, and geese may overcome the difference in size to unin
fected controls with progressive age. 

The full spectrum of the osteolytic syndrome is most consistently 
observed in hamsters inoculated within 48 hr after birth (Toolan, 1960). 
Inoculation after that time produces fewer malformations the older the 
animals are at the time of infection. This observation has been taken as 
indication of a restriction of parvovirus pathogenicity to proliferating and 
differentiating tissues. Moreover, the various facets of the osteolytic syn
drome have greatly helped to formulate the hypothesis concerning the 
dependence of parvovirus replication on "dividing" cells (Margolis and 
Kilham, 1965). Finally, comparative studies with H-l virus and various 
strains of RV also suggested that, as is the case with transplacental in
fection, the genetic characteristics of the virus strain determine the spec
trum and the severity of clinical disease in newborn rodents (Baer and 
Kilham, 1965; Ferm and Kilham, 1965a; Toolan, 1968). 

As the term "osteolytic" already implies, the characteristic features 
of this syndrome can be related to the cytolytic attack of parvoviruses 
on osteogenic tissues (Ferm and Kilham, 1965b). Virus replication inter
feres with the growth of bones and teeth and, consequently, affects the 
development of the skeleton of infected hamsters. Dalldorf (1960), for 
example, observed virus-induced degeneration of osteoblasts at the grow
ing costochondral junctions of long bones, and Ferm and Kilham (1965a) 
noticed severe effects of two strains of RV on the proper differentiation 
of the cranial sutures. The viruses used in the latter studies had a pro
nounced affinity for the membranous bones of the skull and the mandible. 
Interference of virus replication with the growth of the skull apparently 
leads to the characteristic microcephalic domed head of the "mongoloid" 
hamster with protruding eyes due to lack of skull space. Interestingly, 
however, the skeleton of infected animals in general is affected in all its 
parts and its proportionality usually is conserved. 

The other facet of the osteolytic syndrome, i.e., the effect of rodent 
parvoviruses on the development of the denture of infected hamsters, 
has been thoroughly investigated in a series of studies by Baer and Kilham 
(1962a,b, 1964a,b, 1965, 1974) and by Cohen and Shklar (1964). In the 
main part of these experiments five-day-old suckling hamsters were in
fected with H -3 virus and the development of lesions was recorded over 
a period of 18 months. Because the molar teeth of the suckling hamster 
develop on different days, the resulting abnormalities of individual teeth 
could be directly related to their stage of development at the time of 
infection. Within only 24 hr after infection intranuclear inclusions were 
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detected in cells of the most susceptible periodontal membrane. Virus 
replication then led to destruction of the membrane as well as of the 
supporting alveolar bone and, within 7 to 12 days after inoculation, re
sorption of roots and bony ankylosis could be observed. Shortened and 
deformed roots, resorption of roots and bones, as well as anomalous dep
osition of osteodentin and cementum were characteristic features of the 
teeth of the infected, grown-up hamster. Moreover, odontogenic tumors 
were detected within the body of the mandible and about the apical por
tion of the incisors in the maxilla in animals kept for 12 to 18 months 
after infection. 

Inoculation of rodent parvoviruses into healthy adult hamsters and 
rats has never been reported to result in destruction of bones and teeth 
IToolan, 1965) Engler et al. 11969) and Baer et al. 11971a), however, have 
shown that these viruses may interfere with the healing process of os
seous wounds. Engler injected H-3 virus intravenously into an adult ham
ster one or three days after fracture of the forearm or after extraction of 
a maxillary second molar tooth. The virus replicated at the fracture site 
and replication apparently interfered with the formation of a fibrocarti
lagenous callus and subperiosteal osteogenesis along the diaphysis. It also 
caused retardation of osteogenesis in the alveoli. In this context it should 
be emphasized that replication of the virus in these regions cannot be 
attributed to a specific affinity of the virus for osteoblasts. Rather, the 
affinity of parvoviruses for cells undergoing mitosis triggers its accu
mulation at the fracture site. In consequence, the interference of par
voviruses with the healing of osseous wounds is just another aspect of 
the hazardous association of these agents with regenerating tissues Icf. 
Section IV.C.5). 

The overall appearance of hamsters surviving the osteolytic attack 
of rodent parvoviruses has many features in common with the mongoloid 
phenotype of humans suffering from Down's syndrome. The similarities 
include the dental defects ICohen et al., 1961), the conservation of an 
infantile skull with abnormal proportions IBaer et al., 1971b), as well as 
behavioral changes and reduced learning capacities ILandauer et al., 1967). 
Whereas the human deformities, however, are considered as being due 
to trisomy of chromosome 21, no indication for a significant chromo
somal anomaly could be found in the cells of deformed hamsters IGalton 
and Kilham, 1966). Moreover, in contrast to the genetic fixation of the 
syndrome in man, mongoloid animals gave birth to normal offspring IToo
lan, 1960j Ferm and Kilham, 1965b). It has therefore been repeatedly spec
ulated whether the physiologic conditions resulting from trisomy 21 
might provide the medium for the cytolytic replication of one of the 
known or of an unknown parvovirus IToolan, 1968 j Kilham and Margolis, 
1975). Neither serologic surveys nor isolation attempts, however, have 
furnished any reliable results in favor of this hypothesis IMonif et al., 
1965 j G. Siegl and G. Kronauer, unpublished). 
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3. Acute Lethal Disease in Newborn Animals 

Newborn animals are highly susceptible to generalized and often le
thal infections with parvoviruses. This has been established in particular 
for the rodent parvoviruses. Infection of hamsters and rats with H -I, R TV, 
LuIIT, and RV-type viruses shortly after birth usually terminated fatally 
within 5 to 14 days (Toolan, 1961b; Kilham, 1961a,b; Moore and Nicastri, 
1965; Siegl, 1976; Soike et ai., 1976). Clinical disease thereby consisted 
mostly in apathetic behavior, a sudden slugishness, and, occasionally, a 
tendency of the animals to gasp for breath. These symptoms usually be
came evident only some few hours before death ensued. At necropsy, 
macroscopic examinations frequently revealed a sanguineous exudate in 
the intestines, hemorrhages in the stomach and the kidneys, as well as 
congestion of the liver. Microscopic and virologic examinations, on the 
other hand, pointed to a systemic involvement of almost all organs and 
tissues in virus replication. 

Generalized disease as a consequence of infection with parvoviruses 
has also been reported for FPLV in newborn kittens (Csiza et ai., 1971a,b) 
and for CPV in a litter of puppies (Lenghaus et ai., 1980). In cats and dogs, 
however, acute generalized disease in neonates seems to be the exception 
and more specific syndromes like enteritis, panleukopenia, and myocar
ditis apparently prevaiL On the contrary; acute disease accompanied by 
a sometimes extraordinarily high incidence of mortality is characteristic 
for the infection of goslings with GPV (Kraus, 1965; Derzsy, 1967; Schet
tler, 1971a). In some outbreaks up to 95% of goslings between 1 and 30 
days of age succumbed to infection. The course of clinical disease as well 
as the tissues preferentially involved in virus replication were found to 
vary with the age of the animals. Young animals between 4 and 8 days 
of age are most severely affected. They develop diarrhea, nasal catarrh, 
and incoordination of movements. After a rather short period of slugish
ness they may die within one to two days after the appearance of the first 
clinical signs. The most typical lesions found upon necropsy of animals 
dead after such a short episode of disease consisted of edema and diffuse 
degeneration of the myocardium as well as an exudative hepatitis (Derzsy, 
1967; Kraus, 1965; Palya and Kisary, 1978; Schettler, 1971a). In older 
animals the liver, thyroids, and pancreas probably are the main target 
organs of viral attack. Animals older than two weeks at the time of in
fection have a good chance to survive (Coudart et ai., 1974); yet, they 
may show retardation in growth for a certain period of time. 

4. Enteritis 

Enteritis is one of the most prominent features of parvovirus-induced 
disease. It frequently develops after infection of newborn animals but may 
also constitute a main syndrome after infection of adults. As outlined in 
the preceding section, newborn hamsters and rats inoculated with the 
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rodent parvoviruses or with LuIII virus may show signs of hemorrhagic 
enteritis shortly before death. Moreover, diarrhea and vomiting are prom
inent clinical symptoms in feline enteritis \feline panleukopenia)\Urbain, 
1933; Lawrence and Syverton, 1938; Lucas and Riser, 1945), in mink 
enteritis \Schofield, 1949; Wills, 1952; Myers et ai., 1959; Reynolds, 1969), 
in canine parvovirus enteritis \Appel et ai., 1978; Kelly, 1978; Robinson 
et ai., 1980b), in goslings infected with GPV \Kraus, 1965; Derzsy, 1967), 
and in neonatal calves affected by BPV \Abinanti and Warfield, 1961; Storz 
et al., 1978a). Whether those viruses like MVC and LPV which have been 
recovered from the feces of apparently healthy dogs \Binn et ai., 1970) 
and rabbits \Matsunaga et ai., 1977), respectively, are also able to cause 
acute diarrhea, remains to be shown. 

The enteric syndrome related to parvovirus infection represents an 
enigma. It is readily observed during epidemics and, thereby, may take 
an acute and drastic course. Discharge of watery, sometimes blood
stained stools can be accompanied by vomiting, pyrexia, anorexia, depres
sion, and dehydration in varying extent. However, in all instances where 
naturally and experimentally infected animals were thoroughly examined 
both at the clinical and at the pathological level, diarrhea was found to 
be only one out of several and, in addition, the most inconsistent man
ifestation of disease. Nevertheless, the same studies have revealed that 
replication of the infecting virus always occurred in the cryptal epithe
lium of the small intestine \Csiza et ai., 1971b; Robinson et ai., 1980b; 
Storz et al., 1978a). Specific lesions were also observed in the cranial and 
mid-jejunum \Carlson et al., 1977), and, under extraordinary circumstan
ces, the ileum and the colon of cats were found to be affected \Lang
heinrich and Nielsen, 1971; Larsen et ai., 1976). In spite of the regular 
involvement of the intestinal tract in virus replication, attempts to re
produce the full spectrum of enteric disease under laboratory conditions 
have always met with difficulties \Bittle et ai., 1961; O'Reilly, 1970; Carl
son et ai., 1977; Carlson and Scott, 1977; Robinson et ai., 1980b). It was 
therefore concluded that circumstantial factors such as the physical con
dition of the animal at the time of infection, the presence of adventitious 
viruses, or coinfection with bacteria may be responsible for the induction 
of the enteric syndrome. Overt enteritis also was more frequently ob
served after infection of animals by the intraveneous and respiratory route 
than after oral exposure to the virus. Finally, there is evidence that feline 
parvovirus rapidly loses its enteropathogenicity during serial propagation 
in tissue culture \Carlson et ai., 1977). Hence, freshly isolated or in vivo 
passaged virus strains seem to be necessary for experimental induction 
of disease. 

5. Hepatitis 

Involvement of the liver in parvovirus disease was first observed after 
spontaneous in utero infection of rat fetuses with RV \Kilham and Mar-
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golis, 1966a). Some of the offspring in such litters were jaundiced and 
large quantities of RV could be isolated from their livers. Subsequent 
studies indicated that severe hepatitis could be induced by inoculation 
of the virus into susceptible weanling rats and hamsters as late as 12 days 
postnatally (Margolis et al., 1968). At that age, the liver of rodents exhibits 
a considerable and continuing mitotic activity (Steiner et al., 1966) which 
apparently provides the medium for progressive replication of RV and the 
manifestation of disease in this tissue. Margolis et ai. (1968) and Bergs 
and Scotti (1967) described the histopathologic changes resulting from 
replication of RV in the liver of neonatal rats as cryptic lesions of the 
parenchymal peliosis type. 

The mitotic activity in the liver of rodents remains high for as long 
as 4-6 weeks after birth. Cessation of this activity then coincides with 
an apparent insusceptibility of the liver to parvovirus infection. Never
theless, Henry and Diario (1975) have observed that H-l virus can induce 
hepatitis in adult, 4-6-month-old hamsters. No clinical symptoms could 
be recorded, but focal degeneration of hepatic cells as well as elevated 
liver enzymes were believed to be indicative of a continuing susceptibility 
of the differentiated liver to infection with parvoviruses. Because the liver 
has an extraordinary regenerative potential, susceptibility of the adult 
differentiated organ can be stimulated or even restored in the course of 
regeneration subsequent to hepatic injury. In this respect partial hepa
tectomy (Ruffalo et al.,1966), infection of rates with Cysticercus fascio
laris (the larval form of the feline tapeworm Taenia taeniaformis, Kilham 
Kilham et al., 1970), as well as carbon tetrachloride poisoning (Margolis 
and Kilham, 1975) were found to result in a vigorous reparative activity 
which provided the medium for massive replication of a simultaneously 
injected parvovirus. 

Hepatitis is also one of the prominent manifestations of CPV infec
tions in goslings. In the acute phase of disease the main pathologic lesions 
were reported to consist in an exudative hepatitis with serous parenchy
mal damage whereas at later stages subacute interstitial hepatitis devel
oped (Palya and Kisary, 1978). In each stage replication of CPV in he
patocytes was indicated by the presence of Cowdry type A intranuclear 
inclusions. 

6. Myocarditis 

Post mortem examination of newborn animals dead from acute, gen
eralized parvovirus infection revealed virus-specific intranuclear inclu
sion bodies in almost all tissues and also in the myocardium. Particularly 
widespread replication of parvoviruses in this tissue has been observed 
in newborn kittens infected with FPLV (Csiza et al., 1971a,b) and in calves 
infected with BPV (Storz and Leary, 1979). In none of these animals, how
ever, was the involvement of the heart muscle in virus replication par
alleled by a distinct clinical symptomatology. 
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Lesions exceeding the mere presence of virus-infected cells in the 
myocardium are a consistent finding in goslings succumbing to infection 
with GPV. According to Derzsy 11967) the most typical changes are dis
tension of the heart, rounding off of the cardiac apex, and diffuse degen
eration of the myocardium. At later times the spectrum of lesions may 
be completed by reparative inflammation. Cowdry type A inclusion bod
ies were always present in the affected tissue. Such typical intranuclear 
inclusions in the myocardium also were the first indication for the in
volvement of a parvovirus in the etiology of the recently noticed acute 
epidemic heart failure in dogs. As has been shown by various investigators 
Ic£. Hayes et ai., 1979j Kelly and Atwell, 1979j Robinson et al., 1979a,b 
1980aj Lenghaus et ai., 1980), this exceptional syndrome is caused by 
infection with CPV. However, myocarditis in dogs usually occurs without 
concurrent parvoviral enteritis. It is limited to puppies and, in general, 
onset and progression of clinical disease are rapid. Two clinical presen
tations have been described. Ths most common one in very young ani
mals is characterized by sudden death occasionally preceded by a rather 
short period of dullness and dyspnoe. In dogs over eight weeks of age 
death frequently intervenes within 24 hr after acute respiratory distress, 
depression, and weakness were observed. Survivers may develop conges
tive heart failure. According to the many detailed histologic examination 
of field cases Ic£. Siegl, Chapter 9), the pathology of the disease presents 
as a marked interstitial myocarditis with loss of myofibers, multifocal 
myofiber necrosis, and mononuclear cell infiltrate. So far, attempts to 
reproduce myocarditis in dogs were successful only after in utero inoc
ulation of puppies eight days before parturition ILenghaus et ai., 1980). 
Analysis of surviving animals in these studies also suggested that conges
tive heart disease in chronic myocarditis may be due to extensive focal 
fibrosis within the myocardium. . 

7. Cerebellar Ataxia 

About a century ago, Herringham and Andrewes 11888) described the 
clinical and gross pathological features of cerebellar ataxia in kittens. 
Under field conditions usually the whole litter is affected and ataxic kit
tens in general show no other signs of disease. The syndrome therefore 
has been regarded as a congenital anomaly of genetic origin up to recent 
times. A first lead pointing to an infective etiology of this disease was 
obtained in the course of experiments with RV in newborn hamsters. 
Mter intracerebral injection of a specific strain of this parvovirus into 
baby hamsters less than four days of age IKilham and Margolis, 1964), 
the typical clinical picture of ataxia became slowly evident after four to 
five weeks. The affected animals developed an unsteadiness in gait as 
well as an instability of balance. On sacrifice, it was noted that infection 
had resulted in severe hypoplasia of the cerebellum. Histologic exami
nations finally suggested this pathologic condition as being due to the 
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selective attack of virus replication on the outer germinal layer of the 
differentiating cerebellum. Clinical ataxia and cerebellar hypoplasia were 
also observed subsequent to transplacental infection of rat fetuses with 
RV (Kilham and Margolis, 1966). 

Attempts to induce ataxia in kittens by intracerebral injection of RV 
failed; yet, as was indicated by the appearance of intranuclear inclusion 
bodies and by partial destruction of the tissue, the virus was found to 
proliferate in the external germinal layer of the cerebellum of these an
imals (Kilham and Margolis, 1965). Clinical ataxia as well as the under
laying cerebellar hypoplasia finally could be reproduced by intracerebral 
inoculation of feline panleukopenia virus into newborn kittens (Kilham 
and Margolis, 1966; Johnson et al., 1967). Both in these kittens and in 
neonatal ferrets-which proved to be of exceptional value in the study 
of feline ataxia-histopathologic changes were indistinguishable from 
those observed in the ataxic hamster and rat. Characteristically, virus 
replication in the outer germinal layer led to the absence of a definitive 
granular cortex, and, sometimes, destruction of Purkinje cells could be 
observed. 

Susceptibility of the cerebellum to parvovirus infection is limited to 
those developmental stages of the animals during which the differen
tiating outer germinal layer provides a maximum number of dividing, 
susceptible cells for virus replication. In the cat this stage is terminated 
at about nine days after birth. It may therefore be expected that, depending 
on the time of infection, infection with FPL V up to that age of the animal 
may induce lesions of verying severity. In fact, according to Csiza et al. 
(1971b) specific intranuclear fluorescence could be detected in the cere
bellum, the cerebrum, and the spinal cord within three days after oral 
exposure or intranasal infection of newborn kittens. Virus replication 
subsequently resulted in a marked reduction of the cerebellar size. Clin
ical signs of ataxia, however, were absent in the animals. These obser
vations plus additional experimental data (Kilham and Margolis, 1966a; 
Kilham et al., 1967; Duenwald et al., 1971), as well as circumstantial 
evidence suggest that most of the observed cases of spontaneous ataxia 
in kittens result from in utero infections. 

Finally, very recent experiments with BPV seem to indicate that bo
vine fetuses exposed to the virus around 130 days of fetal development 
experience brain lesions resembling closely the findings with feline and 
rat parvoviruses. According to Storz (personal communication) they con
sisted of a depopulation of the germinative external granular cell layer 
of the cerebellum with granuloprival cortical atrophy. 

8. Hemorrhagic Encephalopathy 

After treatment of adult, apparently healthy rats with cyclophos
phamide, EI Dadah et al. (1967) recovered a strain of RV from the brain 
and spinal cord of animals exhibiting paralysis of the hind limbs. Intra-
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cerebral inoculation of this virus into suckling rats again resulted in acute 
fatal paralysis associated with hemorrhages and necrosis in the brain and 
spinal cord. This entity-hemorrhagic encephalopathy-could be sub
sequently reproduced with various strains of RV in newborn rats, mice, 
and hamsters (Nathanson et al., 1970; Cole et al., 1970; Margolis and 
Kilham, 1970, 1972). Although less common, it was also observed after 
infection of kittens and ferrets in utero or postnatally with FPLV. Mar
golis and Kilham (1970, 1975) have suggested that the basis of this disease 
is the attack of parvoviruses on the proliferating, supporting structure of 
the neonatal CNS. However, the contribution of various other factors to 
the development of the syndrome, such as, for example, the attack of the 
virus upon the pool of developing megacaryocytes also have to be con
sidered (Margolis and Kilham, 1972). 

9. Panleukopenia 

Between 1938 and 1943 experimental work in several laboratories 
was centered on the clinicopathological features of feline infectious en
teritis (Hammon and Enders, 1939a,b; Lawrence and Syverton, 1938; Kik
uth et a1., 1940; Lawrence et al., 1940, 1943). These studies revealed that, 
besides a more or less constant involvement of the intestine, a prominent 
characteristic of this devastating disease consisted in severe hematologic 
changes. In particular, a profound leukopenia was reported to occur. Ac
cording to these investigations as well as to more recent comparative 
experiments in conventionally raised cats, in specific pathogen-free, and 
in germ-free animals leukopenia is the most constantly found facet of 
FPLV infection (Rohovsky and Fowler, 1971; Langheinrich and Nielsen, 
1971; Larsen et al., 1976; Carlson and Scott, 1977; Carlson et al., 1978). 

Characteristically, the fall in total white blood cell counts starts in 
parallel with the initial slow rise in temperature at about two to three 
days after infection. Lowest cell counts-as few as 100 leucocytes per 
mm3 have been reported in severe cases-are usually observed at the 
height of clinical disease. Recovery, on the other hand, is signaled by a 
detectable increase in leucocyte counts. Detailed studies have revealed 
that lymphocytes and neutrophiles are especially involved in the varia
tion of the blood picture. There is also convincing evidence that the 
changes result from the primary and direct attack of FPLV upon the 
lymphoid tissues and the blood-forming organs. By three to four days after 
infection cytocidal replication of FPL V in lymphoid cells of the thymic 
cortex, in both follicular and paracortical areas of lymph nodes, as well 
as in the follicular and periarteriolar areas of the spleen can be observed. 
Virus specific inclusion bodies are also found in the bone marrow, and 
destruction of the primitive blood cells is believed to result in neutro
penia. 

Although not studied in such detail, hematologic changes compa
rable to those sketched in the preceding paragraph were also found to 
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constitute a rather constant aspect of disease induced by the two other 
variants of FPV-MEV and CPV-in mink and dogs, respectively (Rey
nolds, 1969; Jacobs et al., 1980; Robinson et al., 1980b; Woods et ai., 
1980). Leukopenia resulting from infection with these viruses, however, 
in general is less pronounced, transient and, consequently, is frequently 
missed if no serial white blood cell counts are performed. Likewise, many 
pigs, irrespective of age, experience a transient, usually mild leukopenia 
within about the first ten days after initial exposure to PPV (Johnson and 
Collings, 1969, 1971; Mengeling and Cutlip, 1977; Joo et ai., 1976a). More
over, infection of lymphatic organs of calves by BPV also parallels the 
pathogenic events described for panleukopenia in newborn kittens (Storz 
et al., 1978a). 

10. The Impact of Parvoviruses on the Immune System 

It has been hypothesized that destruction by parvoviruses of cells 
responsible for the immune mechanism should have a considerable im
pact on the immunological responsiveness of the infected organism. 
Rather unexpectedly, first evidence for such an effect of parvovirus rep
lication has come from in vitro studies. Bonnard et al. (1976) reported 
that filtered culture fluids of a subline of mouse EL-4lymphoma inhibited 
the generation of cytolytic effect in allogenic mixed lymphocytic cul
tures. Immunosuppression could be attributed to a contaminating virus, 
a lymphotropic variant of MVM. In subsequent experiments this virus, 
but not the prototype strain of MVM, was shown to inhibit a variety of 
T-cell functions, e.g., antigen-induced proliferation, generation of cyto
lytic T-cell activity, and T-helper function. It did not, however, interfere 
with B-cell specific plaque-forming cell generation in vitro (McMaster et 
al., 1981; Engers et al., 1982). According to Bonnard et al. (1976), im
munosuppressive effects can also be observed with RV in rat lymphocyte 
cultures. 

As concerns the impact of parvovirus replication on the immunologic 
responsiveness of the infected organism, Schultz et ai. (1976) showed that, 
in the course of feline panleukopenia, the lymphocyte responsiveness to 
phytohemagglutinin and to concanavalin A were depressed. Responses 
to B lymphocyte mitogens as well as antibody responses to rabbit red 
blood cells and to the infecting virus, however, were not impaired. In the 
course of clinically mild FPLV infections the humoral immune mecha
nisms may even be stimulated rather than inhibited (Carlson et al., 1978). 
In contrast to the latter observations, however, the immune responsive
ness of mink suffering from Aleutian disease appears to be considerably 
reduced. Suppression of responsiveness to a variety of antigens thereby 
starts at about the time the infected animal develops the most outstand
ing feature of this syndrome, i.e., hypergammaglobulinemia (Porter et al., 
1965, 1969; Kenyon, 1966; Lodmell et al., 1970; Trautwein et ai., 1974). 
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11. Aleutian Disease of Mink 

Aleutian disease of mink is a rather complex entity which has several 
facets in common with disease induced by well-known and better under
stood parvoviruses; yet, it also includes a number of aspects resisting 
interpretation on the basis of today's knowledge. The most distinguishing 
features of ADV infection consist of a chronic, slowly progressive course 
and the involvement of immunological mechanisms in the production 
of lesions. The disease is characterized by widespread plasmacytosis, glo
merulonephritis, arteritis, and focal hepatitis. Death may occur any time 
from 2 to 24 months after infection (Henson et ai., 1966; Pan et ai., 1970; 
Porter and Larsen, 1969; Drommer and Trautwein, 1975; Barcley, 1976; 
Porter and Cho, 1980). 

Replication of ADV takes place after infection of fetal, newborn, and 
adult mink. It gives rise to chronic viremia; however, no disease seems 
to be caused by virus replication itself. It is assumed that the constant 
presence of huge amounts of viral antigen induces a maximal immune 
response as reflected by rapid proliferation of antibody-producing cells 
and the development of hypergammaglobulinemia. Porter (1981) has re
cently provided evidence that most of the gammaglobulin produced in 
the course of ADV infection is specific antiviral antibody. This antibody, 
however, is not capable of neutralizing viral infectivity and, hence, the 
circulating antigen-antibody complexes found in persistently infected 
mink are infectious. 

The majority of lesions observed in the course of Aleutian disease 
are very likely mediated by deposition of immune complexes. Glomerular 
and arterial cell wall lesions were shown to contain deposits of IgG, C3, 
as well as of ADV antigen, and anti-ADV antibody could be eluted from 
affected kidneys (Henson et ai., 1969; Porter et ai., 1969, 1973). Moreover, 
immunosuppressive therapy can suppress the development of lesions 
(Cheema et ai., 1972). Immunization of animals with a killed virus vac
cine prior to challenge with live virus, on the other hand, increases drast
ically the severity of disease (Porter and Cho, 1980). 

The severity and the spectrum of disease observed after infection of 
mink with ADV apparently is influenced by the ADV strain used, the 
host genotype, and the age at which the animal is infected. The relative 
contribution of these factors to the disease process has been discussed in 
detail by Porter and Cho (1980). This aspect is also referred to in Section 
IV. F of this review. 

D. Persistent, Clinically Inapparent Infection 

As indicated by the high incidence of antiviral antibodies, parvovirus 
infections are rather common in populations of their natural hosts. This 
observation suggests that for every virus a potent reservoir must exist 
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from which infection of susceptible animals and reinfection of already 
immune animals takes place. It is not very likely that this reservoir con
sists exclusively in those animals experiencing acute clinical disease. 
With the exception of Aleutian disease of mink, the number of such 
animals in populations with endemic parvovirus infections is rather 
small. However, carriers shedding the virus in feces, urine, saliva, and 
seminal fluid over a long period of time after recovering from acute disease 
have been noticed. Csiza et ai. jI971c), for example, reported that after 
in utero infection a kitten was found to disseminate FPL V in urine until 
it was sacrificed at 12 days of age. Other animals shed the virus in their 
feces for at least 43 days. Likewise, PPV could be recovered from the 
seminal fluid of pigs infected in utero and sacrificed at the age of 8 months 
lJohnson and Collings, 1971). Characteristically, such animals are found 
to have high titers of antibodies to the respective virus. A similar co
existence of antiviral humoral immunity and the presence of virus in the 
feces has also been reported to occur with RV, MVC, BPV, LPV, and GPV 
in apparently healthy hosts. In addition, almost all these parvoviruses 
were repeatedly recovered from kidneys, testicles, and lung tissue of such 
animals. There is sound evidence that the higher the titer of circulating 
antiviral antibody, the higher the probability of isolating infectious virus 
from an animal's tissue. It may be concluded, therefore, that persistent, 
clinically inapparent infection is the rule rather than the exception with 
parvoviruses. 

The situation is different with ADV infections in mink and ferrets. 
Here, persistent infection is equivalent to acute clinical disease. In gen
eral it takes a progressive, fatal course. This is in particular true for mink 
of the Aleutian genotype. In non-Aleutian mink, however, up to one 
quarter of animals may develop a clinically inapparent, or nonprogressive 
type of ADV infection jLarsen and Porter, 1975; An and Ingram, 1977, 
1978). Nevertheless, the animals contain low amounts of ADV in blood 
and tissues, and constant shedding of the virus seems to occur. Mink 
with inapparent infections therefore may constitute a continuing unre
cognized source of virus for both horizontal and vertical transmission IAn 
and Ingram, 1978). 

We still do not know by which mechanisms the persistence of par
voviruses in the presence of a sometimes impressive immunity is main
tained. Integration of the nucleic acid of autonomous parvoviruses into 
the genome of an infected cell has not been reported; yet, it seems to be 
possible that the virus can survive in contact-inhibited or chemically 
arrested, noncycling cells to the time this block for virus replication is 
released jSiegl and Kronauer, unpublished observation). In addition, direct 
cell-to-cell transfer of newly synthesized virus in tissue of low but con
tinuing mitotic activity could perpetuate infection. Such reduced spread 
of virus may prevent the development of lesions and, at the same time 
would be barely accessible to the interruptive activity of humoral im
munity. 
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Because the presence of antibodies to parvoviruses seems to indicate 
a carrier state rather than to guarantee the absence of the virus, such 
immune animals may disseminate the virus if introduced into "clean" 
antibody-negative animal colonies. Moreover, persistent inapparent in
fections in "immune" animals could provide an explanation of the syn
drome "reproductive failure" in pig herds. In this case, latent infection 
could be activated by the presentation to the virus of rapidly proliferating 
tissues as a consequence of pregnancy (Cartwright and Huck, 1967; John
son and Collings, 1969; Mengeling, 1981J. It is conceivable that a similar 
mechanism is responsible for the appearance of parvoviruses in tissues 
of healing wounds as well as for the repeatedly observed association of 
parvoviruses with tumors. In this context, derangement of the apparently 
delicate equilibrium between latent infection and the state of immunity 
by drugs or other treatment with immunosuppressive effect may play an 
additional role (El Dadah et al., 1967; Zhdanov and Merekalova, 1962; 
Payne et al., 1963; Lum and Schreiner, 1963J. 

E. Parvovirus Infections and Cancer 

Much of the interest virologists have taken in parvoviruses at the 
time of their first isolation and identification around 1960 came from the 
frequent association of these agents with tumors. As has been already 
outlined in detail (d. Introduction), the H-viruses were discovered in the 
course of serial transplantation of human tumors in rodents (Toolan et 
al., 1960J, RV and many of its isolates frequently appeared in rats bearing 
tumors or subjected to treatment with cancerogeneous agents (Kilham 
and Olivier, 1959; Zhdanov and Merekalova, 1962; Payne et al., 1963J, 
and Hallauer et al. (1971 J recovered parvoviruses at a high frequency from 
cell cultures derived from tumor tissues. This association of the virus 
with neoplastic tissues has led to speculations concerning their possible 
involvement in oncogenesis. In this respect, however, only negative ev
idence has been obtained (Kilham, 1966; Toolan, 1967aJ. Accumulation 
of parvoviruses in tumors can be explained on the basis of their affinity 
for dividing, constantly proliferating cells, and just contrary to the pre
viously suspected role as oncogenic agents, they are now considered to 
harbor an antineoplastic potential. 

Based on the known osteolytic activity of H-l, Toolan et al. (1965J 
injected the virus intramuscularly into two young patients who suffered 
from osteosarcoma, the rapid spread of which could not be influenced by 
conventional treatment. H -1 virus proliferated readily in the patients and 
multiplication led to cyclic viremia. Unfortunately, however, virus rep
lication proved to be without influence on the growth of the sarcoma. 
The "oncolytic" potential of parvoviruses has subsequently been studied 
in tumor-bearing hamsters and rats. Toolan (1967aJ observed that ham
sters infected soon after birth with H -1 and H -3 virus have an unusually 
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low incidence of spontaneous tumors throughout their lives. Likewise, 
infection with parvoviruses interfered in a significant way with the in
duction of leukemias and solid tumors by Moloney leukemia virus and 
adenovirus 12, respectively (Toolan and Ledinko, 1968; Bergs, 1969). Ad
ditional and more detailed experiments are in progress. The respective 
preliminary results seem to conform to previous observations and indi
cate that, at least in hamsters, the "oncolytic" effect of H-l virus infec
tions is demonstrable against the induction of tumors by adenovirus, 
Simian virus 40, and dimethylbenzanthrene (Soike, personal communi
cation; Rhode, personal communication). It is quite conceivable that the 
reduced incidence of spontaneous or experimentally induced tumors in 
infected organisms results from the selective infection and rapid destruc
tion of de novo transformed cells. Thereby, both latent and direct infec
tion seem to excert the same effect of antineoplastic surveillance. Already 
developed and metastasing tumors, however, apparently provide an ex
cellent medium for virus replication but cannot be removed before the 
immunologic response of the organism prevents further replication and 
spread of virus. 

F. Factors Influencing Pathogenicity 

In context with the presentation of the various aspects of disease 
resulting from infection with parvoviruses it proved continuously nec
essary to point to factors and conditions favoring or mitigating the course 
of clinicopathologic events. As more than twenty years of thorough ex
perimental studies have shown, there is a series of such factors. Some 
control pathogenicity at the level of cellular susceptibility, some at the 
level of the infected organism, and epidemiologic conditions apparently 
control susceptibility of whole animal populations. The picture is com
pleted by genetic variation of the infecting virus itself. 

The dependence of the replication of autonomous parvoviruses on 
cells undergoing mitosis or, correctly speaking, on those passing actively 
through their division cycle, has been established beyond doubt. It is 
therefore quite understandable that parvovirus replication preferentially 
is observed in differentiating tissues and also in tissues which, though 
fully differentiated, have retained a high rate of cellular proliferation. 
Besides, replication of parvoviruses in general is cytocidal. In conse
quence, it is to be expected that fulminant replication is reflected by the 
generation of lesions in affected organs. Potent examples illustrating this 
relationship between cell proliferation, virus replication, and the devel
opment of disease are found in the embryo, the fetus, and in newborn 
animals (Margolis et a1., 1971). Affinity of parvoviruses for "dividing" 
cells is also reflected by the accumulation of the agents in the callus of 
healing wounds as well as by their effect on lymphopoietic and hema
topoietic tissues in the adult host. However, dependence of virus repli-
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cation on cycling cells explains only a small facet of parvovirus patho
genicity. 

Generalized disease observed in various host species after infection 
of fetuses or neonates supports the view of Kilham and Margolis 11966b) 
that parvoviruses are pantropic. In spite of this fact and despite the pres
ence of rapidly proliferating cells in almost every part of the immature 
organism, generalized, acute disease is a relatively rare event. Rather, 
both transplacental infections of fetuses and infection of neonates fre
quently culminate in distinct, well circumscribed syndromes such as cer
ebellar ataxia, myocarditis, and hepatitis. It is, however, quite unlikely, 
that, for instance, cerebellar ataxia or myocarditis ensues due to an unique 
susceptibility of the outer germinal layer of the immature cerebellum or 
of the differentiating myocardium to infection at the stage of develop
ment concerned. These tissues, however, lack the evident regenerative 
ability of, e.g., the liver. Therefore, it appears to be much more probable 
that the degree of definite differentiation at the time of infection deter
mines the extent of virus-specific lesions and, hence, simulates a more 
or less pronounced pathogenic potential of the infecting virus. It should 
nevertheless be borne in mind that there is convincing experimental ev
idence for a developmentally controlled, cell-cycle-independent change 
in a cell's ability to support synthesis of a parvovirus ITattersall, 1978b). 

Another type of host "differentiation" interfering with the patho
genic potential of parvoviruses is illustrated by the ability of the bovine 
and porcine fetuses to muster a considerable immunologic response 
against viruses already during the third trimester of gestation. This ca
pability apparently prevents systemic infection of fetuses as well as the 
induction of distinct lesions. Humoral immunity and differentiation-de
pendent susceptibility of cells and tissues finally may influence the pic
ture of parvovirus pathogenicity at the level of the newborn and maturing 
animal. Serologic surveys have shown that parvoviruses in general are 
endemic in populations of their natural hosts. For example, HI-antibodies 
to RV were found in rat colonies at an incidence of more than 85% IRobey 
et al., 1968). In pigs and calves the respective figures are 78% IBachmann, 
1969) and 86% IAbinati and Warfield, 1961; Storz et al., 1972). This high 
prevalence of passive immunity will prevent infection of the offspring 
and thus, suppresses manifestation of disease characteristic for this de
velopmental stage of the animal. The efficiency of this mechanism is 
well illustrated by the changing epidemiologic situation since the recent 
appearance of CPV in canine populations. The first rush of the virus in 
a then virgin, antiviral antibody-free canine population was accompanied 
by manifestation of the enteric form of disease in a high percentage of 
dogs of all ages. Similarly, the myocardial form was observed in an epi
demic extent. Within the past two to three years, however, more than 
60-80% of dogs in all parts of the world have developed antibodies to 
the virus IWalker et al., 1980; Carmichael and Binn, 1981). In parallel to 
this increase in herd immunity myocarditis has become a rare finding 
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and enteric disease is only observed in puppies exposed to infection at 
the time maternally transmitted, passive immunity vanishes. 

Canine parvovirus enteritis, feline panleukopenia, mink enteritis, 
and goose hepatitis also may serve to illustrate the importance of co
pathogens-viruses, bacteria, fungi, and parasites-in the course of par
vovirus-induced disease. In every instance, field cases in general take a 
severe clinical course associated with the development of massive his
topathologic lesions. Under controlled experimental conditions and, par
ticularly, in specific pathogen-free or germ-free animals, however, the 
disease is usually rather mild. Signs of enteric disease are rarely observed; 
yet, virus replication can be demonstrated in almost all parts of the in
testine Icf. Section IV.C.4). 

Finally, pathogenicity of parvoviruses clearly is influenced by genetic 
factors of the infecting virus as well as by the genetic background of the 
infected host. As far as the virus is concerned, there are many experi
mental observations indicating that the spectrum of disease may change 
due to "adaptation" of a virus in the course of in vitro or in vivo passages. 
In vitro passages thereby tend to yield parvovirus strains of reduced path
ogenicity IKilham and Ferm, 1964; Kilham and Margolis, 1966b, 1969; 
Paul and Mengeling, 1980) whereas during in vivo passages the patho
genicity of the viruses in general is maintained or even enhanced Icf. 
Kilham and Margolis, 1966b; Toolan, 1968; Carlson et ai., 1977). More
over, recent comparison of the genomes of virus strains distinguished 
either by low pathogenicity-as in the case of FPL V vaccine viruses ITrat
schin et ai., 1982)-or by affinity for a distinct type of cell-as in the 
case of wild-type virus and the lymphotropic variant of MVM IMcMaster 
et ai., 1981; Tattersall, 1981; Ron and Tal, 1981)-have shown that such 
differences are paralleled by changes at the level of the viral genome. The 
viral functions affected by these changes and, hence, responsible for the 
variation in pathogenicity are widely unknown. It may be speculated that 
they control affinity of the virus for a certain type of cell, ability and 
efficiency of virus replication, or the type of virus particles le.g., defective 
interfering particles) produced. If, for example, all these functions result 
in slow spread of the virus in the organism, its immunologic system of 
surveillance as well as the regenerative activity of the affected tissues 
may be able to keep virus-specific damage at a minimum. 

Virus strains of greatly varying virulence have also been described 
for ADV Icf. Porter and Cho, 1980). In the case of this syndrome, however, 
the genetic background of the infected animal seems to play an extraor
dinary role with respect to the severity and course of clinical disease. 
Classic Aleutian disease was first described in mink homozygous for the 
rec.essive Aleutian coat color IHartsough and Gorham, 1956). This genetic 
constellation apparently determines a lysosomal abnormality similar to 
that of the Chediak-Higashi syndrome. It was speculated that the same 
gene may increase susceptibility of mink to infection with ADV IPadgett 
et ai., 1967; Johnson et al., 1975). Whether "susceptibility" in the sense 
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used throughout this chapter in fact is responsible for the differences in 
disease observed in Aleutian-type and non-Aleutian-type mink remains 
to be shown. Nevertheless, mink with the said genetic background typ
ically die of renal failure three or five months after infection. On the 
other hand, mink of non-Aleutian type rarely die earlier than five months 
after infection and most survive for more than one year jPorter and Cho, 
1980). 

In summary, the most evident factors controlling parvovirus path
ogenicity are the genetic structure of the infecting virus, the genetic back
ground of the infected host, the developmental stage of the host, the 
presence of viral, bacterial, fungal, or parasitic copathogens and, last but 
not least, the overall prevalence of the virus. 
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