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Abstract Herpes simplex encephalitis (HSE), targeting the
limbic system, is the most common cause of viral encephalitis
in the Western world. Two pathways for viral entry to the
central nervous system (CNS) in HSE have been suggested:
either via the trigeminal nerve or via the olfactory tract. This
question remains unsettled, and studies of viral spread be-
tween the two brain hemispheres are scarce. Here, we inves-
tigated the olfactory infection as a model of infection and
tropism of herpes simplex virus 1 (HSV-1), the causative
agent of HSE, in the CNS of rats. Rats were instilled with
HSV-1 in the right nostril and sacrificed 1-6 days post-infec-
tion, and tissues were analysed for viral spread using immu-
nohistochemistry and quantitative PCR (qPCR). After nasal
instillation, HSV-1 infected mitral cells of the olfactory bulb
(OB) on the right side only, followed by limbic encephalitis.
As anovel finding, the anterior commissure (AC) conveyed a
rapid transmission of virus between the right and the left OB,
acting as a shortcut also between the olfactory cortices. The
neuronal cell population that conveyed the viral infection via
the AC was positive for the water channel protein aquaporin 9
(AQP9) by immunohistochemistry. Quantification of AQP9
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in cerebrospinal fluid samples of HSE patients showed incre-
ment as compared to controls. We conclude that the olfactory
route and the AC are important for the spread of HSV-1 within
the olfactory/limbic system of rats and furthermore, we sug-
gest that AQP9 is involved in viral tropism and pathogenesis
of HSE.
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Introduction

Herpes simplex encephalitis (HSE) is acknowledged as the
most common cause of viral encephalitis in the Western
world, responsible for up to 20 % of the cases (Granerod
et al. 2011; Hjalmarsson et al. 2007; Steiner 2011).
Affecting 2—4 inhabitants per million people per year
(Hjalmarsson et al. 2007; Whitley 2006), HSE can be caused
by either primary or recurrent infection of herpes simplex
virus type 1 (HSV-1) (Steiner 2011; Whitley et al. 1982).
Brain infection resulting in HSE has been suggested to occur
after viral invasion via the trigeminal nerve (Davis and
Johnson 1979), the olfactory tract (Esiri 1982) or via both
routes (Esiri and Tomlinson 1984; Nagashima et al. 1998). It
has been reported that in early stages of HSE, abundance of
HSV-1 antigen in the olfactory bulb (OB) and tract might be
related to the final location of inflammation and necrosis in the
central nervous system (CNS) (Esiri 1982). In addition, the
viral spread within the brain and between the two brain hemi-
spheres has been less extensively examined, but is most likely
decisive for location and development of clinical manifesta-
tions of HSE.
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Prior to the introduction of the nucleoside analogue drug
acyclovir, the mortality rate in HSE patients was over 70 %
(Kennedy and Chaudhuri 2002), but with antiviral treatment,
the mortality rate has markedly decreased to around 10-30 %
(Riancho et al. 2013; Skoldenberg et al. 1984; Steiner 2011;
Whitley et al. 1986). Between 25 and 90 % of the surviving
patients treated with antiviral therapy have been reported to
present with neurological sequelae (Hjalmarsson et al. 2007;
McGrath et al. 1997; Moon et al. 2014; Raschilas et al. 2002;
Sili et al. 2014; Stahl et al. 2012; Whitley 2006) while for
untreated survivors, the corresponding number is around
90 % (Whitley 2006). The most commonly described rest
conditions are epilepsy, dysphasia, amnesia and behavioural
disturbances (Hjalmarsson et al. 2007; Misra et al. 2008;
Riancho et al. 2013). Better knowledge of the viral spread
could result in target medication which in turn could decrease
the occurrence of neurological sequelae in surviving HSE
patients.

In rodent models, viral spread of HSE via the olfactory
tract in mice and rats has been observed to extend from the
nasal cavity into the CNS (Mori et al. 2005). The olfactory
receptor neuron passes through the olfactory epithelium,
penetrates the cribriform plate and enters the OB to reach
CNS. In the OB, the olfactory receptor neurons connect in
glomeruli to mitral cells (second-order neurons), which in
turn project to the olfactory system and the limbic system
(Mori et al. 2005). The limbic system, which involves
amygdala, hippocampus and the OBs, is evolutionary one
of the oldest parts of the brain, and it has been suggested
that the clinical manifestations of HSE are due to a special
affinity to the limbic cortices for HSV-1 as HSE cause
selective damage to the grey matter of the entire limbic
system (Damasio and Van Hoesen 1985). Hence, HSV-1
may find its way from the OB through the brain using
evolutionary conserved routes.

HSE is characterized by focal findings such as hemiparesis,
focal seizures and autonomic dysfunctions associated with
damage of the inferior parts of the temporal lobe (Hudson
et al. 1991; Kennedy and Steiner 2013; Whitley 2000).
These findings are reflected by the clinical manifestations of
HSE seen both in magnetic resonance imaging (MRI) (De
Tiege et al. 2008; Oyanguren et al. 2013) and through autopsy
investigations of HSE-affected brain (Davis and Johnson
1979; Esiri 1982). Although there are numerous descriptive
studies of the clinical manifestations, the understanding of the
underlying viral pathogenetic mechanisms is lacking. The use
of neurotropic viruses as neuronal tracers is considered to be
one way of elucidation (Norgren and Lehman 1998). Because
of its spread in CNS, HSV-1, along with other viruses, has
been suggested for use as a neuronal tracer to examine neural
circuits to determine their function (Kristensson et al. 1982;
Kuypers and Ugolini 1990; Norgren and Lehman 1998;
Turner and Jenkins 1997).
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In this study, we have investigated the spread of HSV-1 in
rat brain after intranasal instillation of virus in the right nostril.
Our results indicate an early spread to the right trigeminal
ganglion (TG) and right OB followed by a later infection of
the same structures on the contralateral side, i.e. that both the
trigeminal and olfactory routes were utilized. Interestingly, the
spread between the two OBs was mediated via the anterior
commissure (AC). Furthermore, HSV-1 antigen-positive cells
in this neuronal tract were co-stained for aquaporin 9 (AQP9).
This led us to investigate the concentration of AQP9 protein in
human serum and cerebrospinal fluid (CSF) and RNA expres-
sion of AQP9 in rat brain tissues. We found a statistically
significant increase in AQP9 concentration for HSE patients
compared with controls, which suggests that AQP9 expres-
sion is upregulated during human HSV-1 infection of the
brain.

Material and methods
Virus

HSV-1 2762, a clinical isolate from a brain biopsy of a 58-
year-old male patient who presented with focal encephalitis
which later turned out to be fatal (Bergstrom et al. 1990), was
used for infection of rats. The virus has been shown to be
highly neurovirulent in animal models (Bergstrom et al.
1990). Isolation of the virus from the brain biopsy was ap-
proved in 1981 by the ethics committees at the universities of
Gothenburg, Linkdping, Lund, Umeéd and Uppsala at the
Karolinska Institute, for a Swedish multicentre study on anti-
viral treatment in HSE (Skoldenberg et al. 1984) conducted
according to the principles expressed in the Helsinki declara-
tion. Virus stocks of HSV-1 strain 2762 were prepared from
low passages.

Animals

Male Sprague—Dawley (SD) rats, body weight 250+20 g,
(Harlan Laboratories, Boxmeer, The Netherlands) were
used (infected rats n=49, control rats n=11). The regional
Ethical Committee on Animal Experiments approved the
test protocol, and all experiments were performed in ac-
cordance with the EC Directive 86/609/EEC guidelines
for animal experiments. The rats were allowed a week
for general adaptation before the start of the experiments,
and they had constantly free access to pelleted food and
water. The temperature and air ventilation in the animal
quarters were monitored according to standard proce-
dures; a 12-h light cycle was used and the air was ex-
changed 17 times per hour.
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Human samples for measurement of AQP9 concentration

Possible subjects were included in the study preferably if sam-
ples of both CSF and serum were available, and these samples
should have been taken within a week of each other.

From the Regional Biobank Centre at Sahlgrenska
University Hospital in Gothenburg, samples were obtained
from patients with HSE (n=23) diagnosed through positive
quantitative PCR (qPCR) results for HSV-1 in CSF (Namvar
et al. 2005), where the inclusion criteria was a value equal to
or higher than 1000 genome equivalents/ml (geq/ml). The
statements related to the PCR results for HSE determination
were noted, and samples were excluded if other parallel diag-
noses were suspected. For 8 of these patients, only CSF sam-
ples were available, but these were nevertheless included in
the analysis. Controls samples (n=19) had previously been
obtained from healthy subjects. The mean age and the gender
distribution between the healthy controls and the HSE patients
differed, but as withdrawal of CSF samples is ethically hard to
motivate, these were the samples available. For HSE patients,
the mean age was 62.7 years (age span 27—87 years), and for
healthy controls, the mean age was 33.3 years (age span 18—
56 years). Both male and female subjects were included with a
slight female overweight for HSE samples (n=11) and a male
overweight for healthy subjects (n=16).

Six HSE patients contributed with more than one sample,
taken at different time points during the infection, and these
were therefore analysed separately from the two groups in
order to investigate the level of AQP9 during convalescence.

Experiments were conducted with approval from the
Regional Research Ethics Committee in Gothenburg in accor-
dance with the Declaration of Helsinki and local regulations.

Infection by intranasal instillation of HSV-1

The encephalitogenic infection in rats was achieved after in-
tranasal instillation in the right nostril with HSV-1, with a
volume of 25 ul (total dose given=1.1x10* plaque forming
units (pfu)), as described previously (Jennische et al. 2008).
This instillation was adapted from an inoculation method de-
scribed by RT Johnson (Johnson 1964). The infective dose
was always placed in the right nostril while the rat was under
deep isoflurane (Forane, Baxter, Deerfield, IL) anaesthesia.
The rats were sacrificed day 1 (n=5), 2 (n=5), 3 (n=10), 4
(n=10), 5 (n=14) and 6 (n=>5) post-infection. For ethical rea-
sons, the extent of the experiment could not exceed day 6 p.i.,
as all animals by then were symptomatic.

Animals showing definitive symptoms of neurological
dysfunction and signs associated with focal inflammation,
i.e. repetitive, stereotypic movements, rotational vertigo
and motor instability, were immediately euthanized. The
decision to sacrifice the neurologically affected animals

was taken by the researchers or by a skilled animal
technician.

DNA extraction

Rats whose tissues were to be used in real-time qPCR for
DNA quantification of HSV-1 were sacrificed day 1, 2, 3, 4
and 5 p.i. The brain was surgically removed from the
sacrificed rats, separating tissues from each other and storing
them in freezer at —80 °C until use. The tissues of special
interest were the OBs (left and right), the TGs (left and right),
hippocampus (left and right), lamina cribrosa and the brain
stem.

To obtain homogenized samples, 23 pieces from the tissue
of interest (approximately 10-20 mg in size) were added to a
tube containing MagNA Lyser Green Beads (Roche
Diagnostics, Mannheim, Germany) along with MagNA Pure
96 DNA Tissue Lysis Buffer (Roche). A homogenizing step
was performed using a MagNA Lyser instrument (Roche) for
2 runs at 6500 rpm of 45 s each. The homogenized samples
were treated with proteinase K for 30 min at 55 °C and were
then subjected for centrifugation at 16,000 x g for 2 min. The
resulting supernatants were then obtained and stored at
—80 °C.

Using a MagNA Pure LC DNA Isolation Kit IT Tissue
(Roche) according to the manufacturer’s instructions, the ho-
mogenized samples were subjected to DNA purification in a
MagNA Pure LC robot (Roche).

RNA extraction

For RNA quantification of rat AQP9 and internal control 18S,
HSV-1-infected rats 5 days p.i. (=4) and control rats (n=2)
were sacrificed. Tissues of interest (left and right OB, left and
right hippocampus and left and right AC area) were surgically
removed from sacrificed rats and stored at —80 °C until ho-
mogenization. For homogenization, small pieces from the tis-
sue of interest (around 30-70 mg) were added to a tube con-
taining MagNA Lyser Green Beads (Roche) along with 1 ml
of QIAzol Lysis Reagent (QIAGEN Nordic, Sollentuna,
Sweden). A MagNA Lyser instrument (Roche) was operated
at 5000 rpm for 80 s, and the lysate was transferred to a new
tube and stored at —80 °C until RNA purification. Using the
RNeasy Lipid Tissue Mini Kit (QIAGEN), the homogenized
samples were isolated for total RNA to a final eluted volume
of 100 pl. The procedures were performed according to the
QIAGEN protocol ‘Purification of total RNA using the
RNeasy Lipid Tissue Mini Kit’ step 4—16, with inclusion of
a step for on-column DNase digestion with the RNase-Free
DNase Set (QIAGEN). The concentration and purity of the
RNA preparations was controlled using spectrophotometry,
by the 260/280 nm absorbance ratio (mean 2.04+SD 0.056).
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Real-time quantitative PCR

The qPCR for DNA quantification was performed as de-
scribed previously (Namvar et al. 2005). Amplification of
the glycoprotein B (gB) region of HSV-1 was performed
using 7300 Real-Time PCR System (Applied Biosystems,
Foster City, CA) with a pair of primers (forward HSV-1 5’
GCAGTTTACGTACAACCACATACAGC'3 and reverse
HSV-1 3'AGCTTGCGGGCCTCGTT'S) and an HSV-1
gB-specific probe (5'CGGCCCAACATATCGTTGACAT
GGC'3) labelled with 6-carboxyfluorescein (FAM) and 6-
carboxytetramethyl-rhodamine (TAMRA). This resulted in
detection and amplification of a 118-nucleotide segment of
the highly conserved gB-region of HSV-1, giving a specif-
ic cycle threshold (C;) value which was recorded. The C-
value was defined as the number of PCR cycles required
for the fluorescent signal to exceed the threshold value. By
relating the detected C,-values to a standard curve, the
number of HSV-1 DNA copies in each sample was
determined.

For RNA quantification, commercially pre-developed
TagMan Gene Expression Assays™ (Applied Biosystems,
Life Technologies Europe, Stockholm, Sweden) were pur-
chased. The assay for rat AQP9 (Rn00576331_ml), with the
probe sequence TTTGAGGTCTTCACAGTTGGAAATA,
had the probe spanning across an exon, while for the internal
control rat 18S (Rn03928990 gl) to detect genomic DNA,
the probe TACTTGGATAACTGTGGTAATTCTA as well
as the primer sequences were mapped within a single exon.
The probes were fluorescently labelled with FAM in their 5
end and quenched in the 3" end. RNA analysis of samples was
performed using the SuperScript III One-Step RT-PCR
System (Invitrogen, Life Technologies Europe, Stockholm,
Sweden), where 12.5 pl of Reaction Mix (Invitrogen),
0.5 wl of SuperScript III RT/Platinum 7agMix (Invitrogen),
9.25 ul of RNase-Free Water (Sigma-Aldrich, St. Louis, MO),
0.5 pl of RNase OUT (Invitrogen) and 1.25 ul of the Gene
Expression Assay was added to wells of 96-well plates along
with 40 ng/ul (for AQP9) or 4 pg/ul (for 18S) of total RNA. A
total of 25 pl of reaction volume was added per well, and all
gPCR reactions were performed in triplicates. Amplification
was performed using 7300 Real-Time PCR System (Applied
Biosystems) with a reverse transcriptase reaction step per-
formed at 48 °C for 30 min, followed by a polymerase acti-
vation step at 95 °C for 10 min and a PCR cycle (95 °C for
15 s, 60 °C for 1 min) for 45 cycles in total. 18S, which is a
house-keeping gene previously shown to be constantly
expressed in herpesvirus-infected cells (Nystrom et al.
2004), was used for normalization of C-values. The standards
used in the PCR reactions were plasmids created using CT-
GFP Fusion TOPO TA Cloning Kit (Invitrogen) following
instructions from the manufacturer and purified using the
QIAprep Spin Miniprep Kit (QIAGEN) according to the
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manufacturer’s instructions. Plasmids were used in 10-fold
dilutions in the real-time PCR according to the procedures
described above.

Tissue preparation, histology and immunohistochemistry

Rats for histology investigation, sacrificed day 3, 4, 5 and 6
post-infection, were deeply anesthetized with isoflurane and
fixed by transcardial perfusion via the left ventricle with PBS,
followed by 4 % formaldehyde. The brains were removed and
immersion fixed for about 4 days. The entire brains were then
cut into 3—4-mm-thick transversal slices. The slices were
dehydrated and embedded in paraffin. In some animals, the
skull bases and nasal cavities were decalcified after fixation,
using 10 % EDTA in 0.2 M Tris buffer, pH 7.4 for 4-6 weeks
and were then embedded in paraffin. Sections were cut at
4 pum.

After antigen retrieval, using 0.01 M EDTA in 0.10 M Tris
buffer (pH 8.0), the sections were incubated with a polyclonal
anti-HSV-1 antibody raised against infected rabbit cornea
(B0114, DAKO Denmark A/S, Glostrup, Denmark). Anti-
rabbit Impress Reagent HRP (Vector Laboratories,
Burlingame, CA) was used as secondary reagent, and the im-
munoreaction was visualized using liquid DAB+ substrate
(DAKO). Nuclei were counterstained with haematoxylin.
The sections were then dehydrated and mounted using DPX
(Merck Millipore, Darmstadt, Germany). These procedures
were performed on sections from both infected and control
animals.

To ensure specific HSV-1 staining, control experiments
were performed where sections from infected animals
(5 days p.i.) were incubated with the solid-phase absorbed
control serum Dako Rabbit Immunoglobulin Fraction
(Code X0903, DAKO) instead of the polyclonal anti-
HSV-1 antibody mentioned above. Same protein concen-
trations were used for both the polyclonal anti-HSV-1 an-
tibody and the control serum. Haematoxylin were used for
counterstaining nuclei.

For double staining experiments, excluding AQP9 double
staining, the sections were incubated with the polyclonal
HSV-1 antibody previously mentioned along with a monoclo-
nal antibody, either the astrocyte marker GFAP (Novocastra,
Newcastle, UK), the microglial marker Ibal (Santa Cruz
Biotechnology, Dallas, TX) or the neuronal nuclei marker
NeuN (Chemicon International, Temecula, CA). Cyanine
dye 3 (Cy3)-conjugated donkey anti-rabbit IgG (Jackson
ImmunoResearch Europe Ltd, Suffolk, UK), and FITC-
conjugated donkey anti-mouse IgG (Jackson) were used as
secondary reagents. For double staining with HSV-1 and
AQP9, a monoclonal HSV-1 antibody (ABIN1020364,
antibodies-online GmbH, Aachen, Germany) was used in
combination with a polyclonal antibody for AQP9 (Santa
Cruz). The Cy3-conjugated donkey anti-rabbit IgG and
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Alexa488-conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch) were used as secondary reagents. In both
cases, nuclei were counterstained with Hoechst blue (Sigma-
Aldrich St. Louis, MO) and the sections were mounted in
Vectashield (Vector laboratories). A Zeiss Axio Imager M1
microscope (Carl Zeiss AB, Stockholm, Sweden), equipped
with Zeiss 5%/0.16 Plan-Apochromat, Zeiss 10%/0.45 Plan-
Apochromat, Zeiss 20%/0.80 Plan-Apochromat and Zeiss
40%/0.95 Plan-Apochromat objective lenses, was used for im-
aging. For documentation, an AxioCAM HRc (Zeiss) was
used and acquired images were analysed with AxioVision
Rel. 4.8 (Zeiss).

Enzyme-linked immunosorbent assay (ELISA)

AQP9 concentrations were measured in human CSF and se-
rum samples using the commercially available ELISA kit
SEAS578Hu for AQP9 (USCN Life Science Inc., Wuhan,
People’s Republic of China). Unless otherwise stated, the re-
agents and chemicals used were provided by the
manufacturer.

Following recommendations made by the manufacturer se-
rum samples were diluted 1:10 in PBS pH 7.1. As no recom-
mendations were made for dilution of clinical CSF samples, a
test run was performed, deciding that CSF samples were to be
diluted 1:5 in PBS pH 7.1.

Diluted samples (serum and CSF) were added in dupli-
cates, along with the provided standard (in 7-fold dilution
ranging from 0.156 to 10.0 ng/ml+blank), to an ELISA
plate precoated with AQP9-specific antibody according to
the manual for the kit (USCN Life Science). The plate was
incubated for 2 h at 37 °C. Subsequently, liquid was re-
moved and to each well, a biotin-conjugated antibody spe-
cific for AQP9 was added. After 1 h of incubation at 37 °C,
washing with wash detergent was performed three times
and a secondary unspecific antibody, coupled to Avidin
conjugated to horseradish peroxidase (HRP), was added
to the wells. For 30 min, the plate was incubated at
37 °C, followed by a 5-fold washing cycle. Addition of
3,3',5,5'-tetramethyl-benzidine (TMB) substrate solution
was subsequently performed. The plate was let to incubate
for 15 min at 37 °C until change of colour appeared. The
reaction was then terminated by addition of the stop solu-
tion (solution of sulphuric acid) and the optical density was
measured at 450 nm in Multiskan FC (Thermo Scientific,
Rockford, IL). By comparing the optical density of the
samples to the values of the standard curve, the concentra-
tion of AQP9 was determined.

Software

Statistical analysis was performed and graphs were construct-
ed using GraphPad Prism version 6.04 (GraphPad Software

Inc., La Jolla, CA). Student’s ¢ test was used for comparing
mean values to calculate p value significance. p value <0.05
was considered to be statistically significant. Statistics are pre-
sented using mean value + SEM unless otherwise stated.

Results
Distribution of HSV-1 spread through quantitative PCR

The distribution of the viral spread in the brain was inves-
tigated and illustrated through quantification of the viral
DNA in the tissues of interest. The gB-region of the
HSV-1 genome was amplified in qPCR with gB-specific
primers and probe (Namvar et al. 2005). Tissue samples
from the TGs, the OBs, hippocampus, lamina cribrosa
and the brainstem were analysed by sacrificing animals
from day 1 post-infection (p.i.) (immediate infection) to
day 5 p.i. (late infection).

Immediate infection (day 1-2 post-infection)

On day 1 p.i., only one single animal was HSV-1 DNA
positive in the right TG (Fig. 1a) and in lamina cribrosa
(a cribriform plate of the ethmoid bone between the olfac-
tory mucosa and the OB (Fig. 1c)). There were no positive
signals found anywhere else in the brain, and all other
animals showed altogether negative results (Fig. 1). On
day 2 p.i., however, all animals presented with HSV-1
DNA in the right TG (Fig. 1a) and a peak in viral load
was also observed for most animals in lamina cribrosa
(Fig. lc). Scattered positive results were found in other
tissues for single animals at this time point.

Early infection (day 3 post-infection)

On day 3 p.i., the lamina cribrosa showed a decrement in
the viral load (Fig. Ic), while the right TG still showed
PCR positivity in all animals (Fig. 1a). Furthermore,
HSV-1 DNA was commonly detected in the brainstem
(Fig. 1d). While all animals apart from one were negative
in the right hippocampus (Fig. le), samples from the left
hippocampus (Fig. 1f) presented mostly positive results on
this time point. Other tissues still only presented scattered
positive results.

Late infection (day 4-5 post-infection)
In late infection, all tissues presented with overall positive
findings of HSV-1 DNA. In addition to the tissues which

showed positive signals earlier in the infection, the left TG
(Fig. 1b), the right hippocampus (Fig. le), the right OB
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Fig. 1 HSV-1 DNA quantification for analysis of viral spread 1-5 days
after intranasal infection of rat brain. Rats were infected with a
neurovirulent strain of HSV-1 through instillation in the right nostril. 1,
2, 3, 4 or 5 days post-infection, rats were sacrificed (n=5 per day) for
examination of viral spread to specific brain tissues of interest. The right
trigeminal ganglion (a) showed positive results for all animals already at
day 2 p.i., while overall positive results for HSV-1 in the left trigeminal
ganglia (b) were delayed until day 4 p.i. The lamina cribrosa (c¢) presented
a biphasic pattern of viral presence, with peaks in viral load at day 2 and day

(Fig. 1g) and the left OB (Fig. 1h) all showed positive results.
The lamina cribrosa (Fig. 1¢) presented a second viral peak,
which therefore showed a biphasic pattern in viral load, which
could mirror the time frame for viral spread between the right
and the left brain hemisphere.

The results from qPCR indicated that there was an
almost instant infection of HSV-1 in the right TG, while
there was a delay in the spread of the virus to the left
TG as shown by day 3, when not all animals were
positive.
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4-5 p.i. For the brain stem (d), some animals presented HSV-1 DNA at
day 3 p.i., while all animals showed positive signals later in infection. For
the right hippocampus (e), stronger presentation of HSV-1 DNA was seen
day 4 p.i., while the left hippocampus (f) showed positive results already
day 3 p.i. Positive results for the right olfactory bulb (g) were not seen for
all animals until day 4 p.i., and there was a slight delay in presentation of
HSV-1 DNA for the left olfactory bulb (h), where all animals were HSV-1
positive day 5 p.i

While the TG on the right side showed positive results for
HSV-1 in immediate infection, positive signals in the right OB
were not evident in all animals until late infection. Although a
slight further delay could be seen for infection of the left OB,
the time frame for spread to the contralateral OB was reduced
as compared to transfer from right to left TG.

Through qPCR, the selectivity of our rat model in causing
HSV-1 CNS infection after nasal instillation was confirmed,
as HSV-1 DNA was only found in CSF and not in serum in
rats 5 days p.i. (data not shown). This indicated that despite the
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Fig. 2 Paraffin sections of
olfactory region from a rat 3 days
after intranasal infection with
HSV-1. a Nasal cavity. b Right
olfactory bulb with mitral cells
(M). ¢ Rhinal cortex (rc), lateral
olfactory tract (/o). d Right
trigeminal ganglion. Nuclei are
counterstained with
haematoxylin. Scale bars:

500 um (a and ¢); 100 pum (b and
d). In the early phase of infection,
HSV- 1 antigen (brown, stained
with anti-HSV-1 antibody) could

only be demonstrated in the right
trigeminal ganglion (d)

heavy local infection in CNS, no blood-borne infection was
present in the periphery.

Distribution of HSV-1 spread through immunohistochemistry

Tissues for immunohistochemistry were obtained from day 3
p.i. (early infection) to day 6 p.i. (late infection) and stained
with antibodies against HSV-1-antigen and, when applicable,
also counterstained with antibodies for different neuronal cell
markers. In parallel with the findings of HSV-1 DNA by
qPCR, the infection was more widespread in the brain during
late infection. To identify different neuronal cell types, mono-
clonal antibodies were used. Neurons were identified using
the neuronal nuclear marker hexaribonucleotide binding
protein-3 (NeuN), astrocytes were identified as positive for
glial fibrillary acidic protein (GFAP) and microglia was iden-
tified using antibodies to ionized calcium binding adaptor
molecule 1 (Ibal). Although no appropriate oligodendrocyte
marker was available for immunohistochemistry, we detected
during the experiments that AQP9, a membrane-bound water
channel also permeable for glycerol (Ishibashi et al. 1998),
was extensively expressed in GFAP-negative glial cells that
morphologically resembled oligodendrocytes. Even though
AQP9 has been reported to be expressed by astrocytes and
catecholaminergic neurons (Badaut 2010; Badaut et al.
2004, 2014; Lehmann et al. 2004), a polyclonal antibody for
AQP9 was used as a marker for oligodendrocytes in the ab-
sence of positive signals for the other neuronal cell markers.

Early infection (3 days post-infection)

In early infection, no HSV-1 antigen could be demonstrated in
the nasal mucosa or in the OBs (Fig. 2 a—). At the same time
point, however, HSV-1 antigen was detected in scattered neu-
rons in the right TG (Fig. 2d), reflecting the findings from
qPCR (Fig. 1a). No HSV-1 antigen was detected elsewhere
in the brain in early infection (data not shown).

Late infection (4—6 days post-infection)

In late infection, HSV antigen was broadly detected in defined
parts of the brain. The extent of infection varied between an-
imals, but for all cases, the right part of the brain was most
seriously affected. On sections taken from the right OB
(Fig. 3a and b) of an animal on day 4 p.i., the mitral cells
and the olfactory tracts were infected with HSV-1. In a section
taken from the left side at the same level (Fig. 3¢ and d), HSV-
1 immunoreactivity was evident in the olfactory tract. At this
time point, however, the mitral cell layer of the left OB
remained negative, which could illustrate that the virus does
not reach the left OB from the initial site of infection but rather
through contralateral spread.

In a section of the forebrain from a moderately infected rat
4 days p.i. (Fig. 4a), HSV-1 antigen was demonstrated in the
rhinal cortex, in the right lateral olfactory tract and in the
anterior part of the AC. On the right side of the rat brain, layer
IT of the rhinal cortex was selectively affected, while only
scattered HSV-1 antigen-positive cells were seen for the rhinal
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Fig. 3 Horizontal paraffin sections of the olfactory bulbs and olfactory
tracts from a rat 4 days after intranasal infection with HSV-1 (right nostril
only). a Right olfactory bulb with mitral cells (M) and olfactory tract
(OT). b Higher magnification of (a), with mitral cells. ¢ Left olfactory
bulb with mitral cells and olfactory tract. d Higher magnification of (c)
with mitral cells. e Right olfactory bulb of infected animal incubated with
control serum. f Left olfactory bulb of infected animal incubated with
control serum. g Right olfactory bulb of uninfected control animal
incubated with anti-HSV-1 antibody. h Left olfactory bulb of uninfected
control animal incubated with anti-HSV-1 antibody. Nuclei are
counterstained with haematoxylin. Scale bars: 500 um (a and c);
100 wm (b and d). Inset indicates where in the rat brain the sections

cortex on the left side. HSV-1 antigen was clearly present in
the anterior part of the anterior commissure (aca) on both the
right and the left side which could provide an explanation how
the virus rapidly can spread from the right OB to the left OB.

In severely affected animals, as seen for a rat day 6 p.i.
(Fig. 4b and c), a large number of HSV-1 antigen-positive
cells were found also in the left rhinal cortex. HSV-1 anti-
gen-positive cells were at this time point present in both the
right and left arms of the AC, evident also for cases with no or
minor staining in the left rhinal cortex. The AC projects nerve
endings from the anterior arms to the rhinal cortex and in a
severely infected animal the HSV-1 spread appeared to follow
these projections from the left arm of the AC to the left rhinal
cortex according to double staining experiments (Fig. 5a—d).
Through double staining, it was evident that the infected cells
were negative for GFAP (Fig. 5a and b).

To confirm the specificity of our immunohistochemistry
antibody staining, sections of the olfactory bulbs or ACs from
infected rats were compared after incubation with either con-
trol serum or anti-HSV-1 antibody, where staining was only
evident for the latter (Figs. 3e—f, 4d—e, Se—f). In additional
control experiments where sections of the olfactory bulbs or
the ACs from uninfected animals were incubated with anti-
HSV-1 antibody, no HSV-1 antigen was demonstrated
(Figs. 3g-h, 41, 5 g).
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were taken. On the right side, detection of HSV-1 antigen (brown,
stained with anti-HSV-1 antibody) was evident in the mitral cells and in
the lateral and intermediate olfactory tract (a and b). On the left side, cells
in the olfactory tract showed HSV-1 immunoreactivity (c¢), while the
mitral cells were negative (¢ and d). For verification of antibody
specificity, sections from infected rats were either incubated with a
polyclonal rabbit anti-HSV-1 antibody (a—d) or the control serum Dako
Rabbit Immunoglobulin Fragment (e—f). As can be seen, HSV-1 antigen
was selectively stained in (a—d), confirming the specificity of our
antibody of choice. A section from an uninfected control animal
incubated with anti-HSV-1 antibody did not present any HSV-1 antigen
(g-h)

Fig. 4 Transverse paraffin section from the forebrain from rats 4 and P
6 days after HSV-1 infection in the right nostril. a The forebrain 4 days
after intranasal instillation of HSV-1 with the anterior part of the anterior
commissure (aca) for the right (dx) and the left (sin) hemispheres, the
rhinal cortices (rc) and the lateral olfactory tracts (/o). b Right side of the
forebrain 6 days after infection with HSV-1 in the right nostril with aca,
dx and the right rhinal cortex (rc, dx). c. Left side of the forebrain 6 days
after infection with HSV-1 in the right nostril with aca, sin and the left
rhinal cortex (rc, sin). d The forebrain 5 days after infection with the aca
and the rc. e The forebrain of an infected animal 5 days after infection
incubated with control serum. f The forebrain of a control animal
incubated with anti-HSV-1 antibody. Scale bars: 1000 um (a); 500 um
(b and ¢). Inset indicates where in the rat brain the sections were taken. In
a moderately infected animal 4 days after intranasal instillation (a), HSV-
1 antigen was present in the aca on both sides. Many neurons in the rhinal
cortex and the lateral olfactory tract on the right side showed HSV-1
immunoreactivity. On the left side, a few scattered neurons were
positive for HSV-1 antigen in the rhinal cortex. Six days after infection,
in a severely infected animal (b and ¢), there was a similar distribution of
HSV-1 antigen as after 4 days, but at this late stage, the animal was more
heavily infected. Slightly posterior to the plane shown in the figure, the
right and left arms of the aca join to form the posterior part of the anterior
commissure. For verification of antibody specificity, sections from
infected rats were either incubated with a polyclonal rabbit anti-HSV-1
antibody (a—d) or the control serum Dako Rabbit Immunoglobulin
Fragment (e). As can be seen, HSV-1 antigen was selectively stained in
(a—d), confirming the specificity of our antibody of choice. A section
from an uninfected control animal incubated with anti-HSV-1 antibody
did not present any HSV-1 antigen (f)
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Further double staining experiments gave evidence of clus-
tering of HSV-1-positive cells in the AC (Fig. 6a), with only
scattered positive cells in the immediate surrounding tissue.
These cells were small and rounded with a central nucleus.

Initial experiments showed that the infected cells were nega-
tive for GFAP (Fig. 6b and c), Ibal and NeuN, indicating that
they were neither astrocytes nor microglia nor neurons. These
results suggested that the HSV-1 antigen-positive cells in the
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Fig. 5 High magnification of double staining in the region of the left
anterior commissure and the left lateral olfactory tract and control staining
of right anterior commissure. a High magnification of double staining in
the region of the left anterior commissure (AC) and the left lateral
olfactory tract with HSV-1 antigen-positive cells in red (polyclonal
antibody), GFAP-positive cells (monoclonal antibody) in green and
nuclei counterstained with Hoechst blue. b Only staining for GFAP
with monoclonal antibody. GFAP-positive cells (astrocytes) in green. ¢
Only staining for HSV-1 with a polyclonal HSV-1 antibody. HSV-1
antigen-positive cells in red. d Only showing staining for nuclei with
Hoechst blue. e Section of the right AC from infected rat incubated
with control serum. f Section of the right AC from infected rat
incubated with anti-HSV-1 antibody. g Section of the right AC from

AC could be oligodendrocytes. Double staining experiments
with AQP9 and HSV-1 antigen (Fig. 6d—g) indicated that
HSV-1 co-localized to cells where AQP9 were expressed.
As double staining with GFAP and AQP9 did not co-
localize in infected cells, we interpreted the results as indicat-
ing that HSV-1-infected cells were in fact oligodendrocytes,
despite previous reports of AQP9 in astrocytes.
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uninfected rat incubated with anti-HSV-1 antibody. In double staining
of the region around the AC, it was evident that the cells of the AC
(stained for HSV-1 in red) were not astrocytes as no co-localization of
GFAP and HSV-1 was seen. In (a) and (c), the staining was compatible
with a spread of HSV-1 from the AC to the left rhinal cortex in bundles.
To verify the specificity of our antibody staining for
immunohistochemistry, sections from infected rats were either
incubated with the control serum Dako Rabbit Immunoglobulin
Fragment (e) or a polyclonal rabbit anti-HSV-1 antibody (f). HSV-1
antigen was selectively stained in (f), confirming the specificity of our
antibody of choice. A section from an uninfected control animal
incubated with anti-HSV-1 antibody did not present any HSV-1 antigen

(8

Hippocampus was infected relatively late as compared to
other structures. In cases with less severe infection, as present-
ed in a section from an infected rat 4 days p.i., no HSV-1
antigen-positive cells could be demonstrated in the hippocam-
pus (Fig. 7a and b). At the same time, while the rhinal cortex
on the right side was infected in all cases (Fig. 7c), no infec-
tion was seen for the left rhinal cortex (Fig. 7d).
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Fig. 6 Transverse sections of the anterior commissure on the right side of
a heavily infected rat 6 days after HSV-1 infection in the right nostril. a
Anterior part of the right anterior commissure (aca, dx), staining in red for
HSV-1 with a polyclonal antibody. b Higher magnification of A with
double staining showing HSV-1 antigen-positive cells in red
(polyclonal antibody) and GFAP-positive cells (astrocytes) in green
(monoclonal antibody). ¢ Double staining in higher magnification with
HSV-1 antigen-positive cells in red (polyclonal antibody) and GFAP-
positive cells (monoclonal antibody) in green. d High magnification of
double staining in the anterior commissure (4C) with HSV-1 antigen-
positive cells in green (monoclonal antibody), AQP9-positive cells
(oligodendrocytes) in red (polyclonal antibody) and nuclei are
counterstained with Hoechst blue. e Only staining for AQP9 with
polyclonal antibody. AQP9 antigen-positive cells (oligodendrocytes) in

In the later phase of infection, HSV-1 antigen-positive cells
were evident in the hippocampus as well as in the rhinal cortex
on both the right and the left side (Fig. 8). In the hippocampus,
neurons in the CAl region were preferentially affected
(Fig. 8c and d) and the extent of injury was larger on the right
side (Fig. 8c). This finding could suggest that, in addition to
the TG route, the viral load derived from the right olfactory
tract was decisive for the increased pathologic lesions on this
side.

Gene expression of AQP9 in rats infected with HSV-1

To investigate whether the AQP9 gene expression was in-
creased during HSV-1 infection, the RNA expression of
AQP9 gene was measured in rat brain tissues from HSV-1-
infected rats and control rats through qPCR. Indications that
the expression of AQP9 RNA was similar or higher in brain

red. f Staining for HSV-1 with a monoclonal HSV-1 antibody. HSV-1
antigen-positive cells in green. g Staining for nuclei with Hoechst blue.
Scale bars: 100 um (a); 50 um (b); 20 pm (d—g). Nuclei are
counterstained with Hoechst blue (a—d). Staining for HSV-1 in a
severely infected animal 6 days after infection indicated that the virus
had a preference for the AC (a). Double staining for HSV-1 with
GFAP; it was evident that the astrocytes in the AC were not infected (b
and c). The HSV-1-infected cells were seen as cylindrically shaped
groups, with adjacent regions of astrocytes (¢). In (d—g), the same
section can be seen, but through different filters. This signalled for the
co-localization of AQP9 and HSV-1, indicated by white arrows in all four
images, and suggested that the HSV-1-infected cells of the AC were
oligodendrocytes

tissue from control animals compared with infected animals
(Fig. 9a) lead us to speculate that the AQP9 gene in brain cells
may be constitutively expressed and unaffected by HSV-1
infection. Therefore, AQP9 protein expression could be regu-
lated on a translational rather than on a transcriptional level. In
the right AC, four out of four HSV-1-infected animals showed
lower RNA concentrations than the two control animals, and
similarly, this was seen for three out of four infected animals in
the left AC (Fig. 9a). Hence, this could suggest messenger
RNA (mRNA) consumption and AQP9 translation during ini-
tial HSV-1 infection of the brain cells.

Concentrations of AQP9 in cerebrospinal fluid (CSF)
and serum samples from patients with HSE

The discovery of co-localization of AQP9 and HSV-1 in cells
of the AC, the up-regulation of AQP9 in HSV-1 infected
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Fig. 7 Transverse section from
the midbrain/hippocampus from a
less severely infected rat 4 days
after intranasal infection with
HSV-1. a Right hippocampus
(hipp). b Left hippocampus. ¢
Right rhinal cortex (rc). d Left
rhinal cortex. Scale bars: 500 pm.
Inset indicates where in the rat
brain the sections were taken.

4 days after intranasal instillation
with virus, HSV-1 antigen-
positive cells were demonstrated a
only in the rhinal cortex on the

right side (¢). No staining of HSV-
1 antigen could be detected in the
hippocampus or in the left rhinal
cortex

hipp, dx hipp, sin
22 500 um
b P
rc, sin
y 7 500 um
© ; 2 :

animals and indications of constitutive AQP9 gene expression
lead us to investigate the expression of AQP9 in humans. CSF
and serum samples obtained from HSE patients and healthy
subjects were examined using an AQP9-specific ELISA kit.
The concentration of AQP9 in CSF (Fig. 9b) was statisti-
cally significantly higher (»=0.0073), in samples from HSE
patients (12.2+4.4 ng/ml), compared with healthy controls
(0.0£0.0 ng/ml). For serum (Fig. 9¢), the AQP9 concentration
was also statistically significantly higher (p=0.0003) for HSE
patients (20.4+1.2 ng/ml) than for healthy subjects (9.2+
1.9 ng/ml). Although age and sex distribution differed mark-
edly between the two groups, and concentrations were in-
creased in HSE patients, individual AQP9 concentrations ap-
peared to be related to neither of these. Despite a mean age of
33.3 years for the control group compared with 62.7 years for
HSE patients, a few individual subjects could be age matched
with HSE patients where no age correlation could be seen for
the AQP9 concentrations in serum. A 53-year-old healthy
control had an AQP9 concentration of 7.33 ng/ul compared
with an HSE patient of the same age which presented a con-
centration of 21.5 ng/ul, and a healthy subject of 56 years
showed an AQP9 concentration of 8.5 ng/ul in serum com-
pared with 59 years old HSE patients with concentrations of
24.2, 18.8 and 21.5 ng/ul, respectively. For full presentation
of individual AQP9 concentrations and demographics, please
refer to Supplementary Table 1. Since the mean CSF/serum
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quotient of the AQP9 concentrations was more than 1/3, an
intrathecal source of the protein in CSF was likely.

The concentration range of AQP9 in CSF for HSE patients
could not be related to the value of genome equivalents in
gPCR (median log 4.4 geq/ml, range log 3.5-log 6.3 geq/
ml) nor was it gender or age specific. Although data was
lacking on the duration of the infection, we found 6 patients
where CSF samples were taken acute and during convales-
cence. Result here indicated that the concentration of AQP9
in CSF peaked early in the infection, when HSV-1 DNA con-
centration also was high, but late in infection (after 2 to
3 weeks) AQP9 concentration had diminished or entirely dis-
appeared (data not shown).

Discussion

The AC consists of bundles of nerve fibres extending from
one brain hemisphere to the other, passing through either the
anterior or the posterior arm, which permits communication
between the two hemispheres including the two OBs. The
origins for the fibres passing through the AC differ slightly
for different mammalian species (Jouandet and Hartenstein
1983). In marsupials, which lack corpus callosum, the AC
functions as their major interhemispherical pathway
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Fig. 8 Transverse section from a
severely infected rat 6 days after
intranasal infection with HSV-1 a
Right rhinal cortex (rc, dx) and
hippocampus (hipp, dx). b. Left
rhinal cortex (rc, sin) and
hippocampus (%ipp, sin). ¢ Right
hippocampus with pyramidal
cells (p). d Left hippocampus
with pyramidal cells. Scale bars:
500 um (a and b); 100 um (¢ and
d). Inset indicates where in the rat
brain the sections were taken.
HSV-1 antigen-positive cells were
evident in the hippocampus and
the rhinal cortex on both sides, but
the lesion on the right side were
more pronounced than on the left
side (a and b). In the
hippocampus, the pyramidal cells
(p) in the CA1 region (the first
region in the hippocampal circuit
that yields a significant output
pathway) were preferentially

hipp, sin -

B

affected (¢ and d)

(Ashwell et al. 1996; Heath and Jones 1971), while in
eutherians (including rat, mice, and primates), the AC is
an important communication route reported to attribute
to smelling, hearing, emotion, speech, memory and pain
sensation (Risse et al. 1978). Here, fibre origins include
olfactory tracts and amygdala (Di Virgilio et al. 1999;
Jouandet and Hartenstein 1983; Kiernan 2012; Patel
et al. 2010).

Although the anterior arm of the AC, involved in transfer of
olfactory signals, is thought to be less extensively developed
in humans than in rat (Di Virgilio et al. 1999; Jouandet and
Hartenstein 1983; Shipley and Ennis 1996), our findings that
HSV-1 uses the AC as a shortcut between the OBs in rat, as
indicted through both immunohistochemistry and quantitative
PCR, might be applicable to humans. The tropism for this
neuronal pathway, shown to be one of the most preserved
pathways in evolution, indicates that alphaherpesviruses may
have developed their route for infection of the CNS early in
the evolutionary chain. Through the AC, HSV-1 has utilized a
robust route of connectivity to spread between the two

hemispheres with significant impact on the transmission of
the HSV-1 between the OBs. As the OBs are a part of the
limbic system (Eslinger et al. 1982), the quick spread between
them could contribute to the selective destruction of the limbic
system seen in many patients with HSE (Damasio and Van
Hoesen 1985; Esiri 1982). A recent study has documented
how another highly neurotropic alphaherpesvirus, equine her-
pesvirus 9 (EHV-9), in suckling hamsters spread from the site
of inoculation, via the olfactory receptor cells, to the OBs
within 48 h p.i. (El-Habashi et al. 2010). These results, despite
lack of separation of infection in right or left nostrils, support
our findings of HSV-1 entry and spread within CNS through
both the OBs and the TGs after nasal instillation. The low dose
of HSV-1 utilized in the present study, which still resulted in
neuropathogenesis in rats resembling that of human HSE
without damage to or violation of the nasal mucosa, argues
for the use of nasal instillation as a suitable model for this
human disease. Unlike what is found in HSE patients, no
macrophages or accumulation of lymphocytes were seen in
the infected rat brains in our study. This is presumably due
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to the short duration of the infection (6 days in comparison to
2-3 weeks in HSE patients).

A few studies have previously reported on viral targeting of
the AC (Barnett et al. 1993; Esiri 1982; Faber and Gebhardt
1933; Ludlow et al. 2008; Perlman et al. 1990). Both previous
studies and the results we present here indicate that specific
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viruses can use the AC to spread differently in the brain and
result in various clinical manifestations (Bamett et al. 1993;
Faber and Gebhardt 1933; Perlman et al. 1990), but no previ-
ous study has demonstrated strong presence of HSV-1 antigen
in the AC. As specific viruses spread differently in the CNS,
the knowledge of which cell types are infected and which
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<« Fig. 9 Aquaporin 9 (AQP9) RNA expression in rat brain tissue and
AQP9 protein concentrations in cerebrospinal fluid (CSF) and serum
for healthy controls and herpes simplex encephalitis (//SE) patients. a
Expression of AQP9 RNA in rat brain tissue for control animals and
HSV-1-infected animals. Error bars indicate standard deviation. b
AQP9 concentration in CSF of healthy controls and HSE patients in ng/
ml assayed by ELISA. ¢ AQP9 concentration in serum of healthy controls
and HSE patients in ng/ml assayed by ELISA. Median values are
indicated with red line, and each individual sample is indicated with
black dot (b and c¢). p values are indicated for statistically significant
differences where **p<0.01, ***p<0.001 (b and ¢). The RNA
expression of AQP9 in rat tissue (a) was examined in rat brain tissues
(right and left olfactory bulb (OB), right and left hippocampus and right
and left anterior commissure (4C)) obtained from two groups of rats: one
uninfected control group (filled bars, n=2) and one group infected with
HSV-1 sacrificed 5 days after infection (chequered bars, n=4). Relative
mRNA levels in each sample were normalized to the reference gene 18S.
RNA concentration was expressed in arbitrary units according to the
formula 2 rence *'samples Where the mean ACt-value for the right
OB of the control group was used for ACtuference- While the RNA
expression in the OBs and the hippocampus did not present major
differences between the control group and the infected group, the mean
values of the AQP9 RNA expression in the ACs were markedly lower for
the herpes-infected group compared with the control, although not
statistically significant. The concentration of AQP9 in CSF (b) and
serum (c¢) was determined in samples from healthy controls (z=19) and
HSE patients (n=20 for CSF, n=12 for serum). In cerebrospinal fluid (b),
HSE patients presented a higher AQP9 concentration compared with
healthy controls, a statistically significant difference (»p=0.0073). In
serum (c¢), there was also a statistically significant increase in AQP9
concentration for HSE patients compared with healthy controls (p=
0.0003)

routes they utilize can be of importance for using viruses as
neuronal tracers of the CNS.

In parallel to observations by Esiri (1982) regarding the
HSV-1 tropism, we found that viral antigen was more abun-
dant in one brain hemisphere than the other initially, and al-
though viral antigen was present in the other hemisphere as
well the concentration was lower. The distribution of abundant
viral antigen in the brain corresponded to the degree of path-
ological changes seen for the brain hemispheres, which led the
author to suggest that the disease originates in one hemisphere
and then spreads to the other (Esiri 1982). Hence, the neuro-
pathological findings in human HSE is compatible with a
unilateral origin of infection followed by a contralateral dis-
persal through neuronal tracts. Relating to our results after
unilateral intranasal instillation, this is highly likely, and we
suggest that the AC can be involved in such contralateral
spread of HSV-1.

After instillation of HSV-1 in the right nostril, we found
that the virus utilizes two routes of infection to spread in the
brain. (1) For the first route, virus is internalized by the neu-
rons in the olfactory mucosa and is transported via the glo-
meruli to the mitral cells within the right OB by retrograde
transport (Fig. 10a), in which HSV-1 antigen can be demon-
strated day 4 p.i. The virus then spreads by anterograde trans-
port posteriorly via the right olfactory tract and the right arm
of the AC, cross over to the left arm of the AC and the left

olfactory tract and travels towards the left OB
(Fig. 10b). Here, however, the virus does not enter the
mitral cell layer of the left OB, which might indicate
that mitral cells are directionally restricted in how virus
is propagated. If mitral cells only accept viral input
from olfactory receptor neurons, these cells will convey
anterograde transport of virus to the third order neurons
in the lateral tract and block retrograde viral transfer
from the lateral tract neurons. In addition, the finding
is a strong indication of the selectivity of our model as
regards unilateral infection, where virus does not reach
the left olfactory bulb from the site of initial instillation,
but rather from other parts of the brain. (2) For the
second route of infection, virus may enter the brain
via the right TG and infect the medulla oblongata and
cerebellum (data not shown). The hippocampus is in-
fected either from the AC, the olfactory tract or the
TG (Fig. 10b).

We suggest that the cells infected with HSV-1 in the
AC are oligodendrocytes, based on the morphology of
the cells, the co-localization of HSV-1 and AQP9 anti-
gen and the lack of GFAP staining. It is evident that
neither nerve cells nor astrocytes are infected in the AC.

While spread to the OBs from the olfactory mucosa re-
quires passing of a synapse, there is no similar synapse pas-
sage for spread to the ipsilateral TG. This could indicate that
the delay we observed for appearance of HSV-1 infection in
the right OB compared with the right TG is due to synapse
passing. However, the time for passage from the right to the
left OB is not delayed as much as the passage from the right to
the left TG which suggests that passage over the AC is rapid.
The here suggested involvement of the oligodendrocyte-
resembling AQP9-positive cells of the AC could contribute
to this increased speed for viral transmission across the brain
hemispheres.

Our results indicate that HSV-1 in the AC showed a pref-
erence for AQP9-positive cells morphologically resembling
oligodendrocytes, rather than neurons or astrocytes, which
might be of value for rapid spread of the virus as one oligo-
dendrocyte can extend its processes to more than one nerve
fibre. Also, we showed HSV-1 antigen presence from the left
anterior arm of the AC to the left rhinal cortex compatible with
following of nerve projections, which could indicate the loca-
tion of where HSV-1 passes from AQP9-positive cells to neu-
rons of the left olfactory tract

Earlier studies of HSV-1 spread in the CNS have often
investigated the involvement of astrocytes in infection
(Aravalli et al. 2006; Armien et al. 2010; Studahl et al.
2000; Toft-Hansen et al. 2011). Oligodendrocytes, which are
strongly permissive for HSV-1 infection (Bello-Morales et al.
2005), have rarely been in clinical focus for involvement in
infection, but studies involving oligodendrocytes have indi-
cated positive signals for HSV-1 antigen presence here
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(Bergstrom et al. 1994; Esiri 1982; Mann et al. 1983; Thomas
etal. 1991).

In previous studies, expression of AQP9 has been de-
scribed in tanycytes, catecholaminergic neurons and
some astrocytes (Badaut et al. 2004, 2014; Badaut and
Regli 2004; Lehmann et al. 2004; Papadopoulos and
Verkman 2013) while studies on oligodendrocytes, to
the best of our knowledge, are lacking. In this study, a
polyclonal antibody for AQP9 was used as an oligoden-
drocyte marker, as we found that staining with this par-
ticular antibody in infected cells of the AC did not co-
localize with markers either for astrocytes, microglia or
neurons and the AQP9-positive cells morphologically re-
sembled oligodendrocytes.

Our findings of high concentrations of AQP9 in the
CSF of HSE patients indicate an importance of this
aquaporin in human CNS infection by HSV-1. Brain
oedema is commonly observed in HSE, and although
the underlying molecular mechanisms are poorly under-
stood, it has been suggested that there might be distur-
bance in the blood-brain barrier fluid regulation
(Martinez Torres et al. 2007). AQP9, aquaporin 4
(AQP4) and aquaporin 1 (AQP1) are the three aquapo-
rins currently reported to be present in the brain, and
these have all been suggested to be involved in fluid
balance regulation of the brain (Badaut et al. 2007;
Lehmann et al. 2004). The expression of AQP9 has
previously been investigated in relation to other brain
trauma but never to HSE (Badaut 2010; Badaut et al.
2014; Fossdal et al. 2012; Liu et al. 2012; Oliva et al.
2011; Wang et al. 2009; Yool 2007), but this, however,
has been done for AQP1 and AQP4 (Martinez Torres
et al. 2007).

The up-regulation of AQP9 we found during HSV-1
infection of humans and rodents might be directly in-
duced by the virus, but it is more probable that the
response is a defence mechanism by the brain to protect
the neurons. As AQP9 is an aquaglyceroporin (Badaut
2010), also permeable for glycerol and urea and thereby
involved in the energy metabolism of cells, the up-
regulation could be in response to the increased need
of energy during an infection. It could also be an acti-
vation in response to reduce the brain swelling seen in
HSE patients and in the rodent model. Another possible
explanation to the finding of higher concentration of
AQP9 in CSF from HSE patients compared with con-
trols is the reports that AQP9 is expressed in leukocytes
(Elkjaer et al. 2000; Ishibashi et al. 1998). As the
amount of leukocytes usually is increased in CSF in
patients with encephalitis, this could result in an in-
creased concentration of AQP9 protein. Altogether, we
found that oligodendrocyte-resembling cells expressed
AQP9 and that the expression co-localized with HSV-1
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Fig. 10 Illustration of olfactory bulb and suggested route forP
contralateral spread of HSV-1 CNS infection. a Schematic illustration
of the olfactory mucosa and olfactory bulb (OB). b Illustration of the
HSV-1 spread between the two hemispheres of the rat brain. Solid blue
lines indicate routes for HSV-1 entry which were clearly defined during
the experiments, while dashed blue lines indicate possible routes for
spread to hippocampus and rhinal cortex. After instillation of HSV-1 in
the right nostril of the rat, the virus can use two routes for entry of the
brain: either through the right olfactory route (a and b) or through the
right trigeminal nerve (b). For spread via the right olfactory route (a), the
virus will enter via neurons of the olfactory mucosa (first order of
neurons). Via the olfactory glomeruli HSV-1 will be transported
retrogradely to the mitral cells (second order of neurons) of the right
OB, passing the lamina cribrosa. With anterograde transport from the
mitral cells to third order of neurons (a), the virus then can spread
posteriorly (b) via the right olfactory tract and reach the rhinal cortex.
HSV-1 can also spread from the right olfactory bulb via the anterior
commissure (4C) and enter the left OB. Here, however, the mitral cells
did not become infected, which could indicate that there is a blocking of
viral retrograde transport of the mitral cells from the AC. Infection of the
hippocampus may occur through spread either from the AC, from the
olfactory tract or from the trigeminal ganglia (7Gs). During spread via
the right trigeminal nerve, the virus will reach the right TG and then
spread further to the brain stem and medulla oblongata, the cerebellum
and the left TG

antigens in experimental infection in rats, which, along
with the increased protein levels detected in CSF during
HSE in humans, could suggest a role for AQP9 in the
pathogenesis of HSE.

Given that our results for gene expression of AQP9
appeared to be relatively constant for both controls and
virus-infected subjects, we suggest that the AQP9 gene
is constitutively expressed in the brain. There may
therefore be a pool of AQP9 mRNA present, and
AQP9 expression could then be regulated on a transla-
tional level in brain cells in response to stress rather
than on transcriptional level. In an acute event, like
infection of HSV-1, the infected cells of the brain may
then use the mRNA pool for translation of AQP9 pro-
tein until the production of mRNA has increased for
compensation, which could explain why all infected an-
imals showed lower RNA concentration in the right AC
compared with the controls. An interesting future study
could be to investigate how the expression of AQP9
mRNA is affected during the entire time course of HSE.

To conclude our results, the AC appears to play an impor-
tant role in ipsi- and contralateral spread of HSV-1 in the
limbic system in a rat model of HSE, which could have bear-
ings to the appearance of clinical manifestations seen during
human disease. The detection of viral antigen in AQP9-
expressing oligodendrocyte-resembling cells rather than in
neurons within the AC could indicate that the virus may utilize
the former cell type for rapid transport. Furthermore, a role for
AQP9 in the pathogenesis of human HSE was suggested by
the strongly increased concentrations of this aquaporin in
acute samples of CSF from patients.
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