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INTRODUCTION

It is well documented that infectious bronchitis virus (IBV) produces a
nephritis in chickens in natural outbreaks of disease (Winterfield and
Hitchner, 1962; Cumming, 1963; Julian and Willis, 1969). Many factors such
as cold stress, nutrition, and age and sex of the chicken influence the mortality
i an outbreak (Cumming, 1965; Sinkovic and Gilchrist, 1967; Macdonald,
Randall and McMartin, 1980). Those strains of virus which induce more
severe kidney disease are also associated with higher mortality rates (Siller and
Cumming, 1974; Chong and Apostolov, 1982).

In a study of the chemical pathology of infectious bronchitis nephritis,
Heath (1970) attributed death of the chicken to kidney dysfunction and acute
renal failure. Several histological investigations of the development of kidney
lesions through the course of experimental infections have shown interstitial
inflammatory reactions and tubular degeneration occurring in both proximal
and distal segments of the nephron (Siller and Cumming, 1974; Pohl, 1974;
Purcell, Tham and Surman, 1976).

Chong and Apostolov (1982), by immuno-fluoresence, demonstrated the
presence of viral antigen in all segments of tubules, but the staining was mainly
confined to the proximal tubules. These workers incriminated the replication
of the virus in the tubular epithelium as a direct cause of the disease.

This paper presents a quantitative morphological analysis of the changes in
structure of the proximal tubular epithelial cells over the course of an
experimental infection with 1BV,

MATERIALS AND METHODS

Experimental Birds

Sixteen 3-week-old specific-pathogen~free (SPF) Webster-Mini crossbred chickens
were supplied by the Commonwealth Scientific and Industrial Research Organization,
Animal Health Division. Regular monitoring and serological testing have shown the
b?rds from this isolation unit to be free from a wide range of mycoplasma, bacteria and
viruses.

0021-9975/86/010047 + 16 $03.00/0 © 1986 Academic Press Inc. (London) Limited
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Virus

The “T* strain of IBV (Winterfield, Cumming and Hitchner, 1964) was obtained
from Dr T. Faragher, National Biological Standards Laboratory, Parkville, Victoria.
The virus was passaged once in embryonated (SPF) eggs and the allantoic fluid,
harvested at day 12, was stored in 1 ml aliquots at —70 °C. In subsequent egg
inoculation studies’ the titre of IBV was found to be 3 x 10* EID,; per ml.

Plan of Experiment

Birds were placed in a controlled temperature room at 12 °C to induce cold stress.
After 3 days, 4 control birds were anaesthetized and the left kidney was perfused with
fixative via the renal portal vein. The remaining birds were inoculated with 10 pl of the
viral suspension into both conjunctival sacs. At 4 day intervals thereafter, kidneys were
fixed from groups of 4 birds.

Tissue Processing

Kidneys were perfused for at least 3 min under 90 cm hydrostatic pressure with a
fixative consisting of 1-5 per cent glutaraldehyde, 1 per cent formaldehyde and [-2 per
cent glucose in 0-1 M cacodylate buffer. Osmotic pressure of the buffer and glucose was
265 mOs per kg and the fixative was 540 mOs per kg. The pH was 7-4. The renal vein
was sectioned and the portal valve was clamped. Acceptable perfusion was indicated if
the kidney became pale and turgid. The kidney was then immediately removed from
the bird, cut into 1 mm slices and placed in the same fixative for 1 h at 0 °C. Tissue was
washed in buffer 3 times and post-fixed in 1 per cent osmium tetroxide for 1 h, block
stained with 2 per cent aqueous uranyl acetate for 1 h, dehydrated and embedded in
Spurr’s firm resin (Spurr, 1969). Specimens for sectioning were selected at random and
the criteria for adequate fixation were that the lumens of the proximal tubules were
open, the microvilli were regularly arranged and the apical border of the cell was
straight, with no protrusion into the lumen (Maunsbach, 1966a). Silver sections 60 to
90 nm thick, from 3 blocks per bird, were collected on grids and stained with 0-3 per
cent lead citrate for 3 min.

For scanning electron microscopy (SEM) slices of fixed tissue were processed by the
OTO method (Kelley, Dekker and Bluemink, 1975) and dried by the critical point
method in CO,. The specimens were fractured, mounted on aluminium stubs and
coated with 20 nm of gold.

Electron Microscopy

Transmission electron micrographs were taken of cells in longitudinal section
(extending from the basement membrane to the lumen) from 6 different proximal
tubules per section with a JEOL JEM-120. A magnification of 3600 was used for
investigation of whole cells and 25000 for detailed investigation of microvilli and
organelles in the apical and basal parts of the cell. The magnification of the microscope
was confirmed with a 1200 lines per mm diffraction grating replica. A JEOL JSM-T20
was used at 5kV to take scanning electron micrographs.

Stereology

Micrographs were printed with a further magnification of 3-6 and analysed with a
microcomputer with a graphics tablet and an image analysis programme*. Data were
collected from the digitizing tablet by tracing the outline of individual structures with
a cursor for whole cell, nucleus, microvillus and extracellular space at low magnifica-
tion level. At the high magnification, the following structures were analysed within a
reference area overlay arbitrarily placed over the micrographs; microvillus membrane,

* Scientific Microprograms, 213 Merwin Road, Raleigh, NG 27606 U.S.A.
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apical tubular membrane, apical vacuoles, lysosomes, apical and basal mitochondria
cristal and inner mitochondria membrane, lipid droplets and basolateral membrane.

Stereological characteristics were calculated from standard formulae (Weibel, 1963;
Williams, 1977). Formfactor is the ratio, 4n X area divided by (perimeter)? which
gives an estimate of shape of structures. This ratio is 1-0 for a perfect circle. Nucleus
profile diameter was calculated by taking the square root of the product of the
diameters measured at right angles. By assuming that the nucleus was spherical,
Fullman’s formula (Williams, 1977 was applied to determine the mean nucleus
diameter. The absolute volumes of the cell and cell components were then extrapolated
from the nucleus volume and the relative volume densities.

The sample size required to achieve results with confidence limits of + 10 per cent
was determined from a study of normal chicken kidney (Condron, unpublished data).
All values used in this investigation were measured from a large number of micro-
graphs from 3 chickens. Progressive means were determined by including each
additional observation. As a range of +10 per cent of the final overall mean is
considered adequate accuracy in biological studies, the sample size, or number of
observations, needed to bring the progressive mean constantly into this range is the
minimal sample required to obtain a valid estimate of a particular measurement
{(Burri, Giger, Gnagi and Weibel, 1968; Weibel and Gnagi, 1968; Schroeder and
Munzel-Pedrazzoli, 1970; Williams, 1977). To increase the significance of the results
the minimal sample size was exceeded with an extra animal in experimental groups, as
this type of sampling has greater statistical weight than increasing the number of
micrographs examined from a smaller group.

The systematic subsampling employed has been shown to be a valid method of
obtaining a representative unbiased measurement for morphometric analysis of a
polarized tissue (Burri ¢t al., 1968; Schroeder and Munzel-Pedrazzoli, 1970). In order
to determine the trend of the results through the course of the disease, statistical
analysis for linear and quadratic regression against time was performed by applying
the ¢-test to orthogonal polynomials (Hicks, 1973). A further statistical comparison
between groups was by the one-way analysis of variance.

RESULTS

All birds exhibited typical signs of infectious bronchitis. From day 3 onwards,
the birds had ruffled feathers and were depressed. These signs were most severe
between days 7 to 10 and some birds passed very fluid droppings. At day 8, the
kidneys were swollen and pale, and urates were observed in the ureters. The
disease produced was “mild” in character (Siller and Cumming, 1974) and no
natural deaths occurred. Examination by light microscopy revealed a predomi-
nantly mononuclear inflammatory response.

Quantitative morphological data for cellular components at the low magni-
fication are given in Tables 1 to 3. Volume densities of the nucleus, microvillus
and extracellular space relative to the total cell volume are given in Table 1.
Compared with the normal “control” group, the nucleus volume density
tended to be reduced but this was not significant. The microvillus volume
density was reduced at days 4, 8 and 12 and showed a linear regression; the
extracellular space volume density was reduced at days 4 and 8 and returned to
normal at day 12 with a quadratic regression. The values calculated for the
absolute volume of these structures, shown in Table 2, followed this same
pattern. The reduction of microvillus volume was due to shortening and focal
loss of microvilli.
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Estimators of cell and nucleus shapes are listed in Table 3. There was an
increase in cell formfactor at day 4 and an increase in cell maximal diameter at
day 8, indicating that initially the cells became rounder and then decreased in
size and became more elongated, returning to normal dimensions at day 12.
The nuclear diameter remained relatively constant but there was an increase in
formfactor at day 8. This rounding-up of the nucleus occurred later than
similar changes in the cell.

The surface density or surface area per unit volume of membrane structures
is presented in Table 4. There was a marked reduction in apical tubular
membrane at day 4. This returned to normal at day 8, giving a significant
quadratic regression against the shorter time interval. The relative density of
microvillus membrane remained constant but the surface density per cell was
reduced as the microvillus volume density decreased. Similarly, the slight
increase in relative density of the basolateral membrane was overshadowed by
a decrease in extracellular space, so that there was an overall decrease in the
absolute surface areas of transport membranes per cell.

Table 5 lists the volume densities of cytoplasmic components. After an initial
reduction, there was an increase in apical vacuoles at day 8 and a progressive
increase in lysosomes in the apical cytoplasm over the course of the experiment.
However, these values were not significant in the statistical tests applied due to
large variations between animals. A large increase in lipid droplets was
observed in the base of the cells at day 4 but they were normal by day 8.

There was a marked change in the distribution and shape of mitochondria.
In the apical cytoplasm, there was an increase of mitochondria volume density
at day 4, a decrease at day 8 and normal values at day 12. In the base of the cell,
there was a decrease in mitochondria volume density which was most severe at
day 8. These changes in volume density reflect changes in size and shape of
individual mitochondrial profiles observed (Table 6). In the apical cytoplasm,
with increase in volume density at day 4, the mitochondria had larger profiles
which were longer and had more distorted or less rounded shapes. The
subsequent decrease in volume density was accompanied by shorter, more
rounded and smaller profiles towards day 12. In the basal cytoplasm, the
decrease in volume density was mirrored by a decrease in size of individual
profiles. The mitochondria became shorter and rounder towards day 12. The
measurements related to shape were the same for apical and basal profiles at
day 12. The inner mitochondrial membrane plus the cristal membrane had
constant surface density per unit volume of mitochondria, but since there was a
decrease in mitochondrial volume density there was a related decrease in
mitochondrial membrane per cell.

Figure 1 shows a typical epithelial cell from a normal chicken taken at low
magnification. At day 4 (Fig. 2), the cells tended to be more rounded. There
was a decrease in apical tubular membrane and an increase in apical
mitochondrial volume density. Lipid droplets were prominent at the base of
the cell. Virus particles could be found in cells at day 4 (Fig. 3). They were
enclosed within irregular spaces adjacent to the nucleus by a membrane from
which virus particles were budding.

Figure 4 shows an epithelial cell at day 8 with focal loss of microvilli. There
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was also a reduction in apical mitochondria. At day 12 (Figs 7 and 8),
mitochondria were dark and cristae were dilated. Figure 7 shows a cell with
marked loss of microvilli. Vesicular spaces were prominent between cells (Fig.
8). These spaces or “holes” in the cells were obvious in scanning electron
micrographs (Figs 9 and 10).

Cytoplasmic inclusions into nuclei were observed at days 4, 8 and 12 (Fig. 5).
Figure 6 shows a leucocyte migrating through the basement membrane and
between two epithelial cells. This was common at days 8 and 12. Figures 11 and
12 show the basal part of the cell at the high magnification from a normal
chicken and from a chicken at 12 days after infection, respectively. At 12 days,
the mitochondria were smaller and more rounded, the mitochondrial matrix
was condensed and the cristae were dilated. The endoplasmic reticulum was

dilated.

DISCUSSION

Although the disease reproduced in this study was mild, viral replication and
kidney disease were observed and the chickens were obviously sick and
depressed. The size of the infective dose, route of administration and increased
egg passage are factors which are potential causes of the decreased virulence of
this ““I”” strain of IBV compared to that reported by Siller and Cumming
(1974).

Throughout the course of the disease, significant alterations in the structure
of the functional components within the proximal tubular epithelium were
observed. In particular, there was a decrease in the volume density of
mitochondria and in the surface area of membrane structures. Both the
microvillus membrane adjacent to the tubular lumen and the basolateral
membrane adjacent to the extracellular space, which are separated by tight
junctions at the apex of the cell, were reduced. The membrane available for
transport of fluid and ions across the cell was thus decreased. Within the cell,
there was also a reduction in apical tubular membrane which is associated with
uptake of larger molecules (Siller, 1971).

Fig. 1. Proximal tubular epithelial (PTE) cell from a normal (control) chicken. Tubular lumen (TL),
Microvilli (M), Apical tubular apparatus (AT), Apical vacuoles (AV), Villous processes of
basolateral membrane in extracellular space (B) and Vascular sinus (V). x4500.

Fig. 2. PTE cell from a chicken 4 days after infection with IBV. Lipid droplets (L). * 5000.
Fig. 3. Virus particles (arrow) budding into an irregular membrane bound space. %47 500.

Fig. 4. PTE cell 8 days after infection with IBV. Focal loss of microvilli and decrease in mitochondria.
% 6500.

Fig. 5. PTE cell 4 days after infection with IBV. Cytoplasmic inclusion into the nucleus (CI), erythrocyte
(E) in vascular sinus. X 7800.

Fig. 6. Migration of a leucacyte (L) through the basement membrane (arrow) into the extracellular space
between two epithelial cells at 8 days post-infection with IBV. Endothelial lining (EL) of vascular

sinus. X 7200.
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Further evidence for change in water and ion transport is the dilated
endoplasmic reticulum and the alteration in mitochondrial size and shape. The
severity and degree of the changes observed correspond to stages 2 and 3
described by Trump, Croker and Mergner (1971) in their review of the
pathogenesis of cell injury. These stages are compatible with cell survival but
indicate a modification of cell membrane function and/or a modification of cell
energy metabolism. There is a very close relationship between structure and
function in membranes (Trump et al., 1971). In studies of acute renal failure
induced by ischaemia in rats, it has been shown that cells with these changes
have ineffective ion and volume regulation. Glaumann, Glaumann, Berezesky
and Trump (1975) concluded that, at this stage, sodium reabsorption by the
proximal tubule must be greatly impaired.

Similar alterations in the structure of celis have also been described in
animals infected by coronaviruses other than IBV (Cheville, 1975; Takeuchi,
Binn, Jervis, Keenan, Hildebrandt, Valas and Bland, 1976). Measurements in
short-circulated jejunal epithelia of piglets infected with transmissible gas-
troenteritis virus have demonstrated abnormal glucose-stimulated sodium
transport (Kerzner, Kelly, Gall, Butler and Hamilton, 1977). These workers
associated this impaired function with the presence of abnormal, immature
villous epithelial cells which have migrated to the villi in a relatively undiffer-
entiated state.

Although there have been many recent advances in the determination of the
replication strategy of coronaviruses, the mechanism of viral release has still
not been clearly defined (Robb and Bond, 1979; Siddell, Wege and ter Meulen,
1982). Evidence for cell lysis as the means of viral release has frequently been
presented from studies in which the tissues have not received optimal preserva-
tion. Adequate preservation of tissue is essential to minimize fixation artefacts.
Lysis and rupture of cells was not a feature of this study in which tissues were
perfused with a carefully monitored fixative. Immersion fixation is unsuitable
since rapid collapse of the tissue causes damage to the tubular epithelium
including protrusion of the apical cytoplasm into the lumen and disruption of
the microvillus border of the cells (Maunsbach, 1966a; Rothwell, 1974).

Fig. 7. PTE cell 12 days after infection with IBV. Condensation of mitochondrial matrix with dilation of
cristae and considerable loss of microvilli. X 6500.

Fig. 8. PTE cell 12 days after infection with IBV. Vesicular spaces are seen between cells (VS).
Mitochondria are dark and cristae are dilated. % 6500.

Fig. 9. sem of a proximal tubule fractured longitudinally between cells, from a chicken 12 days after
infection with IBV. Tubular lumen (TL), Microvilli (M), Villous processes of basolateral
membrane (B), Vascular sinus (V), Erythrocyte (E) and Vesicular structures (VS) in lateral surface
of cells. % 2200.

Fig. 10. sem of PTE cell 12 days after infection with IBV. Tubular lumen (TL), microvilli (M}, villous
processes of basolateral membrane (B) and vesicular structure (VS) in lateral surface of cells.

% 6600.

Fig. 11. Basal part of PTE cell from a normal (control) chicken. x 47 500.

—

. 12. Basal part of PTE cell 12 days after infection with IBV. There is condensation of mitochondrial

Fi
matrix with dilatation of cristae and dilated endoplasmic reticulum. X 47 500.

o
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Chong and Apostolov (1982}, who used immersion fixation, concluded that
lysis of cells was the primary cause of nephritis induced by IBV but the type of
lysis of cells which they observed may be readily produced by inadequate
fixation.

Doughri, Storz, Hajer and Fernando (1976), Chasey and Alexander (1976)
and Bielefeldt-Ohmann and Bloch (1982) have presented evidence that release
of coronavirus may occur by fusion of viral-containing cytoplasmic vacuoles
with the plasma membrane. Vesicular, hole-like structures in the lateral
surfaces of cells which were observed by SEM are possibly the site of viral
release by this mechanism of exocytosis. Release of virus by this means and
survival of the infected cell to enable the further maturation of viral particles
may play some part in the development of persistent infections which have
been reported for some coronaviruses including IBV (Robb and Bond, 1979).

The proximal tubular epithelium has been shown to be very sensitive to
differences in the osmotic pressure of fixative components (Maunsbach, 1966b;
Rothwell, 1978). Alterations in the concentrations of ions and hence of osmotic
pressure initiated by IBV infection will cause changes in the osmotic differen-
tial of a fixative which is kept constant. Some of the observed changes in
structure may have been related to this osmotic effect of the fixative. With
more concentrated solutions, Maunsbach (1966b) observed widened extracel-
lular spaces similar to the spaces observed at day 12, but further evidence that
this is an osmotic effect, such as shrunken nuclei and densly staining cytoplasm,
is lacking. These widened spaces may be related to the vesicular structures
observed by SEM. Permeability of infected cells to trypan blue (Robb and
Bond, 1979) may be due to these “holes” in the plasma membrane.

Although the primary virus-cell interaction in coronavirus-caused disease is
a cytocidal interaction, general cellular protein synthesis is not affected until
very late in the infectious cycle (Robb and Bond, 1979). The evidence
presented in our study of structural alterations in tubular epithelial cells during
the course of IBV infection indicates that impaired fluid and electrolyte
transport is responsible for the kidney disease and renal failure caused by IBV.
Further work (Condron and Marshall, 1985) is in progress to determine the
alteration in the function of the proximal tubular epithelium and to relate it to
the structural changes described in this paper.

Whilst stereological methods have been used in a wide range of EM
investigations of experimental pathology, to the authors’ knowledge, this is the
first report of a morphometric analysis of ultrastructural changes in an organ
induced by a viral infection. These techniques, designed to define the extent
and nature of structural changes in all cells in a particular organ, can play a
valuable réle in determining virus-host cell interactions and the pathogenesis of
viral diseases.

SUMMARY

The ultrastructure of the proximal tubular epithelial cells in chicken kidneys
was examined throughout the course of an experimental infection with
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infectious bronchitis virus. A quantitative assessment of the structural changes
in the cells was related to these in normal cells.

Significant alterations were detected in the membrane structures and in the
mitochondria. There was a reduction in surface area of the microvillus
membrane, the basolateral membrane and the apical tubular membrane.
There were alterations in the shape of mitochondrial profiles and a decrease in
the volume density of mitochondria. Vesicular structures, which are a possible
site of viral release, were observed in the lateral surface of cells.

These changes in the functional components of the cells indicate impaired
transport of ions and water. The results demonstrate the value of stereological
methods for the study of viral-host cell interactions in the pathogenesis of viral
disease.
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