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Pathogenicity of the encephalomyocarditis (EMC) virus for adult mice was in-
creased when polycations of diverse type were mixed with virus and inoculated by
the subcutaneous or intraperitoneal routes. Diethylaminoethyl (DEAE) dextran,
hexadimethrine (polybrene), polymyxin B, polylysine, and calf thymus histone in
various concentrations stimulated multiplication of virus in tissues at the injection
site and enhanced entry of virus into the blood. The nonpathogenic r* variant of
EMC which grows locally in tissues but fails to disseminate after subcutaneous and
intraperitoneal inoculation was used in most experiments. This virus caused viremia
and fatal central nervous system disease only when the polycations were included in
the inoculum. DEAE dextran and polybrene stimulated the release of interferon in
infected tissues but had no effect in the absence of virus multiplication. Histological
studies of tissues from the injection site showed that polycations provoke a mono-
nuclear cell reaction and alter the integrity of connective tissue. However, the mech-
anism by which the substances enhance virus growth and dissemination was not

defined.

Takemoto and Liebhaber described two vari-
ants (r* and r) of encephalomyocarditis (EMC)
virus which differ in the size of plaques formed
in L cells under agar (20). During studies in this
laboratory to compare the properties of various
EMC strains, it was found that the r+ (small
plaque) variant is nonpathogenic for adult mice
when introduced by the subcutaneous and intra-
peritoneal routes but is virulent when inoculated
intracranially (J. E. Craighead, Federation Proc.
24:1073, 1963). In contrast, the r (large plaque)
variant, like most “wild” strains of EMC, is
highly pathogenic when injected by all three
routes.

Detailed studies of mice inoculated subcu-
taneously with the r* variant showed that the
virus multiplies in tissues near the injection site
for periods of as long as 10 days (4). However,
viremia fails to occur and virus cannot be re-
covered from regional lymph nodes, major
viscera, or the central nervous system. The r
variant also grows in tissues locally after sub-
cutaneous injection, but by 24 hr it can be isolated
consistently from the blood. Thus, it would
appear that influences external to the cell selec-
tively affect entry of r* variant into the blood
stream or lymphatics. There are no data to
suggest that interferon or antibody produced

during the early stages of the infectious process
significantly inhibit growth or dissemination of
the virus (in press).

Liebhaber and Takemoto showed that the rt+
variant is bound electrostatically by the sulfated
acid polysaccharides in agar (12). Since poly-
anions similar to those in agar are found in
abundance in the connective tissue (13, 15), we
postulated that these naturally occurring sub-
stances might bind virus and limit its spread.
The polycations diethylaminoethyl (DEAE)
dextran and protamine prevent the union of rt
virus particles with sulfated acid polysaccharides
in vitro (11). Accordingly, attempts were made to
enhance growth and dissemination of virus in
animal tissues by inoculating mixtures of virus
and polycations subcutaneously. The results of
these studies are recorded here.

MATERIALS AND METHODS

Virus. The r* variant of EMC, supplied by K. K.
Takemoto, was plaque-purified twice before stock
pools were prepared. Reference is made to revertants
in the text below. Plaques formed by these viruses
either resembled those of r variant or were inter-
mediate in size between r+ and r. The latter revertant,
designated ri, was found after purification to be
relatively insensitive to the inhibitor dextran sulfate
(in preparation).
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Cell culture and plaque technique. Plaque titrations
were carried out in L-929 cells with the use of a 19
Noble Agar (Difco) overlay and 35-mm plastic
dishes (Falcon Plastics, Los Angeles, Calif.). Counts
were made by neutral red staining 48 or 72 hr after
inoculation.

Reagents. DEAE dextran hydrochloride (molecular
weight &~ 2 X 10° and 8 X 104 Pharmacia, Inc.,
Uppsala, Sweden), hexadimethrine bromide (Poly-
brene, molecular weight &~ 3,600; Abbott Labora-
tories, North Chicago, Ill.), poly-L-lysine hydro-
bromide (molecular weight &~ 9.2 X 10¢; Pilot
Chemicals, Inc., Watertown, Mass.), polymyxin B
sulfate (Burroughs-Wellcome, Inc., Tuckahoe, N.Y.),
calf thymus histone, type II (Sigma Chemical Co.,
St. Louis, Mo.), and dextran (molecular weight ~
2 X 10% and 2 X 10% Nutritional Biochemicals
Corp., Cleveland, Ohio) were prepared in Hanks’
balanced salt solution at pH 7.4. Toxicity of the sub-
stances, as manifested by acute or protracted mor-
tality, was evaluated in subcutaneously inoculated 3-
week mice as a preliminary to the selection of dosages
for the studies described below.

Experimental procedure. A polycation solution was
added to an equal volume of balanced salt solution
containing an appropriate number of plaque-forming
units (PFU) of virus. Within 10 min 0.1-ml samples
of the mixtures were inoculated into the lateral
abdominal wall of 3- or 12-week male Swiss mice.
Observations on mortality were done in groups of 10
or 20 animals over a period of 12 days. Control
groups of mice received equivalent amounts of either
the substance under test or the virus alone. The virus
content of tissues and blood serum in each of four
animals was determined at 24-hr intervals after in-
oculation.

Tissue and serum preparation. Skin, subcutaneous
tissue, and muscle from the abdominal wall sur-
rounding the injection site were excised widely en
bloc and mortar-ground with sand in 3 or 5 ml of
diluent. Coarse debris was removed by low-speed
centrifugation and the supernatant fluid was re-
centrifuged at 10,000 X g for 15 min. Animals were
bled from the retro-orbital sinus. Diluent was added
to the blood to make an approximate serum dilution
of 1:10, and the clot was separated after 2 to 4 hr. A
diluent made up of 5%, heated (56 C for 30 min)
chicken serum and Hanks’ balanced salt solution was
used routinely.

Interferon assays. Tissue homogenates and serum
were prepared for interferon assays by dialysis for 48
hr at pH 2 and centrifugation for 60 min at 10,000 X g.
Portions (0.2 ml) of serial twofold dilutions of the
test material were incubated with L-cell monolayers
for 24 hr. Cultures were washed and then challenged
with 50 to 70 PFU of vesicular stomatitis virus.
Plaque reduction of 509, or greater at 48 hr was used
to determine end points. Selected specimens exhibiting
interfering activity were shown to possess the estab-
lished properties of interferon (1).

Histological studies. The lateral abdominal wall
was excised from 3-week animals 24 and 48 hr after
the subcutaneous injection of 0.1-ml amounts of a
mixture of carbon black and various concentrations of
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DEAE dextran, polybrene, polylysine, or dextran.
After fixation in Formalin, histological sections were
prepared by use of the deposits of carbon as a guide
in the choice of tissue blocks.

RESULTS

Effect of polycations on infection. Virus growth
in tissues at the injection site was enhanced and
viremia occurred when DEAE dextran, poly-
brene, polymyxin B, polylysine, and calf thymus
histone were mixed with the r* variant and intro-
duced into mice by the subcutaneous route. The
effect of the polycation was evaluated by titra-
tions of tissues and of blood serums obtained
at intervals after inoculation. Several concen-
trations of the five substances were tested; the
virus dosage employed in different experiments
varied somewhat but was consistently smaller
than 50 PFU per animal.

The results of studies in 3-week mice during
the 48-hr period after inoculation of a mixture
of rt variant and 50 ug of polybrene are shown
in Fig. 1. The data are representative of experi-
ments using this substance at dosages ranging
from 50 to 500 ug per animal. More virus (10-
to 1,000-fold) was recovered from the tissues of
mice receiving the polycation than from ap-
propriate controls. Although the rt variant
predominated in the tissue homogenates, sub-
stantial numbers of r' and r PFU were present.
Virus appeared promptly in the blood. At 24 hr,
rt PFU usually were found; later, only r' and r
were recovered. Viremia in animals receiving
polybrene persisted for 72 to 96 hr, at which
time signs of central nervous system involve-
ment became evident. Virus was never isolated
from the blood of animals which had not re-
ceived polybrene, even though it was present
in tissues surrounding the injection site for
periods of 120 hr.

Similar observations were made with DEAE
dextrans of two molecular weights (8 X 104 and
2 X 10% in dosages ranging from 50 to 500 ug.
Although repeated comparative studies were not
carried out, tissue and serum titers appeared to
be greater at 24 hr when the higher concentra-
tions of DEAE dextran were employed. As
with polybrene, a heterogeneous population of
PFU usually was found in the blood 48 or 72
hr after inoculation. Often ri or r PFU were
recovered from the blood of animals whose
tissues yielded a predominant population of the
rt variant (Fig. 2).

Polylysine (Fig. 3), polymyxin B, and calf
thymus histone (Fig. 4) enhanced virus growth
in tissues when animals were administered either
250 or 500 ug mixed with r+. Only data obtained
with the lower concentration of the substances
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FiG. 1. Recovery of virus from tissues surrounding
the injection site and blood 24 and 48 hr after the sub-
cutaneous inoculation of 3-week mice with 50 PFU of
r* variant and polybrene (50 pg per animal). In this
and subsequent figures, data obtained on four animals
(a—-d) from each group at the indicated time interval are
shown. Tissue and serum specimens were titered in L-
cell monolayers under an agar overlay. Solid bar = r+,
lined bar = r*, dotted bar = r variant.
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are shown in the figures, since results with both
dosages were comparable. Virus was recovered
from the blood of most animals at some time
during the 72-hr period following inoculation.
However, the time of onset of viremia was some-
what more variable than with polybrene and
DEAE dextran. Similar experiments with two
different commercial preparations of protamine
were negative.

In the absence of a polycation, approximately
8 PFU of rt variant are required to initiate a
tissue infection in 3-week animals (in press).
A calculated 6 and 9 PFU, respectively, were
used in experiments with calf thymus histone and
DEAE dextran. Growth of virus in tissues was
demonstrated only when the virus was inoculated
with the polycations (Fig. 4). Studies with small
dosages of virus and other polycations were not
carried out.

DEAE dextran enhanced r* replication in the
tissues of 12-week mice. In contrast to results
with younger animals, viremia was transient
and was infrequently followed by signs of nervous
system involvement and death. Studies in 12-
week mice with polycations other than DEAE
dextran were not attempted.

To determine the specificity of the polycation
effect on growth and systemic dissemination of
virus, experiments were conducted using the
pathogenic r variant and the genetically unre-
lated, but antigenically similar, M variant of
EMC (3). DEAE dextran not only stimulated the
early multiplication of r in tissue but shortened

b

FIG. 2. Agar overlaid, monolayer plate cultures of L cells inoculated with a tissue homogenate (A) and serum
(B) from a 3-week mouse killed 48 hr after subcutaneous inoculation of 50 PFU of r* mixed with DEAE dextran
(500 pg per animal). Plates were stained with neutral red and photographed 3 days after inoculation. By day 5,
plaques in plate B increase to a diameter of 8 to 12 mm. Size of plaques in plate A increased only slightly or not

at all. Scale = 1 cm.
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FiG. 3. Recovery of virus from tissues surrounding
the injection site 24 and 48 hr after subcutaneous inocu-
lation of 3-week mice with 30 PFU of r* variant and
polylysine (250 ug per animal). ND = not done.
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FiG. 4. Recovery of virus from tissues surrounding
the injection site 24 and 48 hr after subcutaneous
inoculation of 3-week mice with 6 PFU of r* variant
and calf thymus histone (250 pg per animal).

the interval between inoculation and the appear-
ance of viremia. The data shown in Fig. 5 were
obtained with 3-week animals. An identical effect
was observed with 12-week mice. Results with
the M variant of EMC were similar.

Dextran (molecular weight 2 X 109) in vari-
ous concentrations had no effect on growth of
rt variant at the injection site or on the occurrence
of viremia.

Effect of polycations on interferon release. Data
on the recovery of interferon from mice inocu-
lated subcutaneously with the r* variant are
presented in Table 1. Interferon was not demon-
strated in animals receiving the virus alone, but
was readily detected in both the tissues and blood
of mice which had been given DEAE dextran or
polybrene mixed with the virus. The presence of
interferon was associated with virus titers of
greater than 103 PFU. Similar results were ob-
tained with the r variant. Two different dosages
of DEAE dextran were employed in the experi-
ments shown in Table 2. Although the data are
limited, it would appear that increased amounts
of interferon were released by the tissue of
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F1G. 5. Recovery of virus from tissues surrounding
the injection site and serum 24 and 48 hr after sub-
cutaneous inoculation of 3-week mice with 8 PFU of r
variant and DEAE dextran (molecular weight 2 X 108,
50 pg per animal).

animals receiving the larger dosages of DEAE
dextran. DEAE dextran and polybrene in the
concentrations employed in these studies failed
to stimulate the elaboration of interfering sub-
stances in the tissues and blood of uninfected
mice. Since polycations in low concentrations
increase plaquing efficiency of vesicular stomatitis
virus (in preparation), tissues from animals re-
ceiving one or the other of the two polycations
were used routinely as controls in interferon
assays.

Effect of polycations on mortality due to in-
fection. Figure 6 shows the cumulative mor-
tality at daily intervals for mice which had been
inoculated with mixtures of the rt variant and
various concentrations of polybrene. Death of
the animals usually occurred between the 4th
and 7th day, and was preceded by the paralysis
and encephalitis characteristic of EMC virus.
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TABLE 1. Virus and interferon in tissues and serum at intervals after the subcutaneous inoculation of 43 PFU

of r* variant mixed with

DEAE dextran or polybrene

24 hr 48 hr 72 hr
Polycation Tissue Serum Tissue Serum Tissue Serum
ve r s 1 v I \% I A\ I v I

Balanced salt

solution. . ... 1Xx102|0 0 0 3X10:0 0 0|6X10:| 0 0 0
DEAE dextran,

50 ug per

animal. ..... 6X10410 | 1X 1010 |1 X 104|15 |3 X 104|150 | 1 X 104|12.5/7 X 103 | 33
Polybrene, 50

ug per ani-

mal......... 7 X 10510 0.3 X 101 0|2 X 104|12.5(4 X 103 | 0|2 X 10¢|30 |1 X 104|150

@ V = virus recovered from tissues (PFU per animal) or serum (PFU per milliliter).

Interferon recovered from tissues (units per animal) or serum (units per milliliter).

TABLE 2. Virus and interferon in tissues and serum at intervals after the subcutaneous inoculation of 8 PFU
of r variant mixed with DEAE dextran

12 hr 24 hr 36 hr
Polycation Tissue Serum Tissue Serum Tissue Serum
ve b A\ 1 % 1 % 1 \ 1 v 1

Balanced salt

solution........ 1Xx10t|0 0 013xX102(0 0 0/1X105f 0|7 X 103 0
DEAE dextran,

50 ug per ani-

mal............ 3X102(01(0.3X1010|3X105/0|5X 102|307 X 10¢|40 |3 X 10¢| 30
DEAE dextran,

500 ug per ani-

mal............ 1X10200.5X 1010 |7 X 10580 | 3 X 104 (130 5)<105|l60 2 X 104 | 260

¢V = Virus recovered from tissues (PFU per animal) or serum (PFU per milliliter).

® I = Interferon recovered from tissues (units per animal) or serum (units per milliliter).

Results identical to those in Fig. 6 were obtained
with DEAE dextran over a wide range of dosages.

Similar but more limited studies were carried
out with histone, polylysine, and polymyxin
B (Fig. 7). A substantial proportion of the
animals receiving rt variant mixed with both
250 and 500 ug succumbed as a result of a
generalized EMC infection. However, deaths
were distributed more irregularly over the 10-day
period after inoculation than with either poly-
brene or DEAE dextran, and the percent mor-
tality was lower. This observation may reflect the
variable occurrence of viremia noted after the
administration of histone, polylysine, and poly-
myxin.

Animal mortality was increased significantly
when mixtures of rt variant and DEAE dextran
were introduced by the intraperitoneal and intra-
muscular routes. The effective range of polycat-

ion dosage by these routes was not determined.
In the experiments described above, mice were
injected within the 10-min period immediately
after the addition of polycation to virus. Results
were not affected when a mixture of DEAE dex-
tran and r* was held at 4 C for 24 hr before
inoculation.

Graded concentrations of dextran (molecular
weights of 2 X 10% and 2 X 10%), sucrose, prot-
amine sulfate, and two commercial preparations
of testicular hyaluronidase failed to affect rt
pathogenicity when the substances were inocu-
lated subcutaneously with the virus. Mortality
attributable to disseminated EMC infection was
not increased by the administration of cortisone
acetate (1.25 mg per day) to 3-week mice for 10
days preceding r* inoculation and at daily in-
tervals thereafter. This dosage of steroid sub-
stantially increased mortality in mice infected
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FiG. 6. Cumulative mortality in groups of 3-week
mice inoculated subcutaneously with 25 PFU of r+
variant and polybrene in various concentrations.
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FiG. 7. Cumulative mortality in groups of 3-week
mice inoculated subcutaneously with r* variant and
polycations. The dosages of virus were: polymyxin B,
25 PFU; polylysine, 20 PFU; calf thymus histone, 6
PFU.

with the relatively nonpathogenic M variant of
EMC.

Tissue studies. Histological sections of tissue
surrounding the subcutaneous injection site were
prepared from animals which had been adminis-
tered mixtures of carbon black and DEAE
dextran, polybrene, polylysine, dextran, or 2 N
sucrose. Prominent accumulations of mononu-
clear cells, edema, and vascular congestion
(Fig. 8) were found immediately beneath the
dermis 24 hr after the administration of DEAE
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dextran over a wide range of dosages (12.5 to
500 ug). Carbon particles were distributed ex-
tensively in connective tissue and were located
frequently within macrophages. These cells also
contained varying amounts of an eosinophilic,
periodic acid Schiff-staining material presumed
to be DEAE dextran. Changes in the tissues of
animals which had been given polybrene and
polylysine were less prominent. Indeed, in many
specimens the number of accumulated mono-
nuclear cells was no greater than in mice which
had received dextran or hypertonic sucrose. The
extent of the alterations, however, varied from
animal to animal. Attempts to define histo-
chemically changes in the polysaccharide compo-
sition of connective tissue after polycation
injection by use of toluidine blue in an acid pH
range yielded inconclusive results.

DiscussioN

Liebhaber and Takemoto showed that the
rt variant of EMC virus is electrostatically
bound by the naturally occurring suliated acid
polysaccharides in agar (12). Since this variant
is nonpathogenic for adult mice when inoculated
by the subcutaneous or intraperitoneal routes, we
postulated that suliated acid polysaccharides in
the peritoneal cavity (14) and ground substance

FiG. 8. Skin, subcutaneous tissue, and muscel from
lateral abdominal wall of 3-week mouse sacrificed 24
hr after subcutaneous inoculation of 250 ug of DEAE
dextran (molecular weight 2 X 10%) mixed with carbon
black. Note the mononuclear cell infiltrate, edema of
connective tissue, and scattered accumulations of carbon
beneath the dermis. Hematoxylin and eosin stains, 5-u
section.
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of connective tissue (13, 15) might tie up virus in
a similar fashion and inhibit its spread in animal
tissues. The work reported here was undertaken
initially in a search for methods to test this
hypothesis.

Plaques of the rt variant increase in size when
DEAE dextran and protamine are added to an
agar overlay (11). Presumably, the polycations
interfere with binding of the virus particle by
the agar inhibitor and permit spread of virus to
neighboring, susceptible cells in the monolayer.
We reasoned that it might be possible to en-
hance dissemination of virus in the tissues of the
intact animal and permit access to vascular
channels by introducing virus mixed with
polycations.

The macromolecules employed in this study
were selected because of their highly basic
charge and diverse chemical make-up. The five
active substances bridge a wide range of molec-
ular weights. All are polydisperse. Polybrene has
been employed clinically to counteract the anti-
coagulant properties of heparin (9); inhibition of
rt variant growth by this polyanion is reversed
by DEAE dextran (11). The toxicity of poly-
myxin for mice can be prevented by the systemic
administration of heparin (7). It is of interest
that two commercial preparations of protamine,
another heparin antagonist, were inactive in
our experiments.

The observations recorded here are consistent
with the notion that r* virus particles interact
with naturally occurring sulfated acid poly-
saccharides in animal tissues. Our results, how-
ever, fail to establish the validity of this hy-
pothesis. Indeed, the finding that polycations
enhance pathogenicity of the r and M variants of
EMC suggests that some other mechanism may
be operative.

Polycations in appropriate concentrations in-
crease the uptake of foreign substances by cul-
tured cells. Ryser and Hancock found that basic
polyamino acids stimulate the imbibition of
albumin by sarcoma 180 cells (18). Polycations
have been observed to enhance phagocytosis by
leukocytes (5) and the adsorption of foreign
ribonucleic acid and virus by animal cells in
vitro (8, 16, 19). The means by which polycations
act under these circumstances remains to be
defined. At high concentrations, they appear to
exert a direct “toxic” effect on the cell membrane
and thus increase permeability (17). Although it
is possible that the substances used in our ex-
periments affected susceptibility of individual
cells of the intact animal, evidence accumulated
in this laboratory has shown that DEAE dextran,
polybrene, and polylysine over a wide range of
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concentrations not only inhibit uptake of rt
particles by L cells but fail to stimulate growth
of the virus in already infected cells (in prepara-
tion). Likewise, Colter et al (2) noted that
protamine blocks the receptor sites on L cells
for the small plaque variant of mengovirus.

Histological studies on tissues from the sub-
cutaneous site of inoculation indicated that
mononuclear cells accumulate in connective
tissue promptly after the introduction of poly-
cations. It is possible that these cells supported
virus growth or transported phagocytized virus
to susceptible cells distant from the inoculation
site. The reproducibility of our results and the
variable monuclear response to different polycat-
ions and among individual animals makes such
an explanation seem unlikely. The effect of
polycations appears to be specific. Neutral or
negatively charged macromolecules and the
spreading factor, hyaluronidase, failed to en-
hance virus growth or dissemination. The fate and
distribution of virus in connective tissue as well
as the histological and histochemical changes
after polycation injection are presently under
investigation.

DEAE dextran and polybrene stimulated the
release of interferon in the tissues of infected
animals. This effect was associated with increased
virus multiplication at the injection site. Since
polycations alone were ineffective, they would
appear to enhance interferon production by a
mechanism which differs from that of the anionic
polysaccharide, statolon (10). Mononuclear
phagocytes may have played a role in the elabora-
tion of interferon, in view of their abundance in
tissues after polycation injection and their
demonstrated capacity to stimulate release of the
substance (6). It seems unlikely that interferon
significantly influenced the course of the local
infection or dissemination of virus.

Aside from their theoretical interest, the ob-
servations recorded here may have practical
implications. It would be of interest to deter-
mine whether or not polycations increase the
susceptibility of animals used in virus isolation
attempts. It remains to be determined whether
or not the polycation effect is limited to the EMC
group of viruses. Thus far, our efforts to enhance
replication or affect the virulence of coxsackie
group B and sindbis viruses in adult mice have
failed.
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