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After intraocular injection of the virulent pseudorabies virus (PRV) strain Becker into late-stage chicken
embryos, the virus spreads and replicates in the brain, where severe edema and hemorrhaging follow. By
contrast, the attenuated Bartha strain does not cause severe brain pathology despite viral replication and
spread throughout the brain (B. W. Banfield, G. S. Yap, A. C. Knapp, and L. W. Enquist, J. Virol. 72:4580-4588,
1998). These observations prompted us to explore the mechanism by which the virulent Becker strain mediates
pathology in the chicken embryo central nervous system (CNS). To test the hypothesis that Becker infection
induced an inflammatory response in the developing CNS, we examined the ability of the anti-inflammatory
corticosteroid dexamethasone (Dex) to protect chicken embryos from PRV-induced brain damage. We found
that Dex is not sufficient to protect the chicken embryo CNS from damage due to Becker infection. Surprisingly,
systemic Dex delivery appeared to potentiate CNS damage, which was preceded by petechial hemorrhaging in
the optic lobes. Taken together, these data suggest that the severe pathology elicited during the Becker infection
is due not to immunopathology but to damage by the virus itself, possibly through the damage to or destruction

of endothelial cells.

The alphaherpesvirus subfamily contains the neurotropic
human pathogens herpes simplex virus type 1 (HSV-1) and
HSV-2 as well as the swine pathogen pseudorabies virus
(PRV). Alphaherpesviruses enter their hosts through the mu-
cosal epithelium and then spread to the peripheral nervous
system where the viruses establish a lifelong latent infection in
the sensory ganglia. Upon reactivation, newly synthesized virus
is able to reinfect the mucosal epithelium. In healthy adults,
infection, establishment of latency, and reactivation generally
do not cause serious health problems. In neonatal and immu-
nocompromised individuals, however, the replication and
spread of virus in the peripheral tissues are not controlled by
the immune system, and the virus can spread systemically,
often infecting the central nervous system (CNS) with lethal
consequences. We have taken advantage of the chicken em-
bryo eye model to examine the roles of individual alphaher-
pesvirus genes in acute infection of the developing CNS.

In this model, the virulent PRV strain Becker elicits frank
tissue pathology that is characterized by edema, hemorrhage,
and ultimately liquefaction of brain tissue. By contrast, the
attenuated Bartha strain replicates and spreads throughout the
brain efficiently without causing significant tissue damage (1).
These data indicated that the host responds differently to brain
infections by virulent and attenuated strains of PRV. Studies of
various viruses that cause acute, lethal neurological diseases
have shown that viruses can cause neuronal damage, either
directly from damage due to the viral infection itself or indi-
rectly from damage caused by resident or invading immune
cells responding to viral antigens. For example, it has been
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shown that infection with rabies virus does not produce a
strong inflammatory response (7). However, rabies virus-in-
fected cells do show a strong downregulation of late-host-
response gene expression and cell death apparently due to
apoptosis. The highly virulent street strains of rabies virus do
not induce apoptosis until very late in infection (7), which
allows the virus to replicate and spread throughout the brain of
the host. By contrast, experiments using the anti-inflammatory
corticosteroid dexamethasone (Dex) showed that the neuronal
damage in Borna virus disease is due to the destructiveness of
the adaptive immune response to viral antigens (5).

How then does PRV cause tissue damage in the brain, and
why do the virulent virus strains cause this neuropathology but
the attenuated strains do not? One clue to the answer to this
question comes from the observation that 36 to 48 h after
inoculation, prior to the appearance of hemorrhage, Becker-
but not Bartha-infected embryos develop edema, a hallmark of
inflammation (1). This observation suggests that Becker in-
duces an acute inflammatory response in the brains of infected
embryos but that Bartha does not. In addition, studies of the
closely related human pathogen, HSV, have shown that during
herpes simplex encephalitis there is a strong acute inflamma-
tory response as well as a long-term cellular and humoral
immune activation (14, 23, 26). Herpes simplex encephalitis is
characterized by many of the same pathologies that we observe
after intraocular (IO) infection of chicken embryos with viru-
lent PRV strains, including swelling of brain tissue and pete-
chial hemorrhaging (3, 12). These similarities may suggest that,
as with Borna disease virus, it is the destructiveness of the
immune response to virulent PRV strains that causes the se-
vere brain pathology. Thus, we anticipated that inhibitors of
the inflammatory response, such as Dex, would protect against
the neuronal damage caused by PRV. The present study dem-
onstrates that Dex is unable to protect against the severe neu-
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FIG. 1. PRV infection in the chicken embryo eye model. (A) Dor-
sal view of whole brains 72 h after IO injection with 10° PFU in 1 pl
of either the virulent Becker (left) or the attenuated Bartha (right)
strain of PRV. (B) Serial cryostat sections (14-pm thick) of Becker-
infected (left) or Bartha-infected (right) brains 72 h after inoculation.
Sections were stained with an antibody specific to gB, followed by an
Alexa 568 conjugated secondary antibody. The red fluorescence indi-
cates virus infection. (C) Serial sections corresponding to sections
shown in panel B were stained with H&E.

ropathology that is elicited by the virulent PRV Becker strain,
indicating that the host immune response is not responsible for
the observed tissue damage. Furthermore, our data suggest
that the virulent Becker strain infects brain endothelial cells
efficiently but that the attenuated Bartha strain does not. These
data may suggest that differences in cell tropism influence the
degree of tissue pathology after acute infection of the CNS by
alphaherpesviruses.

10 injection of PRV. For these investigations, viruses were
propagated and their titers were determined on PK15 cells,
and 1 pl of inoculum containing 10° PFU of virus was injected
IO into the chicken embryo as described previously (1). Pre-
viously, the PRV Becker strain was shown to be nearly 100-fold
more virulent than the Bartha strain, as demonstrated by de-
termining the 50% lethal doses after 1O injection into the
chicken embryos (1). Gross morphological examination of the
brains of embryos infected with either Becker or Bartha
showed a marked difference in pathologies (Fig. 1A). By 72 h
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after injection, the Becker-infected embryo showed severe
hemorrhaging in the brain stem and both optic lobes (Fig. 1A).
By contrast, the Bartha-infected embryo showed no signs of
hemorrhaging or tissue damage in the brain despite the ability
of the virus to replicate and spread efficiently in the brain (Fig.
1A). Brains from Becker- and Bartha-infected embryos were
harvested, fixed in 4% paraformaldehyde for 16 h, transferred
to 20% sucrose for a minimum of 16 h, and stored at 4°C until
frozen at —80°C in Histo-prep embedding medium (Fisher
Scientific Co., Pittsburgh, Pa.). Frozen tissue was sectioned in
the coronal plane into 14-pwm-thick sections at —20°C with a
cryostat. Figure 1B and C show serial sections through the
isthmo-optic nucleus (ION) of Becker- or Bartha-infected
brains that were either stained for viral antigen by using a
monoclonal antibody specific for the membrane glycoprotein B
(gB) (Fig. 1B) or stained with hematoxylin and eosin (H&E)
(Fig. 1C). The ION was examined because it is the first site of
the brain to be infected after IO inoculation (B. W. Banfield,
N. Brecha, and L. W. Enquist, unpublished observations). At
72 h after injection, the Becker-infected brain showed signifi-
cant viral infection through the ION (Fig. 1B). Similarly, the
Bartha-infected brain also showed significant infection in the
ION (Fig. 1B). Despite the fact that both viruses caused sig-
nificant infection, only the Becker virus caused extensive hem-
orrhaging and tissue damage in the ION, as seen in the H&E-
stained sections (Fig. 1C). Four Becker-infected animals were
examined. With H&E staining, the Bartha-infected brain tissue
showed normal structure and no signs of hemorrhaging (Fig.
1C). The brains from four Bartha-infected embryos were sec-
tioned, stained with H&E, and examined. There was no indi-
cation of hemorrhaging in the Bartha-infected brain sections
despite extensive infection throughout the brains.

Dex is capable of protecting against LPS-induced inflam-
mation. Lipopolysaccharide (LPS) from the cell walls of gram-
negative bacteria is a useful reagent for eliciting an acute
inflammatory response. Corticosteroids are potent inhibitors
of inflammation, and Dex has been shown to inhibit the in-
flammatory response in many animal models, including that of
the chorioallantoic membrane of chicken embryos (2, 4, 8). We
first wanted to show that Dex was capable of inhibiting an
inflammatory response in the brains of chicken embryos. We
began by injecting 1 pl of LPS in a range of concentrations
(from 5 to 150 ng/ml) intracranially (i.c.) into 75 embryos at
embryonic day 13 (E13) to determine the level of LPS neces-
sary to elicit an inflammatory response in this model. Because
IO injections of virus are performed at E12, and the virus
requires 18 to 24 h to reach the brain, the LPS was injected i.c.
at E13 so that both LPS- and Becker-induced brain pathologies
would occur at the same developmental stage. A total of 24
embryos were sacrificed at 6, 24, and 48 h after injection, and
their brains were examined for indications of inflammation. All
24 of the LPS-treated embryos developed edema and hemor-
rhaging throughout the brain. However, the brains of five em-
bryos treated with 100 ng of LPS per ml developed gross
pathologies by 24 h similar to those seen in Becker-infected
brains by 48 h after injection.

We next determined that Dex was able to inhibit the LPS-
induced inflammatory response. At E12, we injected 20 em-
bryos with 100 .l of 100 wuM Dex in sterile saline intravenously
(iv.). Briefly, eggs were candled to locate a suitable blood
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vessel for injection. A small section of shell was removed from
above the blood vessel in each egg, and a drop of sterile
mineral oil was applied to the dry membrane to visualize the
chorioallantoic membrane beneath it. A 28-gauge needle at-
tached to a syringe loaded with Dex was inserted into the vein,
and the Dex was slowly injected into the bloodstream. This was
followed on E13 by i.c. injection of 100 ng of LPS per ml. Forty
control animals were injected either with Dex i.v. and sterile
saline i.c. (n = 20) or with sterile saline i.v. and i.c. (n = 20).
Of the nine Dex-treated embryos examined, none developed
edema or hemorrhaging in the brain other than minor tissue
damage at the LPS injection site (data not shown). These data
indicated that treatment with 100 uM Dex 24 h prior to LPS
challenge protected the embryos from LPS-induced hemor-
rhaging in the brain. In addition to providing protection
against the LPS-induced brain pathology, treatment with Dex
also increased the mean survival time of the embryos from 36 h
post-LPS challenge to 62 h post-LPS challenge (15 embryos
per group).

Dex is unable to protect against Becker-induced pathology.
Once we determined that a 100-pl dose of a 100 wM solution
of Dex was effective in preventing LPS-induced inflammation,
we wanted to determine whether Dex was capable of prevent-
ing the severe brain pathology induced by Becker infection. On
E12, 31 embryos were injected intravenously with Dex and
then briefly returned to the incubator to recover. Four to 6 h
after the i.v. injections, the embryos were injected 10 with 10°
PFU of Becker. At 24, 48, 72, and 96 h after the Becker
injections, six embryos, one or two per time point, were sacri-
ficed and the brains were removed for examination. Gross
morphological examination of each of the embryos showed
increasingly severe tissue pathologies over time. This pattern
of progressive hemorrhage and tissue damage over time is
characteristic of Becker infection in this model (1). Figure 2
shows the gross morphology of representative brains 72 h after
the inoculation of a Becker-infected embryo and a Becker-
infected embryo treated with Dex. Surprisingly, we found that
Dex was ineffective in preventing the virus-induced hemor-
rhaging and edema of infected chicken embryos. In fact, the
damage appeared more severe in the six Dex-treated embryos
than in the three embryos examined that received no steroid
treatment. These data suggested that the Becker-induced brain
pathology was not due to an inflammatory response. More-
over, it appeared that the host inflammatory response was
protective against the virus-induced tissue damage. Figure 2
shows H&E-stained sections of untreated and Dex-treated
Becker-infected brain tissues 48 h after injection. These sec-
tions showed a large amount of blood throughout the brain
tissue. H&E-stained sections 72 h after injection showed an
increased amount of blood in the tissue as well as large areas
of tissue destruction (Fig. 2). Based on these observations, we
investigated whether Dex treatment would have an effect on
the inability of Bartha to cause tissue damage. Gross morpho-
logical examination of whole brains and H&E-stained sections
of four Bartha-infected, Dex-treated embryos indicated that
steroid treatment did not enable Bartha to cause tissue damage
in infected brains (data not shown).

We next assessed the effects of the Dex treatment on the
survival of the embryos by measuring time to death (Fig. 3).
The high mortality of the control groups illustrates the severity
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FIG. 2. Dex does not protect against Becker-induced brain pathol-
ogy. At E12, embryos were injected iv. with 100 pl of either sterile
saline (left) or 100 uM Dex (right), followed by 10° PFU in 1 pl of
Becker at E12.(Upper panels) Dorsal view of whole brains 72 h after
Becker inoculation; (middle panels) H&E-stained, 14-um-thick sec-
tions from the brains of Becker-infected embryos 48 h after 10 injec-
tion; (lower panels) H&E-stained, 14-pm-thick sections from the
brains of Becker-infected embryos 72 h after 1O injection.

of the injection procedure. By 72 h after 10 injection of the
Becker virus, 100% of the embryos treated with Dex died (n =
13) whereas 28% of the infected embryos not treated with
steroid survived (n = 11). Similarly, 100% of the nine Bartha-
infected embryos treated with steroid had died by 72 h after
infection, whereas 11% of the nine untreated Bartha-infected
embryos survived to 132 h after infection. These data support
our morphological analysis in that not only did the Dex treat-
ment not protect the embryos against the Becker-induced pa-
thologies, but, in fact, it also slightly decreased the embryos’
survival times. Taken together, these data suggest that not only
is the inflammatory response of the chicken embryo not the
causative agent of the Becker-induced pathology but also sup-
pression of inflammation increases the virulence of the virus,
indicating that the damage to the brain is not caused by in-
flammatory cells but is a result of the viral infection itself.
Becker, but not Bartha, is able to infect endothelial cells.
During Becker infection in the presence or absence of Dex
treatment, we often observed petechial hemorrhaging (Fig. 2).
Petechial hemorrhaging is characteristic of endothelial cell
damage. We therefore hypothesized that Becker infection was
causing damage to the endothelial cells of the brain. We pro-
posed that Becker, but not Bartha, was able to infect the
endothelial cells of the brain, causing damage or death that
would lead to an increase in vascular permeability or disrup-
tion of the vascular integrity. To test this hypothesis we stained
Becker- or Bartha-infected brain sections with antisera against
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FIG. 3. Dex reduces the mean time to death of Becker- and Bar-
tha-infected embryos. Chicken embryos were injected i.v. with 100 pl
of either 100 wM Dex or sterile saline, followed by IO injection with
10° PFU in 1 pl of Becker (n = 11) or Bartha (n = 9). The y axis shows
the percentage of embryos surviving. The x axis shows the time in hours
after virus injection.

PRV gB and von Willebrand factor (vWF), an endothelial cell
marker. A minimum of 12 coronal sections throughout the
brains of Becker- and Bartha-infected embryos were examined.
Figure 4 shows representative sections. An Alexa 568-conju-
gated secondary antibody (anti-gB) was used to detect the viral
infection (red), while an Alexa 48-conjugated secondary anti-
body (anti-vWF) was used to detect the endothelial cells
(green) in the tissue. Merged images of the fluorescent images
are shown in Fig. 4. The Becker-infected tissues show precise

anti-gB

Bartha
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colocalization of the infected cells with the vWF-expressing
endothelial cells, indicating that there is viral infection in these
cells. However, the Bartha-infected cells do not colocalize with
the endothelial cells, indicating that there is no endothelial cell
infection. We were unable to detect Bartha infection of endo-
thelial cells in any sections, whereas Becker infection of endo-
thelial cells was readily observed. In sections where endothelial
cells could be precisely identified, the only cells infected with
Becker were endothelial cells. This was likely due to the ex-
tensive tissue damage caused by the Becker strain; once the
Becker virus invades any area of the brain, the tissue destruc-
tion of that area proceeds very quickly. It is therefore difficult
to locate areas of richly infected brain tissue that maintain
enough structural integrity to identify distinct cell types. By
contrast, Bartha infection does not cause this tissue destruction
so that tissue architecture is maintained in the presence of
extensive viral infection.

In this report, we provide evidence that the tissue pathology
induced by the virulent Becker strain in the chicken embryo
brain is not a result of an inflammatory response by the host.
We also show that this virus-induced damage is somewhat
inhibited by the host’s innate immune response. Initial infec-
tion by most viruses causes a rapid, nonspecific immune re-
sponse by the host (24, 25). This response includes the rapid
secretion of pro- and anti-inflammatory cytokines and chemo-
kines in a complex, tightly regulated cascade that makes up an
acute inflammatory response (9). It is not surprising then that
viruses have evolved a variety of ways of interfering with this
response. Once disregulated, this cascade of events in the in-
flammatory process can cause serious harm to the host, such as
the overproduction of interleukin-1 and tumor necrosis factor
alpha that leads to septic shock (11).

Leshchinsky and Klasing showed that LPS induces the pro-
duction of the proinflammatory cytokines interleukin-13, my-
elomonocytic growth factor, and gamma interferon as well as
the anti-inflammatory cytokine transforming growth factor g in
day-old chickens (15). We have shown, at a gross morpholog-

anti-vWF

Merge

FIG. 4. Becker, but not Bartha, is able to infect endothelial cells. Becker- and Bartha-infected brains were harvested and sectioned 72 h after
infection. Sections were stained with antibodies specific to gB and vWF, an endothelial cell marker, followed by Alexa 568 and Alexa 488
conjugated secondary antibodies. The panels show phase-contrast images of the brain sections (Phase), red fluorescence indicating virus-infected
cells (anti-gB), green fluorescence indicating endothelial cells (anti-vWF), and merged images of the red- and green-fluorescent panels (Merge).

Arrowheads indicate blood vessels within the brain tissue.
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ical level, that LPS-induced inflammation produces character-
istic edema and causes hemorrhaging in the brains of late-stage
embryos and that immunosuppression by Dex inhibits this in-
flammatory response. Additionally, Dex-treated animals had a
greater rate of survival than did the untreated animals. Taken
together, these data indicate that Dex is a potent inhibitor of
inflammation in the chicken embryo model.

After IO injection in the chicken embryo, the virulent
Becker strain of PRV spreads to well-defined areas of the
brain. This infection of the chicken embryo brain results in a
severe pathology characterized by edema, hemorrhaging, and
ultimately liquefaction of brain tissue and embryo death (1).
Interestingly, the attenuated Bartha strain of PRV is also ca-
pable of infecting the brain of chicken embryos and will ulti-
mately cause the death of the animals but does not cause any
of the edema, hemorrhaging, or tissue damage seen with
Becker infection (reference 1 this report). This difference in
pathology is not related to the spread of the viruses in the brain
because the Bartha strain is able to spread throughout the
midbrain and brain stem prior to death (1). Presumably, the
lethality of Bartha is due to the extensive spread of virus
throughout the brain so that areas critical to survival are ulti-
mately destroyed. However, death occurs much sooner in
Becker-infected animals and prior to extensive viral spread in
the brain. This would suggest that it is the severe pathology
elicited by the Becker virus rather than the spread of the viral
infection itself that is the cause of death in these animals. The
attenuated Bartha strain is a vaccine strain that has several
well-characterized mutations in its genome. The genome of
PRV is separated into two distinct regions, designated the
unique long region (UL) and the unique short region (US),
with the US flanked by inverted repeat sequences. Within the
UL of the Bartha genome are several point mutations in the gC
(22), UL21 (13, 17), and gM genes (6). Mutations in the US of
Bartha include the gene encoding US3 (18) and a large dele-
tion that eliminates the expression of g, gE, US9, and US2 (16,
19, 20). We have shown that by repairing the large deletion in
Bartha with Becker sequences, we restored the ability of the
Bartha virus to cause tissue damage and hemorrhaging in the
chicken embryo brain (A. C. Clase and B. W. Banfield, unpub-
lished observations). This finding suggests that of gE, gI, US9,
and US2, one or more play a role in the development of this
pathology.

The edema and hemorrhaging seen in Becker-infected ani-
mals are likely caused by an increase in vascular permeability
within the brain. Vascular permeability can be affected by viral
infection in a number of ways. One possibility is that the
Becker infection induces the production of inflammatory cy-
tokines. It has been demonstrated that astrocytes and brain
macrophages in PRV-infected rodents contain viral antigens
(21). It follows that these phagocytic cells may become acti-
vated and begin secreting inflammatory products in an effort to
combat the viral infection. However, here we show that Dex is
unable to inhibit the Becker-induced pathology. Additionally,
pretreatment with Dex appears to have a deleterious effect on
Becker-infected embryos, causing a more severe tissue pathol-
ogy (Fig. 2) and decreasing the mean time to death in treated
embryos infected with Becker or Bartha (Fig. 3). Taken to-
gether, these data suggest that the host inflammatory response
is not responsible for the death of Becker-infected embryos
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and may be impeding the viral infection. Alternatively, Dex
treatment of infected embryos may enhance the replication of
virus in the brain, resulting in increased tissue damage as well
as a reduced mean time to death. Regardless of the precise
mechanism leading to tissue damage, suppression of the in-
flammatory response by Dex does not protect chicken embryos
from virus challenge.

It is also possible that the Becker strain of PRV is able to
infect endothelial cells in the brain, damaging them and lead-
ing to vascular leakage. It has been shown that endothelial cells
begin forming the blood-brain barrier by E10 during chicken
embryonic development (10). Damage to these cells could
disrupt this protective function, leading to local vascular leak-
age as well as damage to distant areas through an interruption
in the blood supply. Petechial hemorrhaging like that seen in
both the Dex-treated and untreated Becker-infected embryos
is often associated with damage to endothelial cells (Fig. 2).
Experiments indicated that Becker, but not Bartha, was able to
infect endothelial cells in the chicken embryo CNS after 10
infection (Fig. 4). We believe that of gE, gl, US9, and US2, one
or more may be involved in this altered cell tropism.

Collectively, the results presented here suggest that the se-
vere tissue pathologies seen in the brains of Becker-infected
chickens are not the results of uncontrolled inflammatory re-
sponses by the hosts. Thus, infection and destruction of a
critical cell type such as endothelial cells would be predicted to
result in extensive tissue damage. Experiments to define the
role of endothelial cell infection in this severe pathology are
under way.
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