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EXPERIMENTALLY INDUCED DISEASE

Kinetics and Pathogenicity of Oral Infection by
Equine Herpesvirus-9 in Mice and Suckling
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Summary

The pathogenesis and kinetics of oral infection by equine herpesvirus (EHV)-9 were studied in mice and ham-
sters. After oral inoculation of 105 plaque-forming units (PFU) of virus, 1-week-old suckling hamsters showed
varying severity of neurological disease from 72 hours post inoculation (hpi) and all of these animals had died
by 96 hpi. Four-week-old ICR mice inoculated orally with 4� 104 PFU of virus showed no clinical signs, but
they developed erosive and ulcerative gastritis from 36 hpi. Varying degrees of encephalitis were seen in in-
fected mice and hamsters, and the hamsters also developed myelitis by 96 hpi. Immunohistochemistry per-
formed on whole body sections of suckling hamsters revealed the kinetics of spread of the virus to the central
nervous system. EHV-9 antigen was detected initially in macrophages of the oral and lingual submucosa.
At 36 hpi virus antigen was detected in the nerve fibres and pseudounipolar neurons of the trigeminal ganglion
and at 96 hpi antigen was present in the myenteric plexuses of the intestine. Virus antigen was also detected in
the liver, lungs and heart of affected animals. EHV-9 DNA was detected by polymerase chain reaction in the
brain, blood and spinal cord of suckling hamsters at 36, 48 and 96 hpi. These findings show that EHV-9 may
spread via the trigeminal nerve when mice and hamsters are inoculated orally with virus.

� 2011 Elsevier Ltd. All rights reserved.
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Introduction

Equine herpesvirus (EHV)-9 is the newest member of
the EHV family and was initially isolated from an
outbreak of disease in Thomson’s gazelles (Gazella
thomsoni) that died from fulminant encephalitis
(Fukushi et al., 1997). Serologically, EHV-9 is most
closely related to the recently emergent neurotropic
pathogen EHV-1, but its DNA fingerprint differs
from that of EHV-1 and other EHVs. The virus is es-
timated to have sequence homology of 95% to EHV-1
and EHV-8 and 60% to EHV-4 based on analysis of
ondence to: T. Yanai (e-mail: yanai@gifu-u.ac.jp).
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gene sequences encoding glycoprotein G and the con-
served region of glycoprotein B (Fukushi et al., 1997).

The infectivity of EHV-9 has been assessed in ex-
perimental infections by intranasal inoculation of
mice and hamsters (Fukushi et al., 2000), goats
(Taniguchi et al., 2000b), pigs (Narita et al., 2000),
horses (Taniguchi et al., 2000a), dogs, cats (Yanai
et al., 2003a, b), common marmosets (Kodama et al.,
2007) and cattle (El-Habashi et al., 2011). In those ex-
periments, EHV-9 caused fatal encephalitis in all an-
imal species except horses, which developed moderate
encephalitis with less neuronal loss, moderate perivas-
cular cuffing and gliosis. Recently, the virus was de-
tected in a polar bear and a giraffe in an American
� 2011 Elsevier Ltd. All rights reserved.
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zoo (Schrenzel et al., 2008; Donovan et al., 2009). This
wide host range of infection, as well as the ease of
transmission by the nasal route, which is considered
to be the natural route of infection (El-Habashi
et al., 2010a), has raised fears of emerging EHV-9 in-
fection.

The pathogenesis of EHV-9-induced encephalitis
following infection by the nasal route was studied us-
ing a suckling hamster model. EHV-9 propagated in
the olfactory epithelium 12e24 hours post inocula-
tion (hpi) and then gained access to the brain through
the olfactory nerve (El-Habashi et al., 2010a).

In previous studies we have reported the infectivity
of EHV-9 by different routes of inoculation, including
the ocular, oral and intraperitoneal routes (El-
Habashi et al., 2010b), but with no accurate descrip-
tion of the mechanism of induction of encephalitis.
Therefore, further investigation is required in order
to determine how EHV-9 reaches the brain following
infection by routes other than nasal inoculation and
to identify the mechanisms of EHV-9-induced en-
cephalitis following infection by these alternative
routes of administration. To that end, we are cur-
rently conducting investigations of intraperitoneal
(El-Nahass et al., 2011) and ocular inoculation of
the virus (unpublished data).

The primary site of propagation of EHV-9 follow-
ing oral inoculation has not yet been identified, nor
is it known how the virus gains access to the brain af-
ter this infection or how long this process takes. The
pathogenesis of infection by other neurotropic viruses
(e.g. EHV-1, Hasebe et al., 2002; Theiler’s virus and
poliovirus, Villarreal et al., 2006) has been reported.

The aim of the present study was to determine the
pathogenesis and kinetics of infection by EHV-9 fol-
lowing oral inoculation ofmice and suckling hamsters.
Materials and Methods

Virus Culture

Madine-Derby bovine kidney (MDBK) cells were
used for the propagation of EHV-9. The inocula
were prepared by culturing the virus from the original
seed stocks of EHV-9 (P19, fifth passage in MDBK
cells) in MDBK cells. The virus was titrated by pla-
que formation assay on MDBK cells.
Animals and Virus Inoculation

Animals were provided with a basal pellet diet (Ori-
ental MF, Oriental Yeast Co., Tokyo, Japan) and
bottled water ad libitum. The experiment was con-
ducted in accordance with pertinent laws and related
standard operating procedures on the treatment and
use of laboratory animals. The experimental protocol
was approved by the Animal Experiment Committee
of the Faculty of Applied Biological Science at Gifu
University, Japan.

ICR Mice. Forty-four 4-week-old male ICR mice
were purchased from a breeder (SLC Inc., Hama-
matsu, Japan). The mice were housed in plastic cages
and kept in an isolated biohazard cabinet for approx-
imately 1 week of acclimatization. The mice were di-
vided into eight groups for virus inoculation (n¼ 5)
and one control group (n¼ 4). Each group was inoc-
ulated orally with a single dose of 50 ml of 2� 106 vi-
rus solution (105 plaque-forming units [PFU]). Mice
were killed at 12, 24, 36, 48, 72, 96, 120 and 144 hpi.
Control mice were inoculated orally with minimum
essential medium (MEM). Animals were checked
for clinical signs at least three times daily.

Syrian Hamsters. Ten 10-week-old female Syrian
hamsters at 10 days of gestation were purchased
from a breeder (SLC Inc.). The animals were housed
in plastic cages and left to give birth. After birth,
forty-five 7-day-old suckling hamsters were inocu-
lated orally with a single dose of 20 ml of 2� 106 of
EHV-9 virus solution (4� 104 PFU). Five animals
were killed at 12, 24, 36, 48, 72, 96, 120 and
144 hpi. Four of these five animals were used for histo-
pathology and immunohistochemistry (IHC) and
one provided samples for polymerase chain reaction
(PCR). Animals were checked for clinical signs at
least three times daily.
Collection and Processing of Tissues

The brain, different levels of the spinal cord, tongue,
stomach, small and large intestine, liver, spleen, heart
and lungs were collected from young adult ICR mice
and fixed in 10%neutral buffered formalin. To exam-
ine the entire length of the digestive tract, a ‘Swiss roll’
technique was applied (Fig. 1) (Moolenbeek and
Ruitenberg, 1981).

To examine the whole body in section for detection
of virus antigen, the suckling hamsters were bisected
sagittally and fixed in 10% neutral buffered formalin.
Suckling hamsters prepared in this fashion did not re-
quire decalcification before sectioning (El-Habashi
et al., 2010a).
Immunohistochemistry

For IHC, sections from paraffin wax-embedded tissues
of mice and hamsters were immunolabelled with rabbit
antiserum specific forEHV-9 (VeterinaryMicrobiology
Laboratory, Gifu University; 1 in 800 dilution) by the
avidinebiotin complex (ABC) immunoperoxidase



Fig. 1. The ‘Swiss roll’ technique makes it possible to scan the en-
tire intestinal tract, including the small and large intestines,
in a single section. HE. Bar, 10 mm.
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method (Yanai et al., 1998), with ABC kits (Vector
Laboratories, Burlingame, California, USA). The sec-
ondary antibody was biotinylated anti-rabbit IgG
(DAKO Cytomation, Carpinteria, California, USA)
and liquid DAB substrate chromogen system
(DAKO) was used as the chromogen. Sections were
counterstained with haematoxylin. Tissue sections
from the EHV-9-infected hamsters and sera from
anon-immunized rabbit and goatwere used as controls.
DNA Extraction and PCR

DNA was extracted from spinal cord, brain and
blood using the Sepagene kit for virus DNA detec-
tion (Sanko pharmacological Co., Tokyo, Japan).
Viral DNA was detected using primers for the
open reading frame (ORF)76-F (50TTT CCC
TCT CAG CGA TCA CTT TTC ACC ACC
GAA GAA CAG GCC CTC ATC GG 30) and
ORF76-R (50 GGG CTG TTG TGG GGT AAA
AGG TGG TGT TAC GGA AAC ACG CGT
GCC AAG AA 30). PCR amplification was per-
formed in 50 ml volumes containing DNA (100 ng),
8 ml of each dNTP, 0.5 ml of each primer, 25 ml LA
Taq Buffer (Mg+2 plus) and 0.5 ml Takara LA
Taq� DNA polymerase (Takara, Kyoto, Japan).
The PCR conditions were as follows: 5 min at
94�C (initial denaturation), 30 cycles of 5 sec at
98�C, 30 sec at 68�C and 90 sec at 72�C, and finally
7 min at 72�C (final extension). The PCR product
was separated in an agarose gel (0.9%) and stained
with ethidium bromide.
Results

ICR Mice

ICR mice inoculated with EHV-9 showed no appar-
ent clinical signs, except for a minimal loss of body
weight. No gross abnormalities were observed in the
viscera or central nervous system (CNS) at the time
of necropsy examination.

Histopathological findings are summarized in
Table 1. Inmice killed at 36 hpi therewasmoderate hy-
perkeratosis of the stratified squamous epithelium of the
forestomach (Fig. 2a). At 48e72 hpi there was moder-
ate to severe gastritis with erosion or ulceration and
multifocal neutrophilic infiltration of the submucosa,
with dilation of submucosal blood vessels (Fig. 2b).

At 48 hpi the mice inoculated with EHV-9 had
moderate interstitial pneumonia characterized by dif-
fusely thickened alveolar septa with varying degrees
of macrophage and neutrophil infiltration. There
were multifocal areas of hepatocyte degeneration af-
ter 72 hpi.

The severity and distribution of CNS lesions are
summarized in Table 2. There was meningoencepha-
litis at the level of the pons, characterized by moder-
ate neuronal degeneration, gliosis and perivascular
aggregation of lymphocytes, plasma cells and neutro-
phils, with mild meningeal lymphocytic infiltration at
72 hpi. At 96 hpi the lesions extended to the medulla
oblongata and the cerebellum and hippocampus were
moderately affected. At 120 hpi the moderate neuro-
nal loss and gliosis extended to the olfactory bulb, es-
pecially affecting the granular cell layer, and there
were frequent intranuclear inclusions in the neurons
of the pons and medulla oblongata. By 144 hpi, me-
ningoencephalitis had extended to involve most of
the brain, including all layers of the olfactory bulb
except the glomerular layer.

Table 3 shows the timeecourse distribution of
EHV-9 antigen in the internal organs. At 12 hpi,
EHV-9 antigen was seen in macrophages within the
lingual muscles (Fig. 3). In addition, at 48 hpi virus
antigen was detected in the stratified squamous epi-
thelium of the forestomach and in inflammatory cells
in the underlying submucosa.

Virus antigen was frequently detected in the bron-
chial and alveolar epithelium and alveolar macro-
phages at 48 hpi. At 72 hpi there was occasional
labelling of the nuclei and cytoplasm of hepatocytes
and at 120 hpi this labelling was more widespread
and associated with the formation of inclusion bodies
(Fig. 4). There was no EHV-9 antigen in the myen-
teric plexuses of the gastrointestinal tract.

The timeecourse distribution of EHV-9 antigen in
the CNS in mice inoculated orally with EHV-9 is



Table 1

Timeecourse distribution and severity of microscopical lesions in organs of animals inoculated orally with EHV-9

Animal ICR mice Suckling Syrian hamsters

Hours post inoculation Hours post inoculation

12 24 36 48 72 96 120 144 12 24 36 48 72 96

Oral cavity

Mucosa ND ND ND ND ND ND ND ND e e e e e e

Submucosa ND ND ND ND ND ND ND ND + ++ +++ +++ +++ ++
Tongue + ++ +++ +++ ++ ++ + + + + + ++ ++ +

Forestomach

Mucosa e e + ++ +++ + + e e e + + ++ ++

Submucosa e e + + ++ ++ + e e e e + + ++
Myenteric plexuses e e e e e e e e e e e e + +

Glandular stomach

Mucosa e e e e e e e e e e e e e e

Submucosa e e e e e e e e e e e e + +
Myenteric plexuses e e e e e e e e e e e e e e

Small intestine

Mucosa e e e e e e e e e e e + ++ +++
Submucosa e e e e e e e e e e e + + ++

Myenteric plexuses e e e e e e e e e e e e + +

Large intestine

Mucosa e e e e e e e e e e e + + +++
Submucosa e e e e e e e e e e e e + ++

Myenteric plexuses e e e e e e e e e e e e + +

Liver e e e e + + ++ ++ e e e + ++ +++

Lung
Bronchi and

bronchioles

e e e + + ++ ++ +++ e e + ++ +++ +++

Alveoli e e e e + + ++ +++ e e + + ++ +++

Heart e e e e e e e e e e e e e +

Severity score: e, none; +, slight; ++, moderate; +++, severe. ND, not detected.
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shown in Table 4. After inoculation, EHV-9 antigen
was first observed in the meninges and pons at
72 hpi, followed by the medulla oblongata and cere-
bellum at 96 hpi. EHV-9 antigen was observed in
the granular layer of the olfactory bulb at 120 hpi.
By 144 hpi, EHV-9 antigen was seen throughout the
brain, including the midbrain, hippocampus and all
Fig. 2. (a) Forestomachof an ICRmouse at 36hpi showingmoderate h
Forestomach of an ICRmouse at 72 hpi showingmultifocal ulce
100 mm).
layers of the olfactory bulb except the glomerular
layer.
Suckling Hamsters

Most of the inoculated suckling hamsters showed neu-
rological signs in the form of depression and
yperkeratosis with submucosal inflammation.HE.Bar, 200 mm. (b)
ration anddiffuse lymphocytic infiltration.HE. Bar, 500 mm(Inset,



Table 3

Timeecourse distribution of EHV-9 antigen in the organs of animals inoculated orally with EHV-9

Animal ICR mice Suckling Syrian hamsters

Hours post inoculation Hours post inoculation

12 24 36 48 72 96 120 144 12 24 36 48 72 96

Oral cavity

Mucosa ND ND ND ND ND ND ND ND � � � � � �
Submucosa ND ND ND ND ND ND ND ND + ++ ++ + + �
Tongue + + + + + + + � + + ++ + + �

Forestomach

Mucosa � � � + + ++ + � � � + ++ ++ ++

Submucosa � � � + ++ ++ + � � � + ++ ++ +

Myenteric plexuses � � � � � � � � � � � � + ++
Glandular stomach

Mucosa � � � � � � � � � � � � � �
Submucosa � � � � � � � � � � � � � �
Myenteric plexuses � � � � � � � � � � � � � +

Small intestine

Mucosa � � � � � � � � � � � + ++ +++

Submucosa � � � � � � � � � � � � + ++
Myenteric plexuses � � � � � � � � � � � � � +

Large intestine

Mucosa � � � � � � � � � � � + ++ +++

Submucosa � � � � � � � � � � � + + ++
Myenteric plexuses � � � � � � � � � � � � � +

Liver � � � � + ++ ++ +++ � � � + ++ +++

Lung

Bronchi and
bronchioles

� � � + + ++ ++ +++ � � � + ++ +++

Alveoli � � � � + + ++ +++ � � � + ++ ++

Heart � � � � � � � � � � � � � +

Presence of viral antigen: �, negative; +, occasional; ++, moderate; +++, frequent. ND, not determined.

Table 2

Timeecourse distribution and severity of microscopical lesions in the CNS of animals inoculated orally with EHV-9

Animal ICR mice Suckling Syrian hamsters

Hours post inoculation Hours post inoculation

12 24 36 48 72 96 120 144 12 24 36 48 72 96

Trigeminal ganglia and nerve ND ND ND ND ND ND ND ND e e + ++ +++ +++

Brain

Cerebrum
Olfactory bulb

Glomerular layer e e e e e e e e e e e e + ++

Mitral layer e e e e e e e + e e e e + ++

Granular layer e e e e e e + ++ e e e e e +
Thalamus e e e e e e + ++ e e e e + ++

Hippocampus e e e e e + ++ ++ e e e e + ++

Midbrain e e e e e + ++ ++ e e e + + +

Cerebellum e e e e e + ++ ++ e e e e + ++
Brainstem

Pons e e e e + ++ ++ +++ e e e + ++ +++

Medulla oblongata e e e e e + ++ ++ e e e e + ++
Meninges e e e e + + ++ ++ e e e + ++ +++

Spinal cord

Cervical portion e e e e e e e e e e e e e +

Dorsal root ganglia e e e e e e e e e e e e e e
Meninges e e e e e e e e e e e e e +

Severity score: e, none; +, slight; ++, moderate; +++, severe. ND, not determined.
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Fig. 3. Expression of EHV-9 antigen within macrophages in the
tongue of an ICR mouse at 24 hpi. IHC. Bar, 500 mm
(Inset, 200 mm).
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uncoordinated movement at 72 hpi and thereafter,
and the clinical signs continued until the end of the
experiment at 96 hpi. All of the animals died during
this hour so the planned schedule was not completed.

No gross abnormalities were detected in the inter-
nal organs of the hamsters inoculated orally with
EHV-9.

The timeecourse distribution of microscopical le-
sions in the viscera is shown in Table 1. After inocula-
tion (12 hpi) there was a slight inflammatory
reaction, consisting mainly of macrophages, in the
submucosa of the oral cavity and tongue, after which
continuous moderate or severe inflammation was ob-
served in the oral cavity. Starting from 36 hpi, slight
to moderate inflammatory reactions, mainly lympho-
cyte and macrophage infiltrations, were observed in
Fig. 4. Expression of EHV-9 antigen in the nucleus and cytoplasm
of hepatocytes in an ICR mouse at 120 hpi. IHC. Bar,
200 mm.
the submucosa of the forestomach, and the myenteric
plexuses had slight degeneration at 72 and 96 hpi.

There were no significant lesions related to inocula-
tion in the glandular stomach, except for moderate in-
flammation of the submucosa. In the small and large
intestines, slight to moderate degenerative changes in
the mucosal epithelium were observed after 48 hpi
and slight degenerative changes and inflammatory re-
actions were seen in the myenteric plexuses at 72 hpi.
At 96 hpi there was severe necrotic enteritis character-
ized by varying degrees of superficial necrosis of the
villi with desquamation of the epithelium, and hyper-
aemia, haemorrhage, oedema and fibrinous exuda-
tion in the lamina propria, as well as lymphocytic
inflammatory infiltration of the small and large intes-
tines. In severely affected animals there was an associ-
ated peritonitis (Fig. 5a).

From 36 hpi there was slight to severe interstitial
pneumonia characterized by extensive infiltration
with inflammatory cells and thickened alveolar septa
(Fig. 6a). In the liver there were mild to severe focal
degenerative changes or necrosis of hepatocytes from
48 hpi, and frequent intranuclear inclusions appeared
in the lesions in severely affected animals from 96 hpi.

Table 2 shows the timeecourse distribution and se-
verity of microscopical lesions in the CNS. No abnor-
malities were detected in the CNS between 12 and
24 hpi. At 36 hpi, mild degeneration and vacuolation
were observed in the nerve bundles of the trigeminal
nerve, as well as in the pseudounipolar neurons of
the trigeminal ganglia. These changes became more
severe and were accompanied by inflammatory infil-
tration of lymphocytes into the trigeminal nerve and
aggregation of lymphocytes in the ganglia by 48 hpi
(Fig. 7a). At the same time (48 hpi), most of the af-
fected hamsters exhibitedmild lymphocytic meningo-
encephalitis characterized by various degrees of
neuronal degeneration and necrosis, gliosis and peri-
vascular aggregation of lymphocytes, plasma cells
and neutrophils, starting around the root of the tri-
geminal nerve entrance at the level of the brainstem
(Fig. 8a). There were also mild focal lymphocytic in-
filtrates in the meninges. In the spinal cord, at 96 hpi
there was severe chromatolysis and/or karyorrhexis in
degenerating neuronal cells. These cells (mainly in
the cervical spinal cord) had frequent intranuclear in-
clusion bodies. In the grey matter of the spinal cord
there was frequent necrosis of neurons, as well as glio-
sis and perivascular lymphocyte aggregation at 96 hpi
(Fig. 9a).

Table 3 shows the timeecourse detection of EHV-9
antigen in hamsters inoculated with EHV-9. At
12 hpi there was intense labelling of EHV-9 antigen
inmigratingmacrophages in the oral and lingual sub-
mucosa. Subsequently, more intense and frequent



Table 4

Timeecourse distribution of EHV-9 antigen in the CNS of animals inoculated orally with EHV-9

Animal ICR mice Suckling Syrian hamsters

Hours post inoculation Hours post inoculation

12 24 36 48 72 96 120 144 12 24 36 48 72 96

Trigeminal ganglia and nerve ND ND ND ND ND ND ND ND � � + ++ ++ +

Brain

Cerebrum
Olfactory bulb

Glomerular layer � � � � � � � � � � � � + ++

Mitral layer � � � � � � � + � � � � + ++

Granular layer � � � � � � + ++ � � � � � +
Thalamus � � � � � � + ++ � � � � + ++

Hippocampus � � � � � + ++ ++ � � � � + ++

Midbrain � � � � � + ++ ++ � � � + ++ +++

Cerebellum � � � � � + ++ ++ � � � � + +
Brainstem

Pons � � � � + ++ +++ +++ � � � + ++ +++

Medulla oblongata � � � � � + ++ +++ � � � � + ++
Meninges � � � � + ++ ++ ++ � � + ++ ++ +

Spinal cord

Cervical portion � � � � � � � � � � � � � +

Dorsal root ganglia � � � � � � � � � � � � � �
Meninges � � � � � � � � � � � � + ++

Presence of viral antigen: �, negative; +, occasional; ++, moderate; +++, frequent. ND, not determined.
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positive reactions were seen in macrophages in the
oral cavity and tongue at 24 hpi; some of these cells
were aggregating around nerve endings in this area
(Fig. 10). In the forestomach, EHV-9 antigen was
first detected in the stratified squamous epithelium
at 36 hpi and thereafter was observed in the submu-
cosa. The glandular stomach had no positive label-
ling, but the myenteric plexuses in this location
expressed EHV-9 antigen later in the experiment.
In the small and large intestines there was positive la-
belling of EHV-9 in the mucosa, especially in the
small intestine, starting at 48 hpi and becoming
more prominent afterwards (Fig. 5b). Intestinal
myenteric plexuses expressed EHV-9 antigen at
96 hpi (Fig. 5c).
Fig. 5. (a)Necrosis ofmost villi and serosal adhesions of the small intest
of EHV-9 antigen in the mucosal layer of the small intestine of
EHV-9 antigen in the neurons of the myenteric plexus of a suc
In the lungs, EHV-9 antigen was frequently ob-
served in the bronchial and alveolar epithelium as
well as the alveolar macrophages at 48 hpi and there-
after (Fig. 6b). In the liver, EHV-9 antigen was first
observed in the hepatocytes at 72 hpi and thereafter,
and continued to be present until the end of the exper-
iment. Positive reactions were also observed in and
around intranuclear inclusions in the hepatocytes at
96 hpi. In the heart, at 96 hpi there were frequent fo-
cal areas of labelling in the myocardium and these
were observed less frequently in the pericardium
(Fig. 11).

In the CNS (Table 4), EHV-9 antigen was de-
tected in the nerve fibres of the trigeminal nerve
(Fig. 7b) at 36 hpi and at 48 hpi in the nuclei and
ine of a suckling hamster at 96 hpi.HE. Bar, 500 mm. (b) Expression
a suckling hamster at 96 hpi. IHC. Bar, 100 mm. (c) Expression of
kling hamster at 96 hpi. IHC. Bar, 100 mm.



Fig. 6. (a) Interstitial pneumonia characterized by diffusely thickened alveolar septa with macrophage and neutrophil infiltration of the
lung of a suckling hamster at 48 hpi. HE. Bar, 200 mm. (b) Expression of EHV-9 antigen in the bronchial and alveolar epithelium
and macrophages in the lung of a suckling hamster at 48 hpi. IHC. Bar, 200 mm.
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cytoplasm of pseudounipolar neurons of the trigemi-
nal ganglia, the meninges and the brainstem (espe-
cially the pons and the root of the trigeminal nerve
entrance) (Fig. 8b). EHV-9 antigen was found
mainly in the pons at 48 hpi and had extended to in-
volve the cerebellum, medulla oblongata, midbrain
and glandular layer of the olfactory bulb by 72 hpi.
By 96 hpi, EHV-9 antigen was detected in most parts
of the brain, including all layers of the olfactory bulb,
as well as in the spinal cord, especially the cervical
portion (Fig. 9b). The timeecourse distribution of de-
tection of EHV-9 antigen in the CNS is shown in
Fig. 12a,b and c.
PCR Detection of EHV-9 DNA

EHV-9 DNA was detected in the brain of EHV-9 in-
oculated hamsters at 36 hpi and thereafter continued
to be present until the end of the experiment at 96 hpi.
In the spinal cord, EHV-9 DNA was detected only at
96 hpi. In the blood samples, EHV-9 DNA was first
detected at 48 hpi and thereafter continued to be pres-
ent for 3 days.
Fig. 7. (a)Neuritis of the trigeminal nerve andmild focal lymphocytic i
200 mm. (b) Expression of EHV-9 antigen in the trigeminal ne
Discussion

EHV-9 is a newly recognized EHV that was first iden-
tified as the cause of fulminant encephalitis in a herd
of gazelles in a Japanese zoo (Fukushi et al., 1997).
Unlike EHV-1, which is endotheliotropic (Edington
et al., 1986), EHV-9 shows strong neurotropism re-
sulting in selective neuronal degeneration and necro-
sis. Fulminant EHV-9-associated encephalitis with
marked neurological signs has now been detected in
hamsters, rats, mice, dogs, cats, goats, common mar-
mosets and cattle, raising fears of emerging EHV-9
infection.

A previous experimental study of the infectivity of
EHV-9 to rodents by the nasal, oral, ocular, intrave-
nous and intraperitoneal routes revealed that infec-
tion by the oral, intraperitoneal and ocular routes
was possible, but did not explore the kinetics of the
initial stages of infection (El-Habashi et al., 2010b).

The aim of the present studywas to clarify the path-
ogenesis of EHV-9-induced encephalitis after oral in-
oculation, which is thought to be among the most
important routes for virus transmission not only for
EHV-9, but also for other neurotropic viruses such
nfiltration of themeninges of a suckling hamster at 36 hpi.HE. Bar,
rve fibres of a suckling hamster at 36 hpi. IHC. Bar, 100 mm.



Fig. 8. (a)Neuronal degeneration andnecrosis, gliosis andperivascular aggregates of lymphocytes, plasma cells andneutrophils at the root
of the trigeminal nerve entrance into the brain of a suckling hamster at 48 hpi.HE. Bar, 200 mm. (b)Expression of EHV-9 antigen at
the entrance of the trigeminal nerve to the brain of a suckling hamster at 36 hpi. IHC. Bar, 200 mm.
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as pseudorabies virus, Theiler’s murine encephalitis
virus, bovine herpesvirus type-1 and herpes
simplex type-1 (Hagemoser et al., 1980; Ha-Lee
et al., 1995; Steiner and Kennedy, 1995). In order to
focus on the timeecourse and distribution of
infection, sections of the entire digestive tract,
including the oral cavity, tongue, oesophagus,
forestomach, glandular stomach and small and
large intestines, were examined histologically and
immunohistochemically. A Swiss roll technique
(Moolenbeek and Ruitenberg, 1981) was used to ex-
amine the entire intestinal tract in a single section.
In order to examine the potential for the virus to
move from the peripheral nerves or ganglia to the
CNS, a suckling hamster model was employed (El-
Habashi et al., 2010a). Use of these animals made it
possible to create sagittal sections that overviewed
the nerve connections with the CNS in undecalcified
tissue (El-Habashi et al., 2010a). This model was par-
ticularly useful for accessing the trigeminal ganglia
Fig. 9. (a)Meningomyelitis consisting of neuronal necrosis in the greym
vical spinal cord of a suckling hamster at 96 hpi. HE. Bar, 500
a suckling hamster at 36 hpi. IHC. Bar, 500 mm.
and nerve with their connection to the brain at the
level of the brainstem (pons), as well as connections
between the dorsal route ganglia and spinal cord
(El-Nahass et al., 2011). By using both techniques,
we were able to determine the timeecourse of infec-
tion and demonstrate the primary sites for virus prop-
agation and replication.

In the present study, at 12 hpi EHV-9 viral antigen
was detected in macrophages within the oral and lin-
gual submucosa, suggesting a significant role for these
cells in viral replication, propagation and transmis-
sion. At 24 hpi, a large number of infected macro-
phages had aggregated and invaded some nerve
fibres related to the mandibular and maxillary
branches of the trigeminal nerve, thus confirming
the role of these structures in transmission of EHV-9
to nervous tissue and in facilitating virus transmission
to the CNS. Macrophages may act as a trigger for the
mechanism of virus propagation, transmission and
spreading from macrophages to target cells, or may
atter, gliosis and perivascular lymphocytic aggregation in the cer-
mm. (b) Expression of EHV-9 antigen in the cervical spinal cord of



Fig. 10. Expression of EHV-9 antigen in macrophages in the sub-
mucosa of the oral cavity in a suckling hamster at 24 hpi.
IHC. Bar, 500 mm (Inset, 100 mm).
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serve as reservoirs for long-term infection (Bonina
et al., 1983; Wu, 2008; Waki and Freed, 2010).
In the invasion of simian immunodeficiency virus
(SIV) to the CNS, SIV-infected monocytes/macro-
phages are thought to play an essential role in virus
trafficking. This phenomenon underlies the so-called
‘Trojan horse theory’ of neuroinvasion (Sasseville
and Lackner, 1997). A similar mechanism may be in-
volved inCNS infectionwith equine infectious anemia
virus,maedi-visna virus, bovine immunodeficiency vi-
rus, caprine arthritis-encephalitis virus, feline immu-
nodeficiency virus and human immunodeficiency
virus (Zink et al., 2006). Other reports have suggested
that macrophages and freshly recruited monocytes
were responsible for the early capture of measles virus
(MV), especially in acute infection (Roscic-Mrkic
Fig. 11. Expression ofEHV-9antigen in themyocardiumof a suck-
ling hamster at 96 hpi. IHC. Bar, 500 mm (Inset, 100 mm).
et al., 2001). The significant role of macrophages has
been reported not only after oral inoculation, but
also following other routes of inoculation with some
neurotropic viruses such as herpes simplex virus
type-1, whichwas trapped by peritonealmacrophages
and replicated in these cells following intraperitoneal
inoculation of C3H/HeN mice (Bonina et al., 1983)
and EHV-9 following intraperitoneal inoculation
(El-Nahass et al., 2011).

Based on the results of the present study, it could be
postulated that EHV-9 is transmitted mainly by the
neuronal pathway, as indicated at 36 hpi by the de-
velopment of multifocal trigeminal ganglionitis of
varying degrees characterized by mononuclear cell
infiltration, neuronophagia and neuronal loss in
both the trigeminal ganglia and the root of the tri-
geminal nerve entrance into the brain. Furthermore,
the detection of EHV-9 DNA in the brain of suckling
hamsters at 36 hpi and from blood samples at 48 hpi
was suggestive of a neuronal pathway in virus trans-
mission, primarily via the trigeminal nerve, which is
the largest cranial nerve and serves as the largest sen-
sory nerve of the head and face, and the motor nerve
of masticatory muscles.

Other reports support this model and show the
neuronal transmission of some neurotropic viruses
through the trigeminal nerve and ganglia to reach
the CNS. This route of infection occurs with SIV,
EHV-1, pseudorabies virus and herpes simplex virus.
In SIV infection, the virus induces alterations in ma-
caque trigeminal ganglia prior to the occurrence of
encephalitis (Aleman et al., 2001; Laast et al., 2007;
Pusterla et al., 2010). In Aujeszky’s disease virus
(ADV) infection of pigs the virus disseminates
through the maxillary nerve and trigeminal ganglia
and can be isolated after 21 hpi from the
trigeminal ganglia (Kritas et al., 1995). Some herpes-
viruses have natural neurotropism to the trigeminal
ganglia, as in the case of EHV-1 and -4 (Borchers
et al., 1997).

Another goal of this study was to detect and ex-
amine the pathological effects of EHV-9 in internal
organs other than the CNS. After oral inoculation
with EHV-9, focal erosive or ulcerative gastritis
was induced in the forestomach of ICR mice with-
out intestinal involvement, and more severe gastritis
and diffuse necrotic enteritis with antigen detection
in the myenteric plexuses were observed in the suck-
ling Syrian hamsters. This might be attributed to
a high susceptibility of suckling Syrian hamsters to
EHV-9 compared with adult ICR mice. The ob-
served necrotic enteritis was similar to that described
in infection with ADV (Zhao et al., 1996). Following
oral inoculation of other neurotropic viruses (e.g.
herpes simplex virus), the myenteric and Meisner’s



Fig. 12. Distribution of EHV-9 antigen in the brain of suckling hamsters (a) at 12 hpi, (b) at 48 hpi and (c) at 96 hpi. *Presence of viral
antigen; OC, oral cavity; OE, olfactory epithelium; TN, trigeminal nerve; TG, trigeminal ganglia; TR, trigeminal root; OB,
olfactory bulb; HI, hippocampus; CR, cerebellum; P, pons; MO, medulla oblongata; SC, spinal cord. IHC. Bar, 5 mm.
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plexuses played essential roles in transmitting the
virus to the CNS (Ha-Lee et al., 1995; Gesser and
Koo, 1996).

In the liver, foci of degenerative and necrotic hepa-
tocytes, as well as the formation of intranuclear inclu-
sions, were detected in the hepatocytes in both ICR
mice and suckling hamsters. Moreover, positive
EHV-9 immunolabelling implied virus replication,
suggesting that the liver was a possible target organ
for EHV-9 infection. Similar results were obtained af-
ter intraperitoneal inoculation of EHV-9 in suckling
hamsters (El-Nahass et al., 2011). A number of previ-
ous studies of EHV-1 infection have shown that the
liver plays an important role in virus replication, espe-
cially during the initial stages of infection (Plummer
et al., 1973).

In conclusion, after oral inoculation of EHV-9
and based on timeecourse histopathological and im-
munohistochemical findings, it can be concluded
that EHV-9 replicated and propagated in macro-
phages, especially in those in the submucosa of the
oral cavity and tongue, and that these infected mac-
rophages then spread to the maxillary and mandib-
ular branches of the trigeminal nerve, followed by
infection in the trigeminal ganglia and, finally, the
CNS.
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