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In situ nucleic acid hybridization and immunohistochemistry were used to determine the histological local-
ization of mouse adenovirus type 1 (MAV-1) during acute infection of adult mice infected either intraperitoneal-
ly or intranasally with 1,000 PFU of wild-type virus. Organ samples were collected from days 1 to 17 postin-
fection for the intraperitoneally infected mice and from days 1 to 13 for the intranasally infected mice.
Endothelial cells of the brain and spinal cord showed extensive evidence of MAV-1 infection. Endothelial cells
in lungs, kidneys, and other organs were also positive for MAV-1, indicating a widespread involvement of the
systemic circulation. The presence of viral nucleic acid and/or antigen was also demonstrated in lymphoid tis-
sue. The spleens, Peyer’s patches, and peripheral lymph nodes showed positive staining at various times post-
infection in mice infected by either route. Virus-infected cells in the spleen exhibited a stellate shape and were
localized to the red pulp and germinal centers, suggesting that they are cells of the mononuclear phagocytic system.

Mouse adenovirus type 1 (MAV-1), first isolated by Hartley
and Rowe in 1960 (11), is the best characterized of the two
known serotypes of adenovirus that infect the house mouse.
MAV-1 infection of laboratory mice provides an ideal model
system for the study of adenoviral pathogenesis and virus-host
interactions in vivo. The experimental infection of adult and
newborn mice has been studied by several groups. MAV-1 has
been shown to establish a systemic infection involving the
spleen, heart, adrenals, intestine, lung, liver, kidney, brain, and
spinal cord (20). Whereas inoculation of suckling mice at low
doses usually results in fatal disease, among adult immuno-
competent mice, mortality is low and a subclinical persistent
infection with a prolonged viruria is established (24, 25). How-
ever, inoculation of adults with high doses of MAV-1 results in
clinical disease and death (10, 18, 26). Although reports are
inconsistent, signs associated with MAV-1 infection usually
include ruffled coat, hunched posture, lethargy, and a wasting
disease. Clinical and pathologic evidence of central nervous
system compromise following intraperitoneal (i.p.) infection
has also been recently reported (10, 18).

Despite a number of studies of experimental MAV-1 infec-
tion of mice, the precise identity of the cell types that support
MAV-1 replication during acute infection and the major site of
virus persistence are still unclear. A tropism for endothelial
cells was noted in several studies examining MAV-1-induced
pathology in the adrenal glands, respiratory tract, and heart
valves (4, 5, 12, 13, 26). Other cell types described as harboring
virus include Purkinje cells of the cerebellum, adrenal paren-
chymal cells, fibroblasts of heart valves, and myocytes of myo-
cardium (4, 5, 13, 24). Leukocyte-associated viremia has been
demonstrated, although the infected cell types were not iden-
tified (24). As suggested by the prolonged urinary excretion of
infectious virus (24, 25) and the detection of viral intranuclear
inclusion bodies in tubular epithelial cells up to 70 days postin-
fection (dpi) (7), the kidney may be a site of persistence.

With the aim of achieving a more detailed definition of
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MAV-1 tropism in the natural host, in situ hybridization and
immunohistochemistry were used to investigate viral infection
of organs previously shown to support replication during the
course of in vivo infection. Our results indicate that the vas-
cular endothelium and lymphoid tissue are major sites of in-
fection and replication in acutely infected mice.

MATERIALS AND METHODS

Mice. Four-week-old NIH Swiss outbred mice were purchased from Harlan
Sprague Dawley, Inc., and used for experimental infection within 1 week of
arrival. Animals were kept in microisolator cages in groups of two to four
individuals and allowed access to food and water ad libitum.

Experimental infections. Mice were inoculated either intraperitoneally (i.p.)
(n = 19) or intranasally (i.n.) (n = 20) with 10°> PFU of our standard wild-type
strain of MAV-1 (2). Control mice were inoculated with an equivalent volume of
conditioned cell culture medium. One mouse served as a control for the i.p.
infection, and two mice served as controls for the i.n. infection. Organ samples
were collected at days 1, 3, 5, 7, 9, 11, 13, and 17 postinfection (p.i.) for the
i.p.-infected mice and at days 1, 2, 3,4, 5,7, 9, 11, and 13 p.i. for the i.n.-infected
mice. Animals were euthanized by inhalation of CO, and bled from the heart
immediately postmortem and just prior to necropsy.

Histopathology. The following organs were harvested and fixed in 10% for-
malin: spleen, lung, heart, small and large intestine, prefemoral and mandibular
Iymph nodes, liver, kidney, heart, brain, and spinal cord (the latter only in
in.-infected mice). After 24 h in formalin, tissues were embedded in paraffin. In
a few cases where embedding was delayed, tissues were transferred from forma-
lin to phosphate-buffered saline after 24 h of fixation. Once embedded in par-
affin, 3-pm sections were cut for histopathology, in situ hybridization, and im-
munohistochemistry. For histopathology, sections were stained routinely with
hematoxylin and eosin.

In situ hybridization. An antisense digoxigenin riboprobe was prepared by
transcribing a segment of the E3 region from a class 1 ¢cDNA inserted into
pBluescript SK— vector (3). The resulting labeled product was 714 nucleotides in
length. The transcript concentration was determined by dot blot comparison with
a known standard digoxigenin-labeled RNA. Paraffin sections were deparaf-
finized, rehydrated, and digested with proteinase K (5 pg/ml) for 15 min at 37°C.
Approximately 25 ng of probe was used per slide. Hybridization occurred over-
night at 52°C in a solution consisting of 50% formamide, 5X SSC (1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate), 5% blocking reagent (Boehringer Mann-
heim, Indianapolis, Ind.), 1% N-lauroylsarcosine, and 0.02% sodium dodecyl
sulfate (SDS). The following day, stringent washes were done at 55°C and room
temperature with decreasing concentrations of SSC and SDS. Slides were then
incubated with anti-digoxigenin-alkaline phosphatase (Boehringer Mannheim)
for 2 h at 37°C. The substrate was nitroblue tetrazolium and 5-bromo-4-chloro-
3-indolylphosphate (Boehringer Mannheim). Color development progressed for
1 to 3 h. Slides were counterstained lightly with hematoxylin and coverslipped
with Permount for a permanent record.

Immunohistochemistry. Sections were deparaffinized, rehydrated, and di-
gested with 0.01% trypsin for 20 min at 37°C. After blocking, sections were
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incubated at 37°C for 2 h with a primary antiserum to viral structural proteins
(AKO-1-68, a rabbit polyclonal antiserum to MAV-1 purified virions [see be-
low]), factor VIII-related antigen (polyclonal antibody 016P; Bio Genex, San
Ramon, Calif.), or T cell-CD3 antigen (DAKO A/S, Glostrup, Denmark). The
AKO-1-68 antivirion antiserum was prepared as follows. Virions were purified by
CsCl centrifugation (2), dialyzed against 4 M urea in TE buffer (10 mM Tris [pH
8.0], 1 mM EDTA) for 20 min, and then dialyzed against TE buffer overnight.
Protein concentration was determined by the Bradford assay (Bio-Rad). The
sample was adjusted to 0.1% SDS, dialyzed against 8 M urea for 1 h, and then
dialyzed against phosphate-buffered saline overnight. Doses of 80 ug were used
to immunize rabbits, and subsequent boosts were 40 pg. Serum was adsorbed
with an acetone powder of 3T6 cells and mouse mononuclear blood cells.

Incubation of tissue sections with biotinylated secondary anti-rabbit antibody
(Vector Laboratories, Burlingame, Calif.) was followed by avidin-peroxidase or
avidin-alkaline phosphatase (Vector Laboratories). The substrate was diamino-
benzidine for peroxidase and Vector Red (Vector Laboratories) for alkaline
phosphatase. Sections were counterstained lightly with hematoxylin and cover-
slipped with Permount for a permanent record.

RESULTS

Clinical disease. In the group inoculated i.p., signs of disease
were recorded in three mice as early as day 5 p.i. in the form
of hunched posture, ruffled coat, and lethargy. Paralysis was
noted in two individuals at days 7 and 8 p.i. One of these two
mice was not available for histopathological studies. Among
the i.n.-infected mice, overt signs of disease (hunched posture
and ruffled fur) were recorded in only one individual, at 5 dpi.

Gross pathology and histopathology. Two of the mice i.p.-
inoculated and sacrificed at days 3 and 7 p.i. had enlarged
spleens. No other gross pathological signs were seen in the
i.p.-inoculated mice or in any i.n.-infected mice. Histologically,
there was a surprising lack of observable lesions, and inflam-
matory infiltrates were minimal to nonexistent. Many of the
mice had multifocal intra-alveolar hemorrhage without any
accompanying inflammatory changes; these hemorrhages were
attributable to the method of euthanasia. In the i.p.-infected
mice, there was a modest karyorrhexis in lymphoid areas of the
spleen at 9 dpi and numerous and prominent germinal centers
in the spleen by 13 dpi. In the brain, there was acute degen-
eration of groups of neurons at 5 and 7 dpi and a focus of
gliosis in the cerebellum in one mouse at 13 dpi. Minor foci of
microhemorrhages were also observed in the hematoxylin-eo-
sin-stained sections. Rare intranuclear inclusion bodies were
noted in capillaries of lung (one mouse at 7 dpi) and small
intestine (one mouse at 7 dpi). In the i.n.-infected mice, ger-
minal center formation was noted in the spleen at 7, 9, 11, and
13 dpi. Mandibular lymph nodes appeared reactive at 9 dpi.

Immunohistochemistry and in situ hybridization. No major
differences were found between the i.n.- and i.p.-infected mice
in tissue distribution or cell tropism of the virus. The most
intensely infected organs after infection were the spleen, brain,
spinal cord, lung, and kidney.

Infection of vascular endothelium. Evidence of MAV-1
DNA and antigens was seen in endothelial cells, particularly in
the brain and spinal cord (Fig. 1). Immunohistochemistry with
an antibody to factor VIII-related antigen, a specific compo-
nent of endothelial cells, was used in double-staining experi-
ments to confirm that the nucleic acid detected by in situ
hybridization was within vascular endothelium (Fig. 1D). En-
dothelial cells in the lung, kidney, spleen, liver, and other
organs also stained positive for MAV-1, indicating a wide-
spread involvement of the systemic circulation (Fig. 2 and 3A).

Infection of lymphoid tissue. The presence of viral nucleic
acid and/or antigen was demonstrated by in situ hybridization
and immunohistochemistry in the spleens, Peyer’s patches, and
mandibular and prefemoral lymph nodes in mice infected by
either route. Virus-infected cells in the spleen were localized to
the red pulp and exhibited a stellate shape strongly suggestive
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of macrophages (Fig. 4A and B). Between days 13 and 17 p.i.,
virus could also be detected in the germinal centers. In Peyer’s
patches and lymph nodes, infected cells were localized primar-
ily in germinal centers of follicles (Fig. 4C). Spatially, the
virus-positive cells were not located in B-cell areas. The occur-
rence of staining in cytoplasmic processes of large stellate cells
suggested that the infected elements might be follicular den-
dritic cells. By combining in situ hybridization and immunobhis-
tochemistry protocols, viral infection was found not to involve
the T-cell population (Fig. 4D).

Infection of epithelium. Rare staining was found in epithelial
cells of the distal tubules of the kidney in one i.n.-infected
mouse at 4 dpi. As shown in Fig. 3B, viral nucleic acid was
found in the epithelial cells lining the renal pelvis in one i.p.-
infected mouse sacrificed at 11 dpi. Viral antigen was not
detected in these same sections, as assayed by staining with
antivirion antibody.

Spread of MAV-1 after i.p. and i.n. infection. The time
course of infection differed between routes of inoculation (Ta-
ble 1). However, in both groups, the first signs of presence of
viral nucleic acids were found at 3 dpi in the spleen. In the
i.n.-infected mice, viral nucleic acid was also found in the
mandibular lymph node at 3 dpi. Subsequently there was an
extensive positivity in endothelial cells throughout the body. In
the i.p.-infected mice, there was more extensive and wide-
spread involvement of endothelium at 7 dpi. In contrast, in the
i.n.-infected mice, this widespread vascular involvement was
seen later, at 13 dpi.

DISCUSSION

The major site of MAV-1 infection and replication in out-
bred adult mice infected either i.p. or i.n. with 1,000 PFU of
virus and studied over a 13- to 17-day period was found to be
the vascular endothelium, especially that in the brain and spi-
nal cord. The presence of viral nucleic acids and/or antigens
was also demonstrated in endothelial cells of the lung, kidney,
liver, and spleen at different time points p.i. The absence of
significant staining in the heart and adrenal glands is notewor-
thy and represents a major difference from findings reported
by other authors (4, 5, 13, 24). In our hands, staining in these
tissues was strictly circumscribed to endothelium.

MAV-1 nucleic acids and antigens were also detected in
lymphoid tissue during the course of acute infection. The iden-
tity of MAV-1-positive lymphoid cells was investigated by using
immunohistochemistry targeting specific cell types. The spatial
distribution and morphoplogy of the stained elements suggest
that the cell type harboring MAV-1 in lymphoid tissue is a
member of the mononuclear phagocytic system and that the
initial replication after infection may take place in these cells.
In the case of i.p. infection, there would be a large bed of
peritoneal macrophages in which virus could replicate, with
subsequent early spread of virus to the spleen. In the i.n.-
infected mice, the primary site of replication is unknown, but
the presence of large mononuclear cells staining in the man-
dibular lymph node suggests initial replication in macrophages
within lymphoid tissue. It is therefore likely that peripheral
blood monocytes or dendritic cell precursors are the primary
vehicles for virus dissemination during acute infection. This
issue must be further investigated by use of additional cell-
typing reagents.

Staining of epithelial cells was noted only in the kidney.
Infection of the renal tubular epithelium was detected as early
as 4 dpi, suggesting that it is an early event during acute
infection. At day 11 p.i., viral nucleic acid was also detected in
the epithelium lining the renal pelvis.
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FIG. 1. Infection of vascular endothelium of the central nervous system. (A and B) In situ hybridization with MAV-1 E3 riboprobe. Shown are representative
sections of brain (A; magnification, X145) and spinal cord (B; magnification, X213) of an i.n.-infected mouse sacrificed at 13 dpi. (C) Immunohistochemistry with
antivirion (AKO-1-68) antiserum on a section of brain of an i.p.-infected mouse paralyzed on day 5 p.i. and euthanized at 7 dpi. Magnification, X 116. (D) In situ
hybridization plus immunohistochemistry with antiserum directed against factor VIII-related antigen on a section of brain of the same mouse as in panel C.
Magnification, X194. Sections were counterstained with hematoxylin, photographed on slide film, and digitized on a Nikon Coolscan. Positive viral staining in all panels
appears brown; positive factor VIII-related antigen staining in panel D appears red.

The kidney, an immunologically privileged site due to the Some human adenovirus serotypes of subgenus B:2 have also
limited access of cytotoxic T cells to the epithelial surface (1), been shown to be shed in the urine of immunocompromised
is the site of persistence of murine K papovavirus, which also patients, suggesting that the kidney may be the site of persis-
behaves as an endotheliotrope during acute infection (8, 9). tence for this particular group as well (19). MAV-1 has been

FIG. 2. In situ hybridization with MAV-1 riboprobe of infected vascular endothelium of the lung. (A) Section of lung of a mock-infected mouse; (B) representative
section of lung of an i.p.-infected mouse sacrificed at 7 dpi. Magnification, X97.
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FIG. 3. Infection of the kidney. (A) Endothelial cell staining: immunohistochemistry with antivirion (AKO-1-68) antiserum on a section of kidney of an i.p.-infected

mouse sacrificed at 7 dpi. Renal tubuli are seen in cross section with a large stained nuclear inclusion body in the center (arrowhead). Magnification, X194. (B) Staining
of epithelial cells lining the renal pelvis: in situ hybridization with MAV-1 E3 riboprobe on a section of kidney of an i.n.-infected mouse sacrificed at 11 dpi.

Magnification, X194.

isolated from the urine of infected mice for prolonged periods
p-i. (7, 20a). However, the positive specific hybridization for
MAV-1 nucleic acids in the absence of immunohistochemical
labeling of viral antigens that was obtained in the experiments

|Curah : .
FIG. 4. Infection of lymphoid tissue. (A) In situ hybridization with MAV-1 E3 rib
indicates positive cells. Magnification, X48.5. (B) Immunohistochemistry with antivirion (AKO-1-68) antiserum; red pulp of an i.p.-infected mouse at 9 dpi.
Magnification, X48.5. (C) In situ hybridization with MAV-1 E3 riboprobe; positive stellate-shaped cells in germinal centers of Peyer’s patches in an i.p.-infected mouse
at 7 dpi. Magnification, X48.5. (D) In situ hybridization with MAV-1 E3 riboprobe plus immunohistochemistry with anti-CD3 antibodies to stain T cells; view of
periarteriolar sheath in spleen of an in.-infected mouse at 4 dpi. Arrowheads indicate in situ hybridization signals. Positive staining for T cells appears red.
Magnification, X68.

described here suggests a nonproductive infection of the renal
epithelium at the early stages examined. Similar findings
were reported for K-papovavirus infection of newborn mice

®).

75

oprobe; red pulp of spleen of an i.p.-infected mouse at 7 dpi. The arrowhead
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TABLE 1. Detection of viral nucleic acids by in situ hybridization
in tissues of mice infected by the i.p. or i.n. route

In situ hybridization at indicated dpi

Route Organ
1 2 3 4 5 7 9 11 13 17
in.  Spleen +  +++ ++ ND?
Lung ++ ND
Brain ++ ND
Spinal cord ++ ND
Kidney + ND
Peyer’s patches + + ND
Lymph node + +¢ ND
ip. Spleen ND + ND i
Lung ND ND R
Brain ND ND +++ ++
Spinal cord ND ND ND ND ND ND ND ND ND ND
Kidney ND ND + + + +
Peyer’s patches ND ND + +
Lymph node ND ND +€ +d 4d

“ +, viral nucleic acid was presented but very infrequent; + +, few high-power
fields had viral nucleic acid; +++, most high-power fields had viral nucleic acid.

2 ND, not done.

¢ Mandibular.

9 Prefemoral.

Our results indicate that MAV-1 exhibits a marked endo-
theliotropism in its natural host and suggest that the recently
observed neurologic syndrome (10, 18) is just a manifestation
of a wide involvement of the microvascular endothelium. Signs
of disease are referable to this primary target of the virus.

Recent reports in the literature have provided examples of
other endotheliotropic viruses among the Adenoviridae. Bovine
adenovirus type 10 (21) has been shown to infect the vascular
endothelium of several organs in cases of fatal enteric disease
of cattle. Systemic vasculitis with endothelial adenovirus in-
tranuclear inclusions was found in an epizootic of high mor-
tality in the mule deer population of northern California (27).
Aggregates of adenovirus particles were detected by electron
microscopy in endothelial cells in a case of disseminated ade-
novirus infection in a domestic cat (16). Canine adenovirus
type 1, the cause of infectious canine hepatitis, has a distinct
tropism for endothelium and hepatic parenchyma and is ex-
creted in the urine of infected animals for long periods (15).
Interestingly, the vascular endothelium has been shown to har-
bor murine cytomegalovirus in latently infected mice (17).

Replication in lymphoid tissue is also a feature shared by
several adenoviruses. Avian hemorrhagic enteritis virus, a type
IT avian adenovirus, has been shown to replicate in vivo in B
lymphocytes and mononuclear phagocytic cells but not in
CD4" and CD8" lymphocytes (22). In addition, there are
reports of persistent human adenovirus infection of lymphoid
cells in vivo (6, 14, 23). Therefore, the different cell popula-
tions shown by this study to harbor virus during the acute
disease should be carefully examined with respect to their
potential to support a persistent or latent MAV-1 infection.
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