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Abstract

Reovirus type 1, after intravenous inoculation in the adult
mouse, is secreted via bile into the intestine in an infectious
form. Although reovirus type 1 is rapidly removed from sys-
temic circulation by the liver and the lung, very few hepato-
cytes express reovirus antigen during infection. In intestinal
cells, reovirus replicates selectively in the crypts. This site
preference may be due to active cell proliferation in the crypts.
Wehypothesized that the state of the cell may affect virus
replication and tested this hypothesis by using chemical and
surgical means to increase hepatic mitotic activity. Adult mice
were treated with carbon tetrachloride or surgical trauma, in-
oculated with reovirus type 1 intravenously, and subsequently
killed. Virus antigen was identified using a highly specific im-
munohistochemical technique. Liver sections were stained
using immunoperoxidase with specific rabbit antireovirus anti-
body. Hepatotoxin and surgical trauma increase reovirus anti-
gen detection in both Kupffer cells and hepatocytes. Only the
sequential administration of CCI1 and virus caused mortality at
doses sublethal for each alone. These data demonstrate a syn-
ergism between hepatic injury and reovirus which results in a
significant increase in the magnitude of viral infection and con-
tributes to mortality. Such synergism may be important in
idiopathic liver disease. (J. Clin. Invest. 1990. 86:1038-1045.)
Key words: hepatitis * viral hepatitis - carbon tetrachloride-
liver regeneration * hepatotoxins

Introduction

Reoviruses infect animals, including man, via an enteric route
(1, 2). After entry through Mcells, reovirus may infect other
organ systems (3). The site and outcome of reovirus disease
depends on the serotype of the virus, the inoculum size, and
the age of the host (4-6). In individual organs, site specific
infection has been recognized (5, 7). Wehave shown that reo-
virus type 1 infects crypt cells within the ileum, but mature
villus cells do not become productively infected (5). For both
crypt and villus epithelial cells, virus-specific receptors are
present on the basolateral surface (8). Therefore, virus infec-
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tion is not dependent merely upon the capacity of the virus to
bind to the intestinal cell. This finding suggests that reovirus
replication is restricted to replicating epithelial cells at a step
after binding of virus.

After entry into the host, systemic virus is rapidly cleared
by the lung and the liver (9). Our studies have shown that
reovirus type 1 can pass into the bile in an infectious form
during systemic infection (10). However, few hepatocytes have
evidence of antigen at times when virus can be found within
the bile, and hepatic infection has not been reported as a signif-
icant component of systemic infection with reovirus type 1/L
in suckling mice (1 1).

Reovirus causes hepatobiliary infection in the neonatal
mouse, with hepatocellular necrosis ( 12). Reovirus type 1 rep-
lication within the adult liver may be restricted in a manner
analogous to intestinal epithelial cells. Since the mature liver
has a low mitotic index, an enhancement of hepatocellular
replication might increase reovirus antigen expression.

To examine whether the state of the hepatocyte affects
reovirus replication an hepatotoxin, carbon tetrachloride
(CC14) or surgery were used to increase the mitotic index of
hepatocytes. Carbon tetrachloride causes a P-450-mediated
lipid peroxidation of the endoplasmic reticulum and also re-
sults in covalent binding of CC14 metabolites, resulting in a
centrizonal necrosis and subsequent regeneration (13). The
replication begins within 12 h and peaks at 48-72 h after CC14
administration (14-16). Hepatic resection of 30-70% results in
a marked increase in the hepatic mitotic index from 15-36 h
later (17), without zonal necrosis. Both methods have been
shown to result in regeneration, production of alpha-fetopro-
tein, polyamines, changes in hormone receptors, and expres-
sion of cellular oncogenes. Similarly, induced focal injury has
been shown to increase the proliferation of local Ito cells and
hepatocytes adjacent to the areas of damage, but not in other
uninjured lobes (18).

The experiments presented here demonstrate that these
methods of hepatic insult increase the expression of reovirus
antigen in the liver. Furthermore, pretreatment of animals
with sublethal doses of CCI4 and reovirus type 1 results in a
profound increase in mortality, which is uniquely dependent
on the time course of their administration.

Methods

Mice
Adult female A/J mice (Jackson Laboratory, Bar Harbor, ME), 5-7 wk
old, were fed a house diet (Ralston-Purina Corp., St. Louis, MO)and
water ad lib. and maintained in an animal facility with a controlled
light/dark cycle. Viral experiments were conducted in separate facili-
ties, and there was no evidence of humoral response to reovirus in the
mice before experimentation.
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Purification of reovirus
Reovirus type 1/Lang (1/L) was obtained and prepared as previously
described (19). For mouse inoculation, a stock of reovirus that was
passed twice in L cells was purified by substituting ultrasonic disrup-
tion (Ultrasonic 200; Branson Sonifiers, Danbury, CT) for cell homog-
enization in a modification of previously described techniques (20).
The ratio of viral particle to plaque-forming unit (pfu) was -100:1
(21). Assay of viral PFUwas performed as previously described (5).

Inoculation of virus
Mice were inoculated intravenously via the tail vein with - 10" par-
ticles of reovirus type 1/L (determined by the optical density of the
suspension) suspended in 0.1 ml of PBS.

CC,4 administration
0.1 ml of a 1:1 mixture of carbon tetrachloride/olive oil was gavage fed
under light methoxyflurane anesthesia (Pitman-Moore Inc., Washing-
ton Crossing, NJ) either 4 (D-4) or 2 d (D-2) before, or simulta-
neously with (DO), the inoculation of virus.

Collection of samples and viral assay
Mice were killed and processed immediately for pathology and viral
titer assay. In animals where bile was sampled, mice were first anesthe-
tized with intraperitoneal pentobarbital (50 mg/kg i.p.) and the com-
mon duct was cannulated with PE-IO tubing (Clay-Adams Div., Par-
sippany, NJ) for 30 min before killing. Bile was frozen and stored at
-70'C before assay. Blood, duodenum, ileum, liver, spleen, and lung
were collected on ice for viral assays and frozen at -70'C. Specimens
of intestinal tissues were collected and assayed as previously described
(5). All samples of tissue were frozen and thawed three times, disrupted
by ultrasound (Ultrasonic 200; Branson Sonifiers) and assayed on L
cell monolayers in 12-well cluster plates (Costar Corp., Cambridge,
MA). The concentration of protein in the liver specimens was deter-
mined by a modification of the method of Lowry et al. (22) for use in
microtiter plates.

Histologic and morphometric methods
Liver tissues were immediately fixed in Bouin's solution for 3 h, dehy-
drated in a graded series of ethanols and embedded in paraffin blocks.
Sections were cut at 3-4 jtm on a rotary microtome (American Optical,
Buffalo, NY). These sections were stained with hematoxylin and eosin
and with our modification of the avidin-biotin method of immuno-
peroxidase stain. The immunoperoxidase stain involved the use of
xylene and a graded series of ethanols to rehydrate the liver tissues, and
a methanol-hydrogen peroxide solution was used to block endogenous
peroxidase. Normal goat serum (Vector Laboratories, Burlingame,
CA) was used to block nonspecific binding in the tissue. Rabbit derived
polyclonal reovirus antibodies that have previously been described (9,
10) (D. H. Rubin, Veterans Affairs Hospital, Philadelphia, PA) served
as primary antibody, with goat anti-rabbit sera (Vector Laboratories)
as secondary antibody enhanced by an avidin-biotin complex (Vector
Laboratories) (23). Sections were developed with diaminobenzidene
chromogen, with hematoxylin solution for counterstaining.

Using Sigma Scan (Jandel, Corte Madera, CA) and a light micro-
scope with a square marked eyepiece divided into a 10 by 10 grid, the
following measurements and counts were performed: area of each liver
section, areas of necrosis in each section, percent necrosis, and number
of hepatocytes per grid. These were used to determine the total number
of viable hepatocytes. For each animal, an area containing - 30,000
cells was counted. The positive immunoperoxidase cells were identi-
fied as either hepatocytes, Kupffer cells or cells of indeterminate type,
and expressed per 1,000 hepatocytes.

Animal groups
Effect of the timing of CC4administration on reovirus infection. Adult
A/J mice were divided into four groups (n = 12-18 per group). The
control group received only reovirus, while the three experimental

groups were given CC14 4, 2, or 1 d(s) before, or simultaneously with,
intravenous inoculation with 109 pfu (10" particles) of reovirus type
1 /L. To eliminate intergroup variability, reovirus inoculation was per-
formed on the same day on all groups, and the time recorded as day
= 0. One group of mice was killed at 2 d after inoculation for viral
assays and morphometric analysis. A second group of mice (n = 18)
was followed for 4 d postinoculation to monitor mortality.

Dose of viral inoculum after CCI administration necessary to pro-
duce mortality. Mice were given CC14 2 d before an intravenous inocu-
lation of either 109 pfu (10" particles), 108 pfu (1010 particles), or 107
pfu (109 particles) and surviving mice were killed at 4 d postinocula-
tion. The effects of viral inoculum on morbidity, mortality, hepatic
histopathology, and viral titers were recorded.

Effect of hepatic trauma and hepatic regeneration on viral antigen
expression in the liver. 16 mice underwent laparotomy with pentobar-
bital anesthesia. Mice were divided into three groups: (a) 50% hepatic
resection, (b) blunt trauma to one lobe of liver, or (c) sham-operated
control mice. Hepatic resection was performed with removal of three
lobes of liver and suture ligation of the lobar pedicle. These mice
received water containing 20%glucose (wt/vol) for 2 d. For the experi-
mental mice receiving blunt trauma, the large median lobe of the liver
was identified and compressed three times with a pair of blunt forceps
to produce a small hematoma. For control mice, the abdomen was
opened but the liver was not manipulated, and the abdomen was
closed.

All three groups were then inoculated with 109 pfu of reovirus type
1/L. Two days postinoculation the mice were killed, and the entire
traumatized "local" lobe and a right "distal" lobe were fixed for pro-
cessing. Necrotic areas adjacent to the site of trauma were excluded
from analysis.

Liver function tests
Serum was obtained from groups of five mice inoculated with virus,
virus plus CC14, or CC14 alone at 6-h intervals after toxin and virus
challenge. Liver functions tests included albumin, alanine aminotrans-
ferase (ALT),' aspartate aminotransferase (AST), bilirubin, and total
protein, and were performed on Ektachem autoanalyzer (Eastman-
Kodak Co., Rochester, NY) using standard automatic methods.

Statistics
Groups of mice were analyzed by analysis of variance and independent
two tailed t tests. Liver function tests obtained from serum specimens
from groups of mice were analyzed for significance by Chi-square.
Statistical significance was P < 0.05.

Results

Hepatotoxin exposure increases reovirus antigen expression in
both Kupifer cells and hepatocytes. In the livers of mice given
virus alone, there was no histologic hepatitis, and 1% of
hepatocytes expressed reovirus antigen (Fig. 1, A and B). Mice
treated with CCL, alone demonstrated zone 3 necrosis, but no
immunoperoxidase positive staining. All mice receiving CCL1
and virus showed a significant increase in the expression of
reovirus antigen in both hepatocytes (Figs. 1 D and 2 A) and
Kupffer cells (Fig. 2 B). Significant differences in hepatocyte
immunoperoxidase staining existed among all experimental
groups compared to the control group (P < 0.0001). In addi-
tion, the group of mice treated with CC1 2 d before inocula-
tion of virus was significantly different when compared to the
other experimental groups (P < 0.02, Fig. 2 A). The results for

1. Abbreviations used in this paper: ALT, alanine aminotransferase;
AST, aspartate aminotransferase; CC14, carbon tetrachloride.
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Figure 2. Reovirus antigen-positive cells. Adult AJ mice were divided
into four groups (n = 10-18 per group). Three groups of adult AJ
mice were gavage fed with CCI 4 d or 2 d before, or simultaneously
with intravenous inoculation with 109 pfu of reovirus type 1. Con-
trols received reovirus only. Mouse livers were examined 2 d after in-
oculation for reovirus antigen by immunoperoxidase staining. Im-
munoperoxidase positive cells were identified with a light microscope
and Sigma scanner. (A) Hepatocytes: Comparison of groups D(-4),
D(-2), and D(0) vs. control were significant at P < 0.0001 (*), and
D(-2) vs. either D(-4) or D(0) were significant at P < 0.02 (v). (B)
Kupffer cells: comparison between groups D(-4), D(-2), or D(0) vs.
control were significant at P < 0.001 (*), and D(-2) vs. D(-4) or
D(O) were significant at P < 0.01 (*).

Kupffer cells were similar to those seen in hepatocytes, with
the maximal increase in reovirus antigen positive Kupffer cells
being present in mice pretreated with CCI4 2 d before virus
inoculation (P < 0.00 1 and P < 0.0 1 versus controls and other
experimental groups, respectively, Fig. 2 B).

Reovirus virions are present in Kupffer cells by electron
microscopic analysis. By electron microscopy, intact virions
could be readily identified in Kupffer cells of mice receiving
pretreatment CCI4 2 d before reovirus administration (Fig. 3
A). Despite a 10-fold higher magnitude of antigen-positive he-
patocytes as compared with Kupffer cells, it was difficult to
identify intact virions in hepatocytes. In CCI4-treated livers,
hepatocytes were, however, identified that demonstrate un-
usual cytoplasmic inclusions containing coarse filamentous
and/or floccular material. (Fig. 3 B).

Titers of infectious reovirus type I are increased with hepa-
totoxin exposure. With respect to viral titers, there was no
difference in the low titers of reovirus in the spleen, colon,

ileum, blood, or lung, or in the relatively high titer found in
bile between experimental groups and controls (Table I). How-
ever, there was a 1.8 log10 increase in the viral titers assayed
from experimental mouse livers (P < 0.01, Table I), which is
similar to the immunoperoxidase findings.

Surgical trauma increases reovirus antigen expression in
the traumatized liver lobe. Discrete surgical trauma caused an
increase in the reovirus antigen demonstrated in hepatocytes
and Kupffer cells in areas separate from the regions of necrosis.
This difference was evident only in the local lobe that received
the trauma, and only in mice operated either 4 d before or on
the day of inoculation (Fig. 4, A and B, respectively). In these
groups, the magnitude of the effect was similar to that seen
with CC1I.

Hepatotoxin exposure increases morbidity and mortality.
All mice treated with CCI4 lost similar amounts of weight in
the first 2 d after administration. Mice treated with CCI 2 d
before virus had the most dramatic weight loss, with the survi-
vors being significantly lighter than the mice in the other
groups (P < 0.01, data not shown).

Mortality was observed only in the mice that received CCLI
1 or 2 d before 5 X 108 to 109 pfu inoculation, with 75-100% of
mice dying, depending upon experiment. Other sequences
never resulted in mortality.

Liver function tests performed on sera from groups of mice
that received reovirus type 1 plus CC14 had significantly higher
AST and ALT levels (P < 0.0001) at 30 h after virus infection
than mice that received CC14 or reovirus alone (Table II). Total
protein, albumin and bilirubin were not significantly different
between the groups at multiple time points (6-30 h) after virus
infection.

Since reovirus antigen detection was greatest in mice pre-
treated with CCI 2 d before inoculation, three groups of CCI4
pretreated mice were inoculated with either I07, 108, or 109 pfu
reovirus and were observed for 4 d. A significant increase in
mortality was only seen in the group of mice receiving the
highest inoculum. In this group, mortality began at day 2 and

Table I. Effect of CC4 Given 2 d before Reovirus on Titers
of Virus in Bile, Blood, Liver, Spleen, Lung, and Intestine,
2 d after 109 pfu Inoculation (Controls n = 18,
Experimentals n = 36)

Oan or
body fluid Controls Experimentals Significance

pfu/g or ml (logo)
(mean±SD)

Bile 3.2±1.3 2.9±1.8 NS
Blood 1.7±2.0 1.3±1.7 NS
Liver 1.1±1.4 2.9±1.2 P< 0.01*
Spleen 0.4±0.2 0.8±0.6 NS
Lung 0.3±0.1 0.3±0.3 NS
Ileum 0.4+0.3 0.5±0.4 NS
Colon 0.5±0.3 0.7±0.9 NS

The titer of reovirus 1/L was determined by plaque assay on speci-
mens of bile, blood, liver, spleen, lung, and intestine 2 d after inocu-
lation of 109 pfu IV in CC14 treated or control mice (control, n = 18,
experimentals, n = 36).
* Significance determined by t test.
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Figure 3. Electron microscopic
(EM) localization of reovirus vi-
rions in liver. Mice were fed with
CCI4 and 2 d later injected intra-
venously with 109 pfu reovirus
I/L. Specimens were obtained for
EM48 h after viral inoculation.
(A) EMof Kupffer cell (K) with
virions in its cytoplasm (see
arrow, 7,OOOX), Hhepatocyte (B)
Accumulation of amorphous ma-
terial in the cytoplasm of hepato-
cytes is evident in this representa-
tive EMof a hepatocyte with fila-
mentous and floccular material
(A) (7,500X). (Inset) This material
does not contain complete virions
(I 5,OOOX) Hepatocyte mitochon-
dna (M) are evident.

peaked at day 3. Observation of mice for as long as 2 wk after
inoculation did not result in any increase in mortality.

Discussion
Despite the previous demonstrations that the liver plays a role
in clearance of systemic reovirus (9), and that the virus is
excreted in bile (10), only small numbers (1%) of hepatocytes
contain reovirus type 1 2-4 d after inoculation. This indicates
that the hepatocytes do not normally support replication of
reovirus type I/L.

The experiments reported here demonstrate that when the
liver is perturbed in a variety of ways there is an increased and

prolonged expression of virus in both hepatocytes and littoral
lining cells. The increase in littoral cell expression of virus may
indicate interference with clearance of virus from these cells,
recruitment of additional cells to become infected, enhanced
proliferation of virus within individual cells, or some combina-
tion of these processes. In any case, these cells become a reser-
voir for virus and for continued exposure of hepatocytes to
virus. It is less likely that an increase in enterohepatic circula-
tion explains the persistence of infected Kupffer cells since we
were unable to demonstrate increases in content of infectious
virus in either bile or intestinal lumen.

Even with the increased expression of viral antigen, visual-
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Figure 3 (Continued)

ized by immunoperoxidase staining, we were unable to iden-
tify intact virions in hepatocytes by electron microscopy. We
suspect the unusual cytoplasmic inclusions demonstrated in
Fig. 3 B may represent viral protein, and are investigating this
possibility via immunoelectron microscopy. These results sug-
gest that reovirus antigen expression may not represent com-
plete assembly of infectious virus in some cell types (i.e., he-
patocytes). Furthermore, this suggests that the increased titers
of virus found in mouse livers stimulated to express reovirus
antigen by co-administration of CC14 may be due to enhanced
production of virions by Kupffer cells.

There are a number of mechanisms that might be responsi-
ble for the enhanced expression of reovirus associated with
these liver perturbations. It is unlikely that alterations in
membrane fluidity or permeability associated with CC14 ac-
counts for enhanced reovirus antigen expression since the
toxin was effective even when given 4 days prior to virus.

Other mechanisms to account for increases in reovirus expres-
sion include the following: (a) that increases in the number or
avidity of cell membrane receptors for reovirus occur with
hepatic insult; or (b) that reovirus antigen expression requires a
replicating or activated cell. In vitro, Duncan et al. (24) have
suggested that transformed cells are more capable of replicat-
ing virus than nontransformed cells. Their experiments sug-
gested that reovirus infection might be enhanced during in-
creased cell turnover, in a manner not related to virus receptor
alterations. Studies are in progress to examine which factors
influence reovirus replication and antigen expression in vivo.

The basis of the enhanced mortality in one group of CCl4/
reovirus treated mice is similarly unclear. A synergism be-
tween non-lethal doses of reovirus type 1/L (6) and CC14 re-
sulted in lethal disease only when virus was given 1 or 2 d after
toxin. This time course coincides with the known peak of
mitotic activity in hepatocytes after a single dose of CCl4 (14).

Hepatic Injury Enhances Reovirus Infection 1043



There was not a dramatic increase in the number of necrotic
cells in mice inoculated with CC14 and reovirus, simulta-
neously or 2 d later. These results suggest that the enhanced
mortality was not due to liver cell necrosis per se. However,
tests of hepatocellular damage, AST and ALT, were signifi-
cantly increased in the groups of mice that received CC14/virus
compared with other groups of mice. These data may be in
keeping with the observations from other viral systems that
viral antigen can cause significant cellular disruption without
cell lysis (25-27).

Alternatively, it is possible that infection of the littoral cells
(Ito, natural killer [Pit], and Kupffer) influence survival. We
have not demonstrated reovirus infection in either Ito or Pit
cells. However, Ito and Pit cells may have a role in either
recovery from toxin injury or viral infection, respectively
(28-31), and therefore either may play a role in the enhanced
susceptibility to reovirus infection. A role for Kupffer cells is
more likely in our model, since this cell type is clearly infected.
Moreover, infection limited to Kupffer cells with frog virus 3
has been shown to result in a fatal hepatitis (32). More recent
studies have suggested that macrophage products such as leu-
kotriene B4 may directly lead to hepatocellular damage in the
frog virus 3 model (33). Indeed, our inability to find intact
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Figure 4. Reovirus antigen positive cells after hepatic trauma. Six
groups of adult AJ mice (n = 5-9 per group) were subjected to sur-
gery consisting of trauma to the left liver lobe 4 d or 2 d before, or si-
multaneously with intravenous injection of 109 pfu type 1 reovirus.
Control mice only had a sham operation. The main left lobe of the
mouse livers and another lobe distal to the trauma site were exam-
ined 2 d after inoculation for virus antigen. Immunoperoxidase posi-
tive cells were identified with a light microscope and Sigma scanner.
(A) Hepatocytes: Comparison between trauma site counts of group
D(0) vs. groups (D-2) and D(-4) were significant at P < 0.05 (*).
All trauma local lobes vs. all sham operated groups were significant
at P < 0.01 (*). (B) Kupffer cells: Comparison between trauma site
counts of group D(0) vs. groups D(-2) or D(-4) were significant at P
< 0.01 (*). D(O) trauma local lobes vs. D(0) sham-operated lobes
were significant at P < 0.0001 (v).

Table II. Effect of Reovirus and CCL, on Liver Function

Liver function tests

AST ALT Alb TP BR

U/liter gidl mg/dl

Virus 505 262 3.0 5.0 0.7
CCL4 711 507 3.0 5.4 0.7
CCl4/virus 1498* 705* 2.5 4.6 0.9

Groups of five mice were bled at various times after intravenous in-
oculation of virus or feeding of CCL4. Reovirus was inoculated 48 h
following CC14 in mice that received both treatments. Liver function
tests obtained include: AST, ALT, albumin (ALB), total protein
(TP), and bilirubin (BR). At 78 h after CCL. feeding or 30 h after
virus inoculation, significant differences in AST and ALT were pres-
ent in mice that received CC1L plus reovirus type I compared with
mice that received CCL. or virus alone. * X2 significance = P < 0.0001.

virions in the hepatocytes may indicate a central role for
Kupffer cells in the pathogenesis of this disease.

This model demonstrates a synergism between a common
nonhepatitis virus and a hepatotoxin and other hepatic per-
turbations. Other studies have shown that humans with
chronic liver disease may have increased antibody titers to
reovirus (34-36), although the significance of these findings is
unclear. This question should perhaps be revisited, since our
findings raise the theoretic possibility that infection with reo-
virus, or some other nonpathogenic virus, may induce patho-
logic lesions in the liver of individuals with acute or chronic
hepatic insults (e.g., alcohol injury).
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