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Evidence for the pathogenicity of pseudorabies virus for the auditory and vestibular organs of experimentally
infected mice is presented. We demonstrate viral genomes in cells of the peripheral sensory organs, the nerve
structures, and the affected areas of the brain in single sections from an entire cranium of an adult mouse. The
data were obtained by an in situ hybridization technique adapted for use with fixed, plastic-embedded
materials. In contrast to conventional methods which use frozen sections, we were able to analyze cartilaginous
and bony materials with high resolution.

Viral infections of the inner ear and subsequent damage of
the auditory and vestibular organs have been documented,
especially after infections with mumps or rubella, in a series
of clinical and morphological experiments (11, 13, 14. 23,
26). By immunofluorescence, Davis et al. (4, 5) demon-
strated viral antigens in the cochlea and labyrinths of labo-
ratory animals infected with cytomegalovirus and reovirus
(2, 3). To date, however, viral DNA in the structure of the
inner ear after viral infection has not been demonstrated.
To clarify this question, we intended to use in situ hybrid-

ization (16) on sections of mice intranasally infected with
pseudorabies virus (PRV). However, adaptation of standard
techniques was necessary because the head contains large
proportions of bone, which do not permit frozen sectioning
with standard procedures and equipment (24). In addition,
the delicate structures are far better conserved in fixed and
embedded materials, which allow high resolution and eval-
uation of histological detail, and the material is suitable for
examination by electron microscopy.

MATERIALS AND METHODS
Cell lines. Suspensions of the Epstein-Barr virus (EBV)-

carrying cell line P3HR-1 and an EBV-negative cell line,
BJAB, were spread on slides and fixed and embedded as
described in Table 1 (concentrations and incubation times are
identical to those used for embedding tissue samples).

Preparation of the 1251-labeled EBV DNA. The iodination of
the single-stranded recombinant m13 phage DNA was per-
formed as described by Han and Harding (10) and Gu et al.
(8). Briefly, 10 ,ug of single-stranded DNA in 1 pl1 of water, 2
p.1 of 250 mM sodium acetate buffer (pH 4.65), 15 .I1 of 1251
(Amersham IMS 30; 100 mCi/ml), and 2 RI of 100 mM
thallium chloride (dissolved in 250 mM sodium acetate
buffer) were mixed, incubated for 30 min at 60°C, and
transferred to ice water. The reaction was stopped by adding
150 p.1 of 100 mM Tris (pH 8.0)-10 mM EDTA-10 mM
Na2SO3-100 p.g of poly(A) per ml, separated over a Sepha-
dex G-50 column (5-ml volume) in a 5-ml pipette, and eluted
with 10 mM Tris (pH 8.0)-i mM EDTA.

Preparation of 3H-labeled EBV DNA. Charon 4A phage or
plasmid DNA with virus-specific inserts was labeled with
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[3H]dCTP with an Amersham nick translation kit (19).
[3H]dCTP (50 pL., 1 mCi/ml; Amersham) was lyophilized and
dissolved in 20 p.1 of nucleotide buffer (100 p.M dATP-100
p.M dGTP-100 p.M dTTP in Tris [pH 7.8]) containing 1 p.g of
DNA and 10 .I1 of enzyme (DNase and polymerase) in a total
volume of 100 p.l. The DNA was separated over a Sephadex
G-50 column and eluted with 10 mM Tris hydrochloride (pH
7.4-1 mM EDTA-0.01%c sodium dodecyl sulfate-10 mM
NaCl.

In situ hybridization with 3H- and 125I-labeled EBV. The
method of in situ hybridization used was based on proce-
dures described elsewhere (27, 28) and was identical for
[3H]EBV DNA and [125I]DNA. For hybridization, 105 cpm
of [3H]EBV DNA (specific activity, 2 x 107 cpm/pg) or 105
cpm of [125I]EBV DNA (specific activity, 5 x 107 cpm/pg)
was used per slide. Briefly, the slides with the fixed cells
were incubated for 30 min at 70°C in 2x SSC (0.3 M NaCl
plus 0.03 M sodium citrate) and 15 min at 37°C in 20 mM Tris
(pH 7.4-2 mM CaCl-1 pLg of proteinase K per ml, washed
in distilled water, and dehydrated in alcohol. Immediately
preceding the hybridization, the cells were denatured by
immersion into 0.1x SSC for 30 s at 98°C and transferred to
the same buffer at 0°C.

Portions of hybridization solution, containing the labeled
EBV DNA in 50% formamide-10 mM Tris hydrochloride
(pH 7.5)-i mM EDTA-0.02% Ficoll-0.02% polyvinylpyr-
rolidone-100 p.g of poly(A) per ml-1 mg of bovine serum
albumin per ml-100 pLg of calf thymus DNA per ml-1 mg of
tRNA per ml, were denatured for 2 min at 98°C and rapidly
cooled in an ice bath, and 5 M NaCl was added to a final
concentration of 600 mM. Aliquots (10 p.1) were placed under
a siliconized cover slip and sealed with rubber cement. After
hybridization for 24 h at 45°C, the cover slips were removed,
and the slides were rinsed in 10 mM Tris (pH 7.4-1 mM
EDTA-50% formamide-600 mM NaCl, then washed two
times for 5 min each time and one time overnight with the
same buffer, two times for 5 min each time with 2x SSC, 1
min in 300 mM ammonium acetate in 70% ethanol, 1 min in
300 mM ammonium acetate in 90%c ethanol, and air dried.

Autoradiography (used for all hybridizations). A 5-ml por-
tion of 600 mM ammonium acetate was warmed to 45°C and
gently mixed with 5 ml of Ilford nuclear emulsion gel G5.
The slides were dipped in the emulsion mix for 1 to 2 s and
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TABLE 1. Combination of fixation and embedding protocols
used

Concn of Time
Fixative Conn of fixed Type of embedding

(min)

Glutaraldehyde 2% 20 SPURR (22), Epon
(15), K4M (1)

Formaldehyde 4% 20 Paraffin (25)
Glutaraldehyde plus 2%:1% (glu- 20 SPURR, Epon
osmium tetroxide taraldehyde 10

to osmium
tetroxide)

Schaeffer solutiona 20 Methyl methacrylate
(17)

Ethanol plus acetic 3:1 (ethanol to 20 Frozen tissue
acid acetic acid) section

" Schaeffer solution is formaldehyde (37%, 1 part) plus ethanol (80%o, 2
parts).

allowed to dry in an upright position for 30 min at room
temperature, placed in lightproof boxes containing silica gel
desiccant, and exposed at 4°C for 1 week. The slides were
soaked in distilled water and then developed for 10 min with
Kodak D 19 X-ray developer, rinsed in 1% acetic acid, fixed
for 20 min in Kodak Unifix, and stained with Ehrlich
hematoxylin.

Infection experiment with BALB/c mice. Virus stock and
determination of titer. For the infection of the test animals,
we used a suspension of PRV (Aujeszky strain; ATCC
VR-135) prepared from rabbit brain in 50% glycerol. For
viral titer determination, the material was inoculated onto
cultures of mouse adrenal tumor cells (Y-1; ATCC CCL 79)
in Hams F-10 medium supplemented with 15% horse serum
(not inactivated) and 2.5% fetal bovine serum (not inacti-
vated) in the absence of antibiotics. After 2 days, the cells
were transferred to baby hamster kidney cells for an
endpoint dilution test, which yielded a titer of 2 x 107
PFU/ml for our stock virus.

Preparation of PRV DNA. The BamHI DNA fragments of
PRV cloned in pBR325 were kindly provided by T. Ben-
Porat (12). Large-scale amplification and gradient centrifu-
gation of recombinant DNA were performed by standard
methods. Each plasmid DNA was identified by restriction
enzyme digestion and hybridization. The physical map of the
PRV BamHI fragments was adopted from that of Ladin et al.
(12) and adjusted to the PRV strain Phylaxia. All this was
kindly performed in the laboratory of H. J. Rziha, Tubingen,
Federal Republic of Germany.

Infection of experimental animals. Twenty inbred BALB/c
mice were infected intranasally with 0.2 ml of virus suspen-
sion (4 x 106 PFU). After 4 to 5 days, when the animals
showed clear symptoms of disease, they were decapitated
under anesthesia, and the skull was prepared. The fixation of
the cochlea or the total skull, dehydration, embedding in
methyl methacrylate, and preparation of sections are de-
scribed in detail elsewhere (N. Falser, I. Bandtlow, M.
Haus, and H. Wolf, J. Microsc., in press).

In situ hybridization. [3H]PRV DNA (5 x 104 cpm per
section; specific activity, 1.5 x 107 cpm/Ig) was used as in a
procedure described above.

Quantitative evaluation of the autoradiograms. The hybrid-
ization efficiency was evaluated with a computer-controlled
microspectrophotometer (Reichert Univar-R plus micro-
spectrophotometer plus microcomputer Videoplan), estab-
lishing an intensity relation of the parameter grains of silver
per optical density per 10 p.m2. As standards, we used 5-,um

sections of a 3H-labeled methyl methacrylate block (autora-
diographic 3H microscales, Amersham International RPA
501) which are composed of tritium-labeled polymer layers
with increasing activity interspersed with layers of nonradio-
active polymer. These sections were included in each series
of autoradiograms with 3H-labeled probes for the purpose of
calibration.

RESULTS
The quantitative analysis of the autoradiograms of the

P3HR1 cells treated with different fixation and embedding
protocols is given in Table 1. From these results, we chose
Schaffer solution for the fixation of the cochleae and the
skull and embedding in methyl methacrylate. Osmium
tetroxide, which fixes lipophilic substances, did not further
reduce the hybridization signal; rather, it even seemed to
reduce the unspecific background. This fixation was chosen
because it allows both nucleic acid hybridization tests and
morphological examination by light and electron micro-
scopes.

In situ hybridization with 3H-labeled PRV DNA revealed
large amounts of viral DNA in the materials under study
(Fig. 1 and 2). This was demonstrated particularly well in
support and sensory cells of the vestibular organ, the organ
of Corti, and the spinal ganglion and also in the ganglia cells
(Fig. 1 and 2) of the eighth neuronal trunk of the brain
(nucleus cochlearis). When DNA from an unrelated herpes-
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FIG. 1. The influence of different fixations on autoradiographic
grain density. The effects are demonstrated after in situ hybridiza-
tion with 3H-labeled EBV DNA on EBV genome-bearing Burkitt's
lymphoma cells after fixation in Schaffer solution (column 4; 41%
decrease), additional fixation in Schaffer solution and embedding in
methyl methacrylate (column 3; 68% decrease), fixation in glutaral-
dehyde (column 2; decrease 91.3%), and fixation in formaldehyde
and paraffin embedding (column 1; 95.5% decrease). For compari-
son, ethanol-acetic acid fixation (column 5; 100% labeling rate) was
included, simulating the protocol used for cryosections. The ordi-
nate shows the number of cells bearing a label per 10 p.m2. The
abscissa gives the mean density of the cells labeled relative to the
result obtained with ethanol-acetic acid fixation.
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virus (EBV, data not shown) was used on PRV-infected
tissues or when PRV DNA was applied to uninfected tissues,
the results were negative throughout. Chemography was
excluded by control sections autoradiographed without ra-
dioactive traces (data not shown). Pigment granules have
never been observed by us or others in the tissue and can
also be excluded as a source of possible artifacts by the
negative results with the control sections used (data not
shown). All positive hybridization results were also con-
firmed by virus isolation (Falser et al, in press).

DISCUSSION
Pathogenic alterations and their questionable relationship

to microorganisms or viruses and regulatory problems in
connection with differentiation and regulation of cells and
cell function are typical problems in which in situ hybridiza-
tion has already proved to be a very valuable technique. Up
to now, only frozen samples of tissue or paraffin-embedded
materials could be used for thin sectioning, which limited the
size of samples and the selection of materials, because rigid
structures, like bone or cartilage, could not be handled by
standard procedures and equipment (24). Furthermore, fix-
ation and embedding allowed superior maintenance of the
histology. During the preparation of this manuscript, modi-
fications with "touch prints" of frozen sections onto nitro-
cellulose membranes (6) and thin sections from entire ani-
mals (21) were published. These methods resolve some of
the problems but did not seem to allow high resolution and
correlation with specific cell types. In our approach, embed-
ding media which can be polymerized to give a solid support
were investigated for their effects on the hybridization
signal. We chose this procedure, which requires special but
readily available equipment for cutting and polishing of thin
slices, rather than partial or complete decalcification proto-
cols of frozen tissue, as the latter led to dramatically reduced
hybridization efficiency (data not shown).
The quantitative cytophotometric evaluation of autoradio-

grams of in situ-hybridized P3HR1 cell smears shows that
caution is advised when the in situ hybridization technique is
adapted to materials other than frozen tissue sections. De-
spite available literature on the influence of different fixation
procedures on the hybridization signal (9, 20), fixation pro-
tocols had to be reassessed, especially with respect to their
combination with embedding procedures.
The methanol-acetic acid-fixed cell suspensions treated

like frozen tissue sections were defined as controls (100%
labeling). In comparison, the brief fixation protocols with
low concentrations of fixatives, especially aldehydes, show a
definite reduction in the levels of hybridization. This effect is
potentiated by embedding at higher temperatures (e.g., as
used with paraffin). This procedure does not completely
eliminate but considerably reduces the number of labeled
cells by more than 50%. Osmium tetroxide seems to be an
optimal structure-preserving lipophilic fixative without neg-
ative effects on the efficiency of annealing.
The best results were achieved with a combination of

ethanol-formaldehyde fixation and methyl methacrylate-
based embedding. This protocol was therefore used in all
further experiments. A major advantage is that, in the in situ
hybridization, the labeled DNA reacts exclusively with the
viral nucleic acid of the infected cells. It does not (as often
happens in the frozen tissue sections) show a nonspecific
background.
With the restrictions discussed above, hybridization of

fixed, embedded materials was of particular value for the
identification of virus-related DNA sequences in tissues of

FIG. 2. Mid-sagittal section (sawing and polishing preparation)
of the skull of a BALB/c mouse embedded in methyl methacrylate
after intranasal infection with PRV. Localization of cochlear and
vestibular area (arrows) corresponds with results shown in Fig. 3a,
b, c, d, h, and g. The region of the cochlear nucleus (*), correspond-
ing to Fig. 3f, and the region of the cerebellar nuclei (*), corre-
sponding to Fig. 3e, are shown.

the cochlea and labyrinth of infected animals and was a
valuable tool for studying active replication of viruses in
organs containing cartilage or bone which were previously
unsuitable for these techniques. This should be of significant
importance for many other systems involving nucleic acid
hybridization on bony or cartilaginous materials. Our proce-
dure also allows a coordination of ultrastructural and viro-
logical information on specific cell types. The protocols
demonstrated, for the first time, PRV DNA in the support
and sensory cells of the cochlea and the vestibular apparatus
in experimentally infected animals.
Although it is important to demonstrate viral effects di-

rectly at the location of the sensory organs of the inner ear to
establish a causal relationship of virus infection and inner ear
dysfunctions, we also suggest that the technique of nucleic
acid hybridization can be used for diagnosis of disease. For
this purpose other technical modifications of nucleic acid
hybridization, such as spot hybridization on pellets of aspi-
rated materials (18), can be used once a potential pathogen
has been identified by the procedures described above. The
membranes of the round and oval window do not seem to be
barriers for microorganisms (7), hence sampling of material
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FIG. 3. Auditory and vestibular organs of a mouse infected intranasally with PRV with positive signal after in situ hybridization with
3H-labeled PRV DNA. The following organs are shown: the organ of Corti (a), the crista region of the labyrinth (vestibular organ) (the label
is located at the nuclei of the sensory cells) (b), the Schwann cells and possibly the cytoplasm of the ganglia cells of the spiral ganglion are
labeled; the small nuclei of the ganglia cells are stained too darkly to allow detection of label. The arrows in panels c and h indicate that mainly
the surrounding neural supporting tissue (Schwann cells) is labeled (c. d. and h). Also shown are the fibers of the eighth nerve; the heavy
labeling is a consequence of the selective intraaxonal transport of viral DNA tg). The ganglion cells of nucleus cochlearis (f0 and the cerebellar
region (e) are also labeled.
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from the middle ear via the tympanic membrane seems a
promising approach for sample acquisition. Whereas
Wetmore et al. (26) identified virus from material collected in
the described way by culture methods, nucleic acid hybrid-
ization is potentially a much faster diagnostic procedure
which works also for viruses which do not grow in culture,
such as the human papillomaviruses, or grow slowly, such as
varicella-zoster virus or cytomegalovirus. Fast nucleic acid
hybridization should enable the clinician to adjust therapeu-
tic protocols by the identified infectious agent.
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