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We examined the ability of pseudorabies virus (PRV) to induce and suppress apoptosis in the trigeminal
ganglion during acute infection of its natural host. Eight pigs were intranasally inoculated with a virulent field
strain of PRV, and at various early times after inoculation, the trigeminal ganglia were assessed histologically.
PRV-infected cells were detected by use of immunohistochemistry and in situ hybridization, and apoptosis was
identified by in situ terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling. Light and electron
microscopy was also used for morphological studies. Apoptosis was readily detected among infiltrating immune
cells that were located surrounding PRV-infected neurons. The majority of PRV-infected neurons did not show
morphological or histochemical evidence of apoptosis, even including those neurons that were surrounded by
numerous inflammatory cells and exhibited profound pathological changes. However, neuronal virus-induced
apoptosis also occurred but at a sporadic low level. These findings suggest that PRV is able to block apoptosis
of infected trigeminal ganglionic neurons during acute infection of swine. Furthermore, our results also suggest
that apoptosis of infiltrating inflammatory cells may represent an important viral mechanism of immune

evasion.

Suid herpesvirus 1, usually named pseudorabies virus (PRV)
or Aujeszky’s disease virus, is a member of the subfamily Al-
phaherpesvirinae, which causes a disease with a worldwide dis-
tribution in swine. PRV is a highly neurotropic virus and after
primary replication in the nasopharyngeal mucosa invades the
central nervous system (CNS) through several nervous path-
ways. Infection of the CNS by PRV produces a nonsuppurative
meningoencephalitis that is often fatal in piglets (6, 10, 26).
Older animals can survive the infection, although they may
develop respiratory disorders induced by PRV replication in
the respiratory tract, and abortion can occur in pregnant sows
due to the occurrence of viremia (18, 27). Like other herpes-
viruses, PRV establishes a lifelong latent infection in neuronal
and nonneuronal cells of its host. Such quiescent infection may
be reactivated, and PRV can spread to other susceptible ani-
mals (11, 23).

It has been shown that viral infection is a powerful stimulus
that triggers the biochemical machinery of suicide or apoptosis
of infected cells. In this context, many viruses have acquired
their own antiapoptotic genes, which can block or delay death
of infected cells and so maximize the production of viral prog-
eny (32, 39, 41). Among them, human herpes simplex virus
type 1 (HSV-1) and HSV-2 and bovine herpesvirus 1 (BHV-1),
alphaherpesviruses that share a number of biological proper-
ties with PRV, have developed specific strategies to interfere
with the host cells’ apoptotic pathway, not only to prevent
premature death of the cell but also to establish persistent
infections. A number of gene products have been reported to
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render infected cells resistant to apoptosis induced by HSV-1
itself, as well as by other known inducers (reviewed in refer-
ence 2). In this way, it was shown that the Us3 (21, 25), Us5
(21), ICP27 (1), ICP22 (2), and latency-associated transcript
(LAT) (34) genes of HSV-1 play a role in preventing the
apoptosis of infected cells. For HSV-2 also, the Us3 gene was
shown to have antiapoptotic activity (15). In the case of
BHV-1, the LATSs also appear to promote the survival of in-
fected neurons by suppressing apoptosis (8). It has not been
demonstrated to date whether PRV encodes products with
such antiapoptotic function.

On the other hand, alphaherpesviruses are specialists in
evading the host defense mechanisms. It is becoming increas-
ingly clear that this ability depends, at least in part, on the
virus’s capability for controlling the signaling and molecular
events of the apoptotic pathway. On that score, it has been
demonstrated that HSV-1 protects infected nonlymphoid cells
from cytotoxic T-lymphocyte-induced apoptosis (20) and that
both HSV-1 (19, 35, 38) and BHV-1 (12, 14, 44) can infect
activated CD4" T lymphocytes, leading to apoptosis of these
cells and the suppression of cell-mediated immunity. Regard-
ing PRV, several authors have focused on the interactions
between this virus and peripheral blood mononuclear cells.
The occurrence of cell-associated viremia after experimental
infection of pigs has been reported (4, 29, 33), and both in vivo
and in vitro studies have shown that monocytes are the porcine
mononuclear cells most susceptible to PRV infection, followed
by stimulated T lymphocytes (7, 28, 29, 43). Although some
monocytes and T lymphocytes die due to infection after an in
vitro inoculation with PRV (7, 43), it has not been established
whether it occurs through an apoptotic pathway and, if so, what
could be the role of immune cell apoptosis in PRV pathogen-
esis during productive infection of swine.
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In this study, a virulent strain of PRV was used to determine
whether this virus induces and/or blocks apoptosis in the tri-
geminal ganglion (TG) during acute infection of its host. The
TG was preferred because the trigeminal nervous pathway is
usually involved in the invasion of the CNS by PRV during
natural infection of swine and because TG neurons are the
most common site where the virus persists in a latent state. Our
study shows that the majority of PRV-infected TG neurons are
resistant to apoptosis induced by the virus itself as well as by
cytotoxic immune cells. Moreover, our results also suggest that
apoptosis of infiltrating inflammatory cells may be an impor-
tant viral mechanism of immune evasion.

MATERIALS AND METHODS

Animals and virus. A total of nine 2-month-old conventional pigs that were
not vaccinated against PRV and were seronegative for PRV was used in this
study. They were caged individually under strict isolation containment, fed with
commercial food, and carefully monitored during the experiment. Eight pigs
were infected intranasally with a virulent strain of PRV isolated in northwestern
Spain (INIA reference no. E-974) from brain tissue of naturally infected pigs and
adapted to cell culture according to the method described by Puentes et al. (36).
Each inoculated animal was given 2 ml of suspension containing 10°° 50% tissue
culture infective doses of PRV per ml, 1 ml per nostril. Pigs were euthanized at
12, 24, 48, and 72 h postinfection (hpi), two animals at each time point. The
remaining uninfected pig was killed at the beginning of the experiment and
served as a negative control. At necropsy, the TG were removed, fixed in 10%
buffered formalin, processed by routine histological methods, and embedded in
paraffin. Small pieces from TG obtained from animals killed at 48 and 72 hpi
were also placed in cold 2.5% buffered glutaraldehyde, postfixed in 1% aqueous
osmium tetroxide, dehydrated in ethanol solutions, and embedded in Epon 812.

Light microscopy. For light microscopy observations, paraffin-embedded TG
samples were sectioned at 4 um and stained with hematoxylin and eosin (HE).
Semithin sections (0.5 to 1.0 wm) were also obtained from Epon 812 blocks and
stained with toluidine blue (TB).

Immunohistochemistry (IHC). TG sections were deparaffinized, rehydrated,
and incubated with 0.3% H,O, in phosphate-buffered saline (PBS) (pH 7.4) for
45 min at room temperature (RT) to inactivate endogenous peroxidase. PRV
antigen detection was performed by using a rabbit polyclonal antiserum and the
large-volume DAKO LSAB kit peroxidase (Dako Corp., Carpinteria, Calif.)
according to the manufacturer’s instructions. Finally, the slides were developed
by incubation with freshly prepared 0.05% diaminobenzidine and 0.3% H,O, in
PBS, rinsed with distilled water, counterstained with hematoxylin, and cover-
slipped. In each series of stained sections, positive and negative controls were
included to assess the specificity of the assay. Sections of TG from pigs intrana-
sally infected with strain E-974 in a previous experiment (unpublished data) were
used as positive controls for staining for PRV antigen. Negative control slides
were TG sections from the uninfected animal.

In situ hybridization (ISH). PRV DNA was detected on paraffin sections as
previously described (37) with some modifications. Sections were deparaffinized,
rehydrated, and deproteinized with 0.2 N HCI for 20 min at RT. After a washing
in distilled water, sections were treated with 20 pg of proteinase K (Sigma)/ml in
PBS at 37°C for 20 min. Slides were rinsed in PBS and postfixed in fresh 4%
paraformaldehyde in PBS for 5 min. Acetylation was performed to reduce the
nonspecific binding of the probe to other reactive groups in 0.1 M triethanol-
amine (pH 8.0). After 5 min of incubation at RT, 0.25% acetic anhydride was
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added for an additional 5 min and then sections were rinsed in distilled water.
Sections were denatured in 60% deionized formamide in 0.1X standard saline
citrate (SSC) (1x SSC is 150 M NaCl plus 15 M sodium citrate [pH 7.0]) for 15
min at 65°C, washed in cold 0.1X SSC, and dehydrated. TG sections were
incubated in the hybridization mixture containing 50% deionized formamide, 4X
SSC, 10% dextran sulfate, 1% Denhardt’s solution (0.02% Ficoll, 0.02% polyvi-
nylpyrrolidone, 0.02% bovine serum albumin), 500 g of salmon testis DNA/ml,
and 0.1 ng of labeled probe/ml. The DNA probe specific for PRV was the
BamHI-7 fragment of the PRV genome cloned in plasmid pBR325 and labeled
by the method of random-primed labeling with digoxigenin-11-dUTP using a
commercial kit (DIG DNA labeling and detection kit; Boehringer Mannheim
Corp., Indianapolis, Ind.). The hybridization was carried out overnight at 42°C.
After hybridization, slides were washed twice in 4X SSC for 5 min at RT, once
in 2X SSC for 10 min at 37°C, once in 0.2X SSC containing 60% formamide for
10 min at 37°C, twice in 2X SSC for 5 min at RT, twice in 0.2X SSC for 5 min
at RT, and once in buffer T (100 mM maleic acid, 150 mM NaCl [pH 7.5]) for 5
min at RT. The anti-digoxigenin-alkaline phosphatase conjugate (Boehringer
Mannheim) was diluted 1:400 in buffer IT (1% blocking reagent in buffer I;
Boehringer Mannheim) and then added to the tissue sections. Incubation was
carried out in a humidified chamber for 1 h at RT. Slides were washed twice in
buffer I for 5 min each and once in buffer III (100 mM Tris-HCI, 100 mM NaCl,
50 mM MgCl, [pH 9.5]) for 5 min at RT. Finally, slides were incubated in the
dark with the color substrate solution consisting of 4-nitroblue tetrazolium chlo-
ride (Boehringer Mannheim) and 5-bromo-4-chloro-3-indolylphosphate (X-
phosphate; Boehringer Mannheim) in buffer III. The color reaction was stopped
in TE buffer (10 mM Tris-HCI, 1 mM EDTA [pH 8.0]). Slides were counter-
stained with 1% methyl green, washed with distilled water, air dried, and cov-
erslipped before microscopic observation. Positive and negative controls (de-
scribed above) were always performed simultaneously with the tested slides.

In situ detection of apoptosis. TG sections were deparaffinized, rehydrated,
permeabilized by incubation in 20-pg/ml proteinase K in PBS for 20 min at 37°C,
and washed twice for 5 min in PBS. The terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) method was used for the histo-
chemical detection of apoptotic cells. The cells were detected with a kit which
utilizes alkaline phosphatase (In Situ Cell Death Detection kit, AP; Boehringer
Mannheim); it was used following the manufacturer’s directions. The color
reaction was developed and slides were counterstained as previously described in
the ISH protocol. Negative controls were always included in each series of
sections assayed.

Double labeling. THC tests combined with the TUNEL method were also
performed on single sections. Slides which had been assayed by TUNEL were
washed in PBS, and then THC tests were done as described earlier.

Transmission electron microscopy. For ultrastructural examinations, ultrathin
sections were obtained from Epon 812 blocks, counterstained with uranyl acetate
and lead citrate, and examined under a JEOL SX100 transmission electron
microscope.

RESULTS

Light microscopy examination. As expected, the magnitude
of pathology induced by PRV infection in the TG correlated
with the advancing survival time of the infected animals. In
comparison with uninfected TG (Fig. 1A and B), a few mono-
nuclear cells, mainly lymphocytes and macrophages according
to their morphological characteristics, were already present in
scattered areas of the TG at 12 hpi (Fig. 1C). These cells were
localized near blood vessels and around satellite cells, and

FIG. 1. Morphological findings in the TG from uninfected and PRV-infected pigs. (A and B) Sections of TG obtained from the uninfected pig
and stained with HE. Both panels show the normal histological structure of this organ. (C and D) Sections of TG stained with HE at 12 hpi. (C)
A small number of mononuclear inflammatory cells (upper portion of the field) was already present in the TG. (D) Lymphocytes and macrophages
(arrows) were observed in direct apposition to neurons showing pathological changes. (E and F) Sections of TG stained with HE and TB,
respectively, at 48 hpi. (E) Apoptotic cells (arrows) among perineuronal inflammatory cells. (F) A macrophage containing phagocytosed apoptotic
bodies (arrow) between a neuron and its ensheathing satellite cell. An apoptotic lymphocyte can also be observed (arrowhead). (G and H) Sections
of TG stained with TB and HE, respectively, at 72 hpi. (G) Numerous apoptotic bodies (arrows) free or phagocytosed by macrophages within a
focus of neuronophagia. (H) Neurons, even those exhibiting profound pathological changes, did not show morphological features of apoptosis. All
light microscopy images in this report were obtained with a digital camera (Olympus DP10) adapted to a photomicroscope (Olympus BX50). The
software used to modify brightness and contrast was Adobe Photoshop 4.0 for Windows. Original magnifications, X100 (A and C), X200 (H), X400

(B and D), and X1,000 (E, F, and G).
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some were seen in direct apposition to neurons (Fig. 1D).
Pathological changes became apparent at 24 hpi. Large num-
bers of mononuclear cells infiltrated specific areas of the TG
and caused small foci of infection, which contained sensory
neurons exhibiting hallmarks of viral infection. The extent of
infection was greatly increased at 48 hpi. Several neurons at
different stages of neuronophagia were readily found within
multiple foci of inflammation. It was noteworthy that individ-
ual, infiltrating immune cells showed distinctive morphological
features of apoptosis, such as cell shrinkage, nuclear fragmen-
tation, and apoptotic body formation (Fig. 1E). Apoptotic bod-
ies were also identified as having been phagocytosed by mac-
rophages (Fig. 1F). Many of the apoptotic cells in these
sections could be identified as lymphocytes by morphological
criteria, but a few macrophages also had nuclei exhibiting typ-
ical hallmarks of apoptosis, including condensation of chroma-
tin at the nuclear margin. At 72 hpi, the number of infiltrating
immune cells in the TG was substantially larger, as was the
number of neurons involved in the extensive inflammatory
reaction. Apoptosis of infiltrating inflammatory cells was prev-
alent in the numerous foci of neuronophagia (Fig. 1G). Al-
though many sensory neurons appeared shrunken and exhib-
ited irregular outlines of both the nucleus and cytoplasm,
typical features of apoptosis were not observed in this gangli-
onic cell type at any time investigated (Fig. 1H).

IHC. No virus antigen was detected at 12 hpi or in TG
sections from the uninfected pig (Fig. 2A). PRV antigen was
first detected in the cytoplasm of very few infiltrating lympho-
cytes and macrophages at 24 hpi (Fig. 2B). No positive neuro-
nal immunoreaction was observed at this time of infection. At
48 hpi, viral antigen was present in the cytoplasm of isolated
sensory neurons of the TG, as well as in surrounding inflam-
matory cells (Fig. 2C). Many of the immunolabeled neurons
were encircled by antigen-positive satellite cells (Fig. 2C), and
positive cells, which by their distribution and morphology ap-
peared to be fibroblasts and Schwann cells, were also observed.
The number of immunolabeled neurons, lymphocytes, and
macrophages increased at 72 hpi (Fig. 2D). Positive immuno-
reaction was also detected in both free and phagocytosed ap-
optotic cells within foci of inflammation at both 48 and 72 hpi
(Fig. 2E and F). Although PRV antigen was detected in cells
distributed in areas of the TG that exhibited severe inflamma-
tory lesions, there was in general a poor correlation between
the number of immunolabeled cells and the magnitude of
pathological changes.

ISH. ISH was performed on TG sections which were imme-
diately adjacent to those tested for IHC to corroborate the
presence of PRV DNA in neurons and infiltrating inflamma-
tory cells. TG sections obtained from the noninoculated pig
and from pigs killed at 12 hpi were uniformly negative. At 24
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hpi, PRV DNA was detected in the nuclei of very few sensory
neurons and also in the nuclei of a small number of infiltrating
immune cells. Infected neurons were localized mainly in an
isolated fashion at 48 hpi (Fig. 2G), but at 72 hpi they appeared
clustered in groups of positive cells. Lymphocytes and macro-
phages around infected neurons and within foci of neurono-
phagia usually showed a positive reaction to the ISH technique
(Fig. 2G and H). Viral DNA was also detected in the nuclei of
satellite cells.

In situ TUNEL. To confirm the occurrence of apoptosis in
infiltrating inflammatory cells, the TUNEL technique was per-
formed on TG sections. None of the sections obtained from
animals killed at 12 hpi (Fig. 3A) or from the uninfected
control contained TUNEL-positive cells. At 24 hpi, small num-
bers of TUNEL-positive cells were detected in focal areas of
the TG (Fig. 3B). At 48 hpi, increasing numbers of TUNEL-
positive cells were localized around neurons and within foci of
neuronophagia. The TUNEL-positive cells were significantly
more abundant at 72 hpi (Fig. 3C), and many of them could be
observed within the cytoplasm of cells, which indicates engulf-
ment of apoptotic cells by neighboring cells and macrophages
(Fig. 3D). Apart from the fact that the TUNEL assay detected
apoptotic cells earlier, at 24 hpi, the distribution and temporal
development of TUNEL-positive cells in the TG of infected
pigs correlated directly with the distribution and temporal de-
velopment of apoptotic immune cells noted previously on sec-
tions stained for pathological examination. A TUNEL-positive
signal was not detected in the nuclei of sensory neurons, even
in those cells showing prominent pathological changes (Fig. 3B
to D).

Double labeling. Double-labeling experiments confirmed
that PRV antigen-positive cells and apoptotic cells were con-
centrated in the same regions of the TG in conjunction with
extensive tissue damage (Fig. 3E). It was surprising to find
double-labeled neurons in the TG of one animal killed at 48
hpi. This phenotype was uncommon, since it was not detected
in previously performed TUNEL assays, and only a total of 3
out of approximately 30 PRV antigen-positive neurons with
visible nuclei displayed TUNEL staining at this time postin-
fection (Fig. 3E). Double-positive neurons exhibited a well-
preserved morphology, and associated inflammatory reaction
was lower than in IHC-positive-TUNEL-negative neurons
(Fig. 3E and F). However, a few immune cells were also seen
in direct contact with apoptotic neuron cell bodies (Fig. 3E).
Double-positive neurons also exhibited lighter staining of PRV
antigen than did infected, nonapoptotic cells (Fig. 3E). A mix-
ture of single- and double-labeled infiltrating inflammatory
cells was observed surrounding all PRV-infected neurons (Fig.
3F). Although it was difficult to distinguish individual cells
accurately, the majority of them appeared to be single labeled

FIG. 2. Detection of PRV antigen (A to F) by IHC and of PRV DNA (G and H) by ISH in the TG of uninfected and PRV-infected pigs. (A)
TG section from the uninfected pig showing no positive immunoreaction. (B) Viral antigen (brown stain) was detected in the cytoplasm of a small
number of infiltrating immune cells (arrows) at 24 hpi. (C) At 48 hpi, PRV antigen was present in scattered neurons, in perineuronal inflammatory
cells, and in satellite cells (arrow). (D) Multiple foci of inflammation containing PRV antigen-positive neurons and inflammatory cells at 72 hpi.
(E) A PRV-infected neuron in the process of being eliminated by immune cells at 48 hpi. Note the presence of viral antigen in inflammatory cells,
some of them showing apoptotic morphology (arrows). (F) At 72 hpi, an infected neuron has been degraded and viral antigen is present in many
inflammatory cells, some of them exhibiting clearly an apoptotic appearance (arrows and inset). (G) PRV DNA (black stain) was detected in the
nuclei of neurons and in infiltrating inflammatory cells at 48 hpi. (H) Focus of neuronophagia containing numerous PRV-infected inflammatory
cells at 72 hpi. Original magnifications, X100 (A, C, D, and G), X200 (B and H), and X400 (E and F).
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FIG. 3. Detection of apoptotic cells (A to D) by the in situ TUNEL method and colocalization of PRV antigen and apoptotic cells (E and F)
by double labeling in the TG. (A) No apoptotic cells were detected in the TG at 12 hpi. (B) A few apoptotic inflammatory cells (black stain) were
observed among infiltrating inflammatory cells at 24 hpi. (C) The maximum number of apoptotic cells was observed at 72 hpi. Note the absence
of staining in neurons. (D) Apoptotic cells surrounding a neuron at 72 hpi. An apoptotic body seems to be phagocytosed by a macrophage (arrow).
(E) PRV antigen (brown stain) and apoptotic cells (black stain) were distributed in the same regions of the TG. Three TUNEL-positive neurons
(arrows and inset) were detected at 48 hpi. Note the presence of immune cells (arrow) in direct apposition to the IHC-positive-TUNEL-positive
neuron shown in the inset. (F) Detail of boxed area in panel E under higher magnification. PRV-infected neurons were usually TUNEL negative.
A double-labeled apoptotic cell can be identified (arrow). Original magnifications, X100 (A, B, C, and E) and X400 (D, F, and E [inset]).
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for either viral antigen or apoptosis, but some colabeled cells
were also detected (Fig. 3F). However, we also noticed a
marked decrease in staining of PRV antigen in all sections
tested for double labeling. Therefore, we cannot rule out the
possibility that the relative number of double-labeled cells
among infiltrating inflammatory cells is greater than observed.

Transmission electron microscopy. Analysis of thin sections
confirmed that a number of mononuclear inflammatory cells
found in the TG at 48 and 72 hpi exhibited typical ultrastruc-
tural features of apoptosis. Particularly, numerous infiltrating
lymphocytes could be observed undergoing this type of cell
death. Apoptotic lymphocytes were evidenced by the marked
nuclear and cytoplasmic condensation, showing extremely
compacted nuclear chromatin and the nucleus often frag-
mented into electron-dense masses (Fig. 4A and B). Apoptotic
bodies, intact or in the process of being degraded within
phagolysosomes, were frequently identified in the cytoplasm of
macrophages (Fig. 4B) and occasionally in satellite cells (Fig.
4C). Consistent with our findings at the level of light micros-
copy, macrophages exhibiting morphological characteristics of
apoptosis were occasionally observed. In addition to apoptosis,
necrosis also occurred among infiltrating immune cells, since
few necrotic macrophages were present within foci of inflam-
mation (Fig. 4B). These necrotic cells displayed a swollen ap-
pearance, with dilation and marked dissolution of cytoplasmic
organelles and rupture of the plasma membrane. Intranuclear
or intracytoplasmic capsids were not observed in infiltrating
macrophages or lymphocytes.

Neurons at early stages of infection showed complex in-
vaginations of the nuclear envelope and margination of the
nucleus to the periphery of the neuronal body. Cytoplasmic
organelles remained almost intact, apart from a slight dila-
tion of reticulum endoplasmic cisternae and Golgi profiles.
In the connective tissue surrounding infected neurons, in-
filtrating inflammatory cells were usually present (Fig. 4A).
Lymphocytes and macrophages were often localized within
the enlarged spaces that became apparent between infected
neurons and their surrounding satellite cells (Fig. 4B). Nu-
cleocapsids were detected in the nucleus and cytoplasm of
infected neurons, but they were not observed in the reactive
satellite cells. Neurons at advanced stages of infection dis-
played profound pathological changes and were surrounded
by large numbers of inflammatory cells (Fig. 4D). Their
nuclei showed marked convolution of the nuclear envelope
and margination of the chromatin against the inner nuclear
membrane. Capsids at different stages of assembly were
observed in the nucleoplasm, but identification of cytoplas-
mic nucleocapsids or even organelles was difficult due to the
dense degeneration of this cell compartment. Most strik-
ingly, we could observe a single infected sensory neuron that
showed typical features of apoptosis at 72 hpi (Fig. 4E).
These features consisted of nuclear chromatin condensation
into an amorphous electron-dense mass and a compacted
cytoplasm containing altered mitochondria and translucent
vacuoles. Intracytoplasmic aggregations of empty capsids
and DNA-containing nucleocapsids were evident (Fig. 4F
and G), but enveloped nucleocapsids were not observed
within the condensed cytoplasm.
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DISCUSSION

In this study, we investigated the ability of a virulent strain of
PRV to induce and block apoptosis in the TG during acute
infection of swine. The findings reported here strongly suggest
that PRV is able to inhibit apoptosis of TG neurons induced by
the virus itself as well as by cytotoxic cells, although sporadic
neuronal virus-induced apoptosis also occurs. Furthermore,
our results also suggest that viral infection activates the cell
death program both directly and indirectly in part of the in-
flammatory cells that infiltrate the TG.

TG tissue sections assayed simultaneously for the presence
of PRV antigen by IHC and for apoptosis by TUNEL indicated
that the majority of the infected neurons were not undergoing
apoptosis. The implication of this finding is that PRV carries a
gene(s) whose function is to inhibit apoptosis as a cellular
response to viral infection. It is tempting to speculate about the
identity of the gene products expressed by PRV with the ca-
pacity to interfere with elements of the highly controlled bio-
chemical pathway which regulates cell death. The protein ki-
nase encoded by the PRV Us3 gene and expressed during
productive infection (42, 47) might have an antiapoptotic func-
tion in this virus, as it does in HSV-1 and HSV-2 (15, 21, 25).
The PRV LAT gene is also a suitable candidate to play a role
in blocking the host cell apoptotic response to viral infection,
similar to HSV-1 and BHV-1 LAT genes (8, 34). In that re-
spect, there is recent evidence that the PRV LAT gene is also
transcribed during a productive infection of cultured cells and
that one of the three lytic cycle viral RNAs expressed could be
translated (22). Notably, the authors found that the putative
protein encoded by open reading frame 1 of this RNA has
homology to an inhibitor of apoptosis expressed in muscle cells
(22). If the Us3 and LAT gene products retain antiapoptotic
activity in PRV, they may be cooperating with themselves or
with additional antiapoptotic gene products to prevent apopto-
sis of the infected neurons.

The failure to detect DNA fragmentation in most of the
PRV-infected neurons is even more striking if we take into
account that numerous mononuclear inflammatory cells were
seen in direct apposition to them. Although immunocytochem-
ical studies would be necessary in order to identify the various
subclasses of infiltrating immune cells in the TG, it is expected
that cytotoxic T lymphocytes and NK cells are present among
them. These specialized immune cells destroy virus-infected
cells, including neurons, by inducing apoptosis (5, 13, 20, 30).
Thus, our findings suggest that PRV blocks not only the exe-
cution of the cell death program triggered as a direct response
of the host cell to virus infection but also apoptosis induced by
cytolytic cells during productive infection in its host. Similarly,
it has been reported that HSV-1 protects infected cells from
apoptosis induced by cytotoxic T lymphocytes (20) as well as by
the effectors of the immune system, such as Fas and tumor
necrosis factor alpha-mediated pathways (13).

However, we also detected the presence of a small number
of THC-positive-TUNEL-positive neurons in the TGs of one
of the animals killed at 48 hpi. These cells displayed a well-
preserved morphology, suggesting that they were recently in-
fected neurons, and the associated inflammatory reaction was
lower than that shown by IHC-positive-TUNEL-negative neu-
rons. The detection of PRV antigen in the cytoplasm of these
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apoptotic neurons, together with the absence of neurons with
an THC-negative-TUNEL-positive phenotype, indicates that
virus infection directly triggered the apoptotic pathway. Curi-
ously enough, staining of PRV antigen in apoptotic neurons
was lighter than staining in IHC-positive-TUNEL-negative
neurons. It has been suggested that apoptotic cells display a
reduced immunoreactivity due to extensive cell shrinkage and
proteolysis of cytoplasmic proteins, thus hindering or preclud-
ing the recognition of antigenic sites (31).

Electron microscopy examination allowed us to identify one
infected ganglionic neuron exhibiting morphological features
of apoptosis in the TG of a pig killed at 72 hpi. This finding
confirmed on the one hand that apoptotic neurons detected on
paraffin sections were not false-positive results of the TUNEL
method due to nonspecific DNA degradation during necrotic
cell death and on the other hand that neuronal cell death was
the result of virus infection. Naked capsids and nucleocapsids
measuring approximately 100 nm in widest diameter were
found in the cytoplasm of this neuron. Unlike the nuclei of the
other PRV-infected neurons analyzed during this experiment,
the nucleus of the apoptotic neuron contained condensed
chromatin, a morphological hallmark of apoptosis (17, 46).

The presence of neuronal apoptosis in the TG of PRV-
infected pigs was not unexpected, since apoptosis is an impor-
tant strategy of cell defense against viral infections (32, 39, 41).
PRV might have been unable to block the cell death pathway
after virus-induced activation of apoptosis, so that the bio-
chemical cascade leading to chromosomal DNA fragmentation
was actually completed. Since few immune cells were also
observed in direct apposition to apoptotic neurons, another
possibility is that cytotoxic cells might have induced the exe-
cution of the cell death program before viral inhibition was
effective. Finally, the low apoptosis level detected in PRV-
infected neurons in this study is rather similar to that observed
during acute infection in the rabbit TG with a wild-type strain
of HSV-1 (34), indicating that this is a sporadic but not unusual
event during productive infection of sensory TG neurons and
probably of other types of neurons by alphaherpesviruses.

PRYV infection of TG neurons induced the focal recruitment
of numerous immune cells, mainly monocytes/macrophages
and lymphocytes, which entered the infected regions from cap-
illary vessels. The magnitude of the organized inflammatory
reaction was temporally and spatially correlative to the extent
of the infection and the appearance of lesions in the TG of the
infected animals. Many lymphocytes and macrophages located
around PRV-infected neurons were also infected, as was re-
vealed by IHC and ISH assays.
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Inflammatory cells exhibiting morphological characteristics
of apoptosis were a common finding from 48 hpi until the end
of the experiment. Almost all of the apoptotic cells were lo-
calized within foci of inflammation that were organized around
neurons showing apparent pathological changes. The occur-
rence of apoptosis among infiltrating immune cells was subse-
quently corroborated by the TUNEL method and ultrastruc-
tural examination. The TUNEL method revealed the presence
of apoptotic cells among infiltrating inflammatory cells even
earlier, at 24 hpi. According to their size and morphological
features, most apoptotic cells seemed to be lymphocytes and,
to a low extent, macrophages. The question arising after this
observation is whether the immune cells dying by apoptosis
were also infected with PRV or whether apoptosis occurred in
uninfected bystander cells which are near infected cells.

Although our double-labeling experiments showed that
PRV antigen-positive cells and TUNEL-positive cells were
concentrated in the same areas of the TG, the majority of the
infiltrating inflammatory cells were labeled for either PRV
antigen or apoptosis and only few cells were colabeled for
both. However, colocalization of both positive signals on indi-
vidual cells was difficult to perform, due to the smallness of the
cells and to the scarce cytoplasm associated with the apoptotic
signal. Therefore, it is possible that the relative number of
infected apoptotic cells among immune cells is higher than
observed. Moreover, there are several factors which would also
confirm this supposition. (i) The ICH assay showed the pres-
ence of PRV antigen in the cytoplasm of larger numbers of
apoptotic inflammatory cells. (ii) We noticed a marked de-
crease in staining of PRV antigen in the sections tested for
double labeling, probably due to degradation of antigenic sites
during protease digestion. (iii) Apoptotic neurons exhibited
lighter staining of PRV antigen than did IHC-positive—
TUNEL-negative neurons, suggesting that this is likely to oc-
cur in infiltrating immune cells as well. (iv) IHC-negative—
TUNEL-positive infiltrating immune cells can be infected, but
the amount of PRV antigen expressed in these cells may not be
enough to be detected by IHC, or else a nonproductive infec-
tion may have taken place (28). (v) Apoptotic cells break into
apoptotic bodies, some of which can be formed exclusively by
portions of IHC-positive cytoplasm, while some others can
hold TUNEL-positive nuclear fragments.

On the other hand, we cannot exclude the possibility that
apoptosis observed among infiltrating inflammatory cells oc-
curs in uninfected bystander cells present in the vicinity of
PRV-infected cells. This indirect mechanism of virus-induced
apoptosis has been proposed to occur during infection by var-

FIG. 4. Transmission electron microscopy of TG at 48 hpi (A) and 72 hpi (B to G). (A) Apoptotic lymphocytes (arrows) in the connective tissue
between two neurons (N). (B) Inflammatory cells within the enlarged space between a neuron (N) and its satellite cells (asterisks). The
macrophages (M) show morphological features of necrosis, and one of them contains a partially degraded lymphocyte within its cytoplasm
(arrowhead). An apoptotic lymphocyte (arrow) with highly condensed nuclear fragments and a healthy lymphocyte (L) can also be identified. (C)
A moderately degraded apoptotic lymphocyte (arrow) is surrounded by thin cytoplasmic projections (arrowheads) of a satellite cell, which indicates
phagocytosis. An infected neuron (N) is shown. (D) A TG neuron (N) exhibiting advanced pathological changes is surrounded by a satellite cell
(8) and two macrophages (M). The infected neuron shows margination of nuclear chromatin and convolution of the nuclear outline. (E) Apoptotic
neuron displaying a condensed cytoplasm and a highly condensed nucleus (N). A surrounding satellite cell (asterisks) with its basal lamina (arrows)
is displayed. (F and G) Details of boxed areas in panel E under higher magnification. (F) Empty and DNA-containing capsids measuring 100 nm
in diameter in the cytoplasm of the apoptotic neuron. (G) Aggregate of naked nucleocapsids. The original negatives were digitized with a scanner
(Epson GT-7000 photo), and brightness and contrast were corrected by using the graphic program Adobe Photoshop 4.0 for Windows. Original
magnifications, X1,000 (A), X2,500 (B and D), X4,000 (C), and x10,000 (E).
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ious viruses, such as human immunodeficiency virus type 1 (9,
16), reovirus (31), HSV-1 (19), and BHV-1 (44). The local
release of immunologically active cytokines (tumor necrosis
factor alpha, gamma interferon) from ganglionic cells and in-
filtrating immune cells can account for the presence of unin-
fected apoptotic cells near PRV-infected cells (31, 40). In
addition, it has been reported that CD3/T-cell receptor molec-
ular complex stimulation of activated T lymphocytes triggers
apoptosis, an event termed activation-induced cell death and
mediated by the Fas and tumor necrosis factor receptor path-
ways (3, 24, 45). Thus, activation-induced cell death could also
be involved in the induction of apoptosis in uninfected lym-
phocytes during PRV infection of the TG. Finally, there is the
possibility that the TUNEL technique may have detected non-
specifically degraded DNA fragments due to necrotic cell
death, since few necrotic macrophages were observed within
foci of inflammation.

Therefore, our results suggest that infection of the pig TG by
PRV induces the death of infiltrating immune cells by a com-
bination of direct and indirect mechanisms. However, it is also
possible that apoptosis of immune cells is triggered mainly by
a direct mechanism, but because of the difficulty in identifying
infected apoptotic cells accurately, either TUNEL-positive or
IHC-positive cells are detected more frequently than double-
labeled cells.

It has been shown that both HSV-1 and BHV-1 can infect
activated T lymphocytes, leading to apoptosis of infected cells
(12, 14, 19, 38, 44). One of the hypotheses put forward is that
uninfected cytotoxic T lymphocytes recognize and kill infected
T lymphocytes. This results in an immune evasion mechanism
which can be used by viruses able to infect and replicate in
activated T lymphocytes, even though these viruses mainly
propagate in nonlymphoid cells (38). Regarding PRV, it is
known that it infects monocytes and activated T lymphocytes,
although viral replication in these cells is clearly restricted (28).
The death of some infected monocytes and lymphocytes has
also been reported after an in vitro inoculation with PRV (7,
43), but the precise mechanisms of cell death were not inves-
tigated. The results of our in vivo study show the occurrence of
PRV-induced apoptosis in mononuclear immune cells that in-
filtrate the TG and suggest that it may account for suppression
of cell-mediated immunity following infection of swine.

The results obtained in this study provide new and signifi-
cant data on the interactions between PRV and its natural
host, which can contribute to a better understanding of the
pathogenesis of PRV infection. In summary, a virulent strain
of PRV is able to inhibit apoptosis of the majority of infected
TG neurons during acute infection of swine. PRV inhibition of
apoptosis allows the production of high yields of progeny virus
which can spread transsynaptically and infect higher-order
neuronal levels in the CNS. Significantly, the ability of PRV to
block apoptosis of infected neurons may play an important role
in the establishment, maintenance, and reactivation of latent
infections in the TG of infected pigs. PRV also seems to have
developed an efficient strategy of evasion against cell-mediated
immunity: on the one hand, most PRV-infected TG neurons
are protected from cytotoxic cell-induced apoptosis; on the
other hand, the role of immune cells in controlling PRV in-
fection in the TG is impaired, since many of the cells recruited
into the infected areas die via induction of apoptosis.
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