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Using fluorescent antibody techniques (FA) and light microscopy (LM) and
electron microscopy (EM), this paper describes the morphological features of the
ileum in the DK1 mouse orally challenged with adenovirus K87. At the peak of
infection, virus is easily identified by FA in the epithelium of the villi and crypts
of the ileum. LM shows that fluorescent cells have large, bizarre, uniformly
basophilic nuclei containing deoxyribonucleic acid, as indicated by histochemi-
cal tests. EM further identifies these nuclei as belonging to columnar, goblet, or
Paneth cells, all epithelial cells facing the lumen with a microvillus border. The
basophilic material in the nuclei consists of virus particles 75 nm in diameter
arranged in crystalline arrays. When found in the cell cytoplasm, the virions do
not form arrays but are scattered or form irregular aggregates, which may or
may not be enclosed by single membranes. Infected columnar cells show mild
cytopathic effects with no cell degeneration and necrosis, whereas the goblet and
Paneth cells appear normal and maintain synthetic and secretory functions. All
infected cells, however, share an abnormally accelerated extrusion rate, with
columnar and goblet cells often being shed from the side rather than from the tip
of the villi. The Paneth cells, which do not migrate out of the crypts, show a

higher than normal rate of extrusion in the crypt lumen.

The physicochemical, pathogenic, and onco-
genic aspects of adenovirus-host cell interaction
have been well studied in in vitro systems. Yet
little is known about adenovirus-host cell inter-
actions in vivo (15). In particular, we lack infor-
mation concerning virus tissue tropisms and
the histopathological aspects of adenovirus in-
fections in the digestive tract.

Adenovirus strain K87 (8-10), originally iso-
lated and identified by Hashimoto and his col-
leagues from the feces of a healthy inbred
mouse, strain DK1 (28), grows well in mouse
kidney tissue culture (9). Either oral or paren-
teral administration of K87 to mice results in
replication of the viral antigens exclusively in
the bowel but produces no symptoms in the
infected animals (19). When DKI1 mice are
orally infected with suspension of K87 grown in
mouse kidney culture cells, viral antigens start
to increase at 3 days and reach a maximum
between 7 and 14 days after infection (10). At
the height of the viral replication in the gut,
numbers of virally infected cells are found in
the epithelial lining of the distal small intes-
tine; this has made feasible electron microscope
observations on the adenovirus-host cell inter-
action in vivo.

The present paper describes morphological
features of an experimental enteric infection of
the DK1 mouse, inoculated orally with mouse
adenovirus strain K87, as observed by the flu-
orescent antibody (FA) technique and by light
microscopy (LM) and electron microscopy (EM).
In particular, it establishes the small intestinal
epithelial cells as the site of replication of the
structural antigen of K87 adenovirus.

MATERIALS AND METHODS

Mice. Fifty-eight mice used in this experiment
were 4-week-old, inbred strain DK1, white mice
(28), caged individually and allowed access to food
and water ad libitum. Of these, 46 animals were
experimentally infected and the remaining 12 were
used as noninfected controls.

Virus. Mouse adenovirus strain K87, isolated by
Hashimoto (9), was used. The virus suspensions
were prepared from freeze-thawed mouse kidney tis-
sue cultures infected with the virus after five to nine
passages through mouse kidney tissue cultures, as
described in detail elsewhere (19).

Viral challenge. The inoculum, 0.4 ml containing
4 x 10° 50% tissue culture infective doses, was ad-
ministered orally to each mouse under ether anes-
thesia through a metal tube inserted into the stom-
ach. The control inoculum was 0.4 ml of physiologi-
cal saline (10).
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Tissue preparation. At 5, 7, and 14 days after oral
inoculation, groups of infected and control mice
were anesthetized by ether, sacrificed by cervical
dislocation, and necropsied in a conventional man-
ner. A segment of the ileum was removed, divided
into four portions, and processed as follows.

(i) Viral isolation and titration. For virus isola-
tion, a 10% suspension of feces and a 5% suspension
of the homogenized first portion of the ileum were
made and titrated by procedures described in detail
elsewhere (10).

(ii) Direct FA. A second portion of the ileum was
opened longitudinally, rolled, and placed on a strip
of paper in a test tube, which was held for 10 min in
a mixture of ethanol and dry ice to freeze the tissue
at —73 C. The frozen tissues were sectioned in a
cryostat, fixed, and treated with fluorescein-labeled
mouse K87 virus antiserum. Preparations of the
antiserum and the method of conjugation with fluo-
rescein isothiocyanate have been described previ-
ously (10). Sections were examined under a Nikon
fluorescence microscope, type SUR-F. The specific-
ity of the FA staining was established by treating in
the same fashion sections from uninoculated mice or
by blocking the reaction in inoculated mice with a
gamma globulin solution prepared from K87 im-
mune serum. In both cases no fluorescence was seen.

(iii) LM. A third portion of the ileum was fixed in
chilled 10% buffered neutral formalin and routinely
processed for histological study. Paraffin sections
were stained with one of the following stains: hema-
toxylin and eosin, periodic acid-Schiff, Giemsa, al-
cian blue, or Feulgen. Thick 1- to 2-um sections of
Epon-embedded material were stained with azure
II-methylene blue.

(iv) EM. A fourth portion of ileum was minced,
fixed in 2% glutaraldehyde in phosphate buffer for 2
h, and washed with phosphate buffer. The tissues
were further fixed with 3.3% osmium tetroxide in S-
collidine buffer. The details of the preparation of
intestinal tissues for EM have been previously de-
scribed (21, 22, 25). Ultrathin sections were exam-
ined by Hitachi 11C or RCA EM 3-G electron micro-
scopes.

RESULTS

FA microscopy. Observations on frozen sec-
tions of the ileum from infected mice, stained by
FA techniques with serum immunized with K87
adenovirus, were essentially the same as those
reported previously (10). Cells containing viral
antigen were localized in the intestinal epithe-
lium and absent in the lamina propria (Fig. 1).
They appeared singly and were randomly dis-
tributed in both villi and crypts (Fig. 1 and 2).
The viral antigen was seen as a round, or some-
times as an angular or crescent-shaped, mass,
usually located at the base but occasionally
close to the luminal surface of the epithelial
lining. In many instances, the fluorescence ap-
peared to be confined to the nucleus of epithe-
lial cells.

LM. The ileum of control noninfected DK1
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mice was essentially the same as that of mice of
other strains. The ileal mucosa of infected DK1
mice examined at 5 and 7 days after oral chal-
lenge was indistinguishable from its counter-
part in the control mice. In contrast, the ileum
at 14 days postinfection showed significant
changes, which included a decreased villus-
crypt ratio and a moderately increased cellular-
ity in the lamina propria (Fig. 3). However,
there was no acute inflammation in the mu-
cosa. The crypts were slightly distended and
contained cellular debris (Fig. 4).

Paraffin sections stained with hematoxylin
and eosin and carefully examined at magnifica-
tions of more than 300 revealed large, bizarre-
shaped, homogeneously basophilic nuclei,
which were sparsely distributed in the epithe-
lial lining of both villi and crypts (Fig. 4). Some
were oval or round; others were angular. Under
oil immersion (x1,200) they often showed sev-
eral smaller, dense inclusions surrounded by
less dense nucleoplasm. These inclusions were
consistently Feulgen positive but periodic acid-
Schiff negative, indicating the presence of de-
oxyribonucleic acid.

The enlarged nuclei in the infected ileal tis-
sues were identified by LM more easily on Epon
preparations than on paraffin sections; more-
over, Epon sections revealed better structural
details. The nuclei were round or oval or had an
irregular perimeter (Fig. 5). The most common
shape was oval, outlined by a distinct nuclear
membrane with a lightly stained nucleoplasm,
containing small dense granules often concen-
trated at the periphery (Fig. 5). The distribu-
tion of these granules, however, varied from
one enlarged nucleus to another, and they
could be also evenly distributed throughout the
nucleoplasm.

Some enlarged nuclei were clearly located in
columnar cells of the villus epithelium. It was
not possible, however, at the LM level to recog-
nize with certainty all the cell types in which
these enlarged nuclei were located, especially
in the crypt epithelium, which is closely popu-
lated by different types of cells.

EM. Ultrastructural studies confirmed the
LM observations and provided further details.
The fine structure of the small intestine of mice
was similar to that of other mammals and has
been described in detail (24). On the basis of
their ultrastructural characteristics, intestinal
epithelial cells could be divided into four types
(27): columnar, goblet, Paneth, and argentaf-
fine cells. Between the epithelial cells of both
villi and crypts were thelial lymphocytes (23).
The villi were covered predominantly by colum-
nar cells between which mucus-secreting goblet
cells were sparsely located, whereas the crypt



Vor. 13, 1976 ENTERIC ADENOVIRUS INFECTION IN MICE 571

Fic. 1 AND 2. Frozen sections of infected mouse ileum. These and all other photomicrographs were taken
from tissues 14 days postinfection with adenovirus K87. Fluorescent structures are seen in the epithelium of
both villi (Fig. 1) and crypt (Fig. 2). The viral titer is high in the stool and ileal tissue of this animal. FA
technique. x320.

Fi1G. 3. Ileal mucosa of infected mouse. Although the epithelial covering of the villi appears normal, the

cellularity of the lamina propria is slightly higher than normal and the crypts are dilated. Paraffin section,
hematoxylin and eosin. x120.

epithelium consisted of immature columnar propria were similar to those previously de-
cells, Paneth cells, goblet cells, and argentaf- scribed in guinea pigs (23).
fine cells. Cellular elements in the ileal lamina In general, the ileal mucosa of infected ani-
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Fic. 4. Ileal mucosa of infected mouse. Oval or irregular nuclei (arrows) with densely basophilic inclu-
sions are easily distinguishable from normal nuclei of epithelial cells and are localized within the epithelium
of villi and crypt. Paraffin section, hematoxylin and eosin. x560.

Fic. 5. Crypt epithelium of infected ileum. This 1- to 2-um section from Epon-embedded tissue shows
details of the enlarged nuclei with intraepithelial inclusions (arrows); their shape is oval at left and irregular
at right. Inclusions consist of dense granular masses concentrated at the periphery and distributed throughout
the light matrix. Note the prominent granules of Paneth cells (P) and the goblet cells (G). Methylene blue-

azure II. x1,200.

mals at 5 and 7 days after oral challenge was
similar to that of control animals. Enlarged
nuclei were occasionally identified in cells
within the epithelium, but their presence was

extremely rare and appeared to have no effect
upon the surrounding cellular organelles and
on the other components of the gut mucosa;
therefore, the following ultrastructural obser-
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vations were mostly made on ileal tissues ob-
tained 14 days after oral infection. Enlarged
nuclei were then easily identified in both crypt
and villus epithelium at low magnification and
corresponded to those observed by FA and LM.
They were confined to three types of epithelial
cells, columnar, goblet, and Paneth (Fig. 6, 7,
and 8). Nuclei containing large viral masses
belonged to columnar and goblet cells on the
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villi, whereas in the crypts they were found
preferentially in the Paneth cells and more
rarely in goblet cells.

At high magnification, fully formed virions
were identified in the infected nuclei (Fig. 7).
They were strikingly uniform in size, being 75
+ 5 nm in diameter, and appeared hexagonal
(Fig. 7). In favorable sections, two types of vi-
rions were identified, some with dense central

A

Fic. 6. Cross section of infected ileal crypt epithelium. A goblet cell (G1) faces the crypt lumen ( CL) with its
microvilli (MV) and shows an enlarged nucleus and mucus granules. The nucleus contains crystalline arrays
of virions, not clearly discernible at this magnification, and dense bodies. Other goblet cells (G2, G3, and G4)
show round prominent mucus granules; G2 is in the process of discharging mucus into ghe crypt lumen. Note
the basal lamina of crypt epithelium (arrowheads) and fibroblast (F) in lamina propria. x4,200.
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Fic. 7. Apical portion of infected ileal villus epithelium. The columnar cell shows a large nucleus
containing crystalline arrays of virions. Note the difference between the infected nucleus and noninfected
nucleus on the left (N). The other cytoplasmic components, including microvilli (MV), and the intercellular
Jjunctions (arrows) remain unaltered. Basal lamina of epithelial cells is marked by arrowheads; below it is a
capillary (C). x8,200. Inset shows differences in density within the inner core of some virions. x110,000.

cores and others with electron-lucent centers
(Fig. 8, 9, and 10). Most virions were arranged
in typical arrays (Fig. 7, 8, and 9), whereas
others were free and randomly scattered in the
nucleoplasm, close to arrays in a dense homoge-
neous matrix, or abutted to a less dense and
granular matrix (Fig. 11). The number of vi-

rions in each infected nucleus varied from one
cell to another; in some nuclei they aggregated
in small numbers (Fig. 10), whereas in others
they formed large crystals (Fig. 8), often ex-
hibiting alternate light and dark bands (Fig. 8
and 10). In some infected nuclei there were
several ill-defined, electron-dense spherical
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Fi1G. 8. Paneth cell in infected ileal crypt epithelium. Numerous virions form crystalline arrays. The
nuclear membrane shows the typical double or parallel membranes. The Paneth granules are synthesized in
the Golgi system (GI) and accumulate in the cisterna (arrow), developing into larger and denser mature
granules (). In the cytoplasm, there are slitlike transluscent structures (SLT). Other cytocomponents are not
remarkable. x13,000.

masses (Fig. 8, 9, and 10), whereas in others,
also containing homogeneously dark spheres,
portions of the peripheral nucleoplasm, includ-
ing virus aggregates, projected toward the cyto-
plasmic matrix (Fig. 9 and 10). These nuclear
projections resembled the nuclear projections
filled with virus aggregates that have been de-
scribed by Fong et al. (7) as well as the “protru-
sions of the nuclear membrane” of Yamamoto

(30). Occasionally the nuclear membrane topo-
graphically close to viral particles was par-
tially dissolved, resulting in free communica-
tion between the nucleoplasm and cytoplasmic
matrix and the release of virions from the nu-
cleus.

In the cytoplasm of infected cells, virions
might be enclosed in membrane-bound vacu-
oles together with dense amorphous material
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Fi1c. 9. Portion of nucleus of villus columnar cell showing peculiar projections of nucleoplasm into the
cytoplasm, which focally enfold the cytoplasmic matrix (arrows). Note crystalline arrays of virions in nucleus
and mucus granule (Gr) of adjacent goblet cell. x19,000.

Fic. 10. Part of infected nucleus of villus columnar cell. Nuclear protrusions are developing at both ends
(Pr); the left one, separated from the main portion of the nucleus and enclosed by the inner nuclear membrane
(arrow), contains virus particles and a dark round inclusion. x22,000.

and fragments of membranes or they might lie
free, without enclosing membranes (Fig. 11).
Other cytopathic changes in infected columnar
cells included the emergence of slitlike translu-
cent spaces enclosed by a single membrane
(Fig. 8) and swelling of mitochondria, whereas
other cytoplasmic organelles such as endo-
plasmic reticulum remained unchanged. In
contrast, the cytoplasmic components, includ-
ing the granules, of the goblet and Paneth cells
showed no significant changes, even though
they contained a large number of virions.

Both columnar and goblet infected cells were
seen in the process of shedding from the midvil-
lus epithelium into the intestinal lumen (Fig.
11), whereas the Paneth cells were seen shed-
ding into the crypt lumen (Fig. 12). Extruded
cells containing virions showed a variety of de-
generating cytoplasmic organelles, as described
above. Sometimes virions were identified free
in the gut lumen.

Neither viral attachment to the microvillus
nor viral penetration through the microvillus
and nuclear membrane was observed. Mesen-
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Fi1c. 11. Midvillus portion of infected ileal epithelium. Infected columnar cells together with goblet cell (G)
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are in the process of shedding into the lumen. Aggregates of virions are present in the cytoplasm (arrows). The
nuclei (N) of these infected cells are free of virions, as confirmed when observed at a higher magnification.

x5,800.

chymal cells and the extracellular space of the
lamina propria were free of virions.

DISCUSSION

The present observations have demonstrated
viral replication of mouse adenovirus K87 in
the epithelial cells of the small gut mucosa. By
FA technique, the specifically labeled fluores-
cent viral antigen has been clearly localized
within the intestinal epithelial layer of both
villus and crypt, and LM has identified it with
nuclear inclusions of cells in the epithelium.
Since the epithelium of the small bowel of nor-
mal mice consists of four kinds of epithelial
cells, i.e., columnar (absorptive), goblet, Pa-
neth, and argentaffine cells, and includes also
migrating cells of mesenchymal origin (21) such
as lymphocytes, neutrophilic leukocytes and
globular leukocytes, it has not been possible to
determine by FA and LM the specific cell type
in which the adenovirus replicates.

The present EM evidence has ruled out the
possibility of mesenchymal cells as the replica-
tion site of the K87 viral antigen and has estab-
lished without a doubt that K87 adenovirus
replicates only in columnar, goblet, and Paneth
cells. Adenovirus K87, therefore, demonstrates
a specific tissue tropism, since virions are ab-
sent from other intraepithelial cells such as
argentaffine cells and lymphocytes. Character-
istically, the columnar, goblet, and Paneth
cells are the only cells that face the gut lumen
with a microvillus surface. It is, therefore, pos-
sible that specific receptor sites such as those
shown in cultured cells for other adenoviruses
(6, 14, 17) might be present on the microvilli.
The adenovirus K87 might absorb to such a
receptor site and penetrate the cells through
the microvilli. The demonstration of such pene-
tration, however, has not been possible during
the present in vivo study.

A tissue tropism to the villus epithelium
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F1G. 12. Crypt of infected ileum. The nuclei of two cells, apparently Paneth ce

¢ p

lls, are in the process of

shedding into the crypt lumen. A portion of shedding cell is still attached to epithelial cells (arrows). Note
Paneth granules (*). Goblet cell is discharging mucus into crypt lumen (G). x6,800.

only, similar to that seen in the mouse enteric
adenovirus K87, has been reported by Clemmer
and Ichinose also in the small bowel of chickens
infected orally with adenovirus strain 93 (4, 5).
They have postulated that adenovirus 93 proba-
bly infects the epithelial cells in the crypts and
replicates during their migration onto the villi,
where it becomes visible (5). In this context it
must be remembered that chickens lack Paneth
cells (29).

The columnar cells of the epithelium of the
small intestine of mice also undergo continuous
renewal and rapid migration out of the crypts
(16, 26) as do, if albeit more slowly, the mucus-
secreting goblet cells (1, 16). In contrast, the
Paneth cells are renewed at a much slower rate
and do not migrate out of the crypts (1, 3). It is
conceivable that, in the mouse adenovirus K87
infection reported here, all cells may be also
infected in the crypts, but that, in the time



VoL. 13, 1976

necessary for viral replication and visualization,
the columnar and most goblet cells would have
migrated out of the crypts and onto the villi,
whereas the Paneth cells, which remain in the
crypts and whose turnover is much slower,
would allow replication to occur in the crypts to
such an extent as to be easily visualized.

In the normal mucosa, epithelial and goblet
cells are not extruded until they reach the tip of
the villi, and the structural integrity of the gut
epithelium is maintained by characteristic in-
terdigitation and invagination of the lateral
plasmalemma of epithelial cells, which are
tightly connected through intercellular junc-
tional complexes. During the adenovirus K87
infection, extrusion of infected columnar and
goblet cells may occur at the midvillus level,
whereas an accelerated extrusion of Paneth
cells has been observed in the crypts. The pre-
mature shedding of adenovirus-infected cells,
we believe, represents a morphological expres-
sion of adenovirus-induced cytopathic effect. A
similar, excessive loss of epithelial cells is com-
monly associated with acute enteric infections
(20, 22-24). It has been suggested that under
these conditions accelerated shedding of epithe-
lial cells results from failure of intercellular
junctions, which may be related to loss of cal-
cium due to changes in calcium metabolism
(22). It may be possible that a similar mecha-
nismis at work in the present virus infection.

Intracytoplasmic membrane-enclosed vacu-
oles bearing viral particles resemble the phago-
cytic inclusions containing adenovirus 7, de-
scribed by Chardonnet and Dales in HeLa cells
infected with that agent (2), and also the auto-
phagic vacuoles and phagolysosomes contain-
ing pathogenic bacteria, which are found in
intestinal epithelial cells (24).

In contrast to the columnar cells, the cyto-
plasm of the secretory goblet and Paneth cells
appears unaltered, even when infected with vi-
rus. Under normal conditions, in both goblet
and Paneth cells, granular contents are synthe-
sized in the endoplasmic reticulum and pack-
aged in the Golgi complex, where they accumu-
late and develop into membrane-bound mature
granules. Synthesis and secretion continue in
the infected cells, indicating that they are capa-
ble of functioning in spite of the presence of
large numbers of virions.

Early changes observed in adenovirus-in-
fected cell cultures, such as intranuclear fibers
(13), and paracrystalline formation (11) have
not been seen in either columnar or secretory
epithelial cells. These morphological differ-
ences between in vivo and in vitro response to
viral infection may be due to difficulty of sam-
pling, but may be also related to differences in
the strain of adenovirus or to host factors (8).
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Nor has cell necrosis been observed even in
the prematurely shedding cells of the gut, such
as has been reported by Margolis and col-
leagues (12, 15) in their study on the interaction
between host cells and the adrenotropic mouse
adenovirus. Multiplication of this adenovirus
produces severe degeneration and necrosis of
the infected adrenal cortical cells and an acute
inflammatory response, the latter, possibly,
secondary to cell necrosis. It is possible that the
premature extrusion of the mouse intestinal
epithelial cells infected with K87 adenovirus
may prevent the severe degeneration and death
seen in the adrenotropic adenovirus infection
and, therefore, may also be responsible for the
lack of inflammation noted in the viral enteric
infection.

In conclusion, the present FA, LM, and EM
in vivo studies of adenovirus K87 in mice have
provided new information on several aspects of
the interaction between virus and host cells as
yet undisclosed by in vitro observations.
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