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Abstract Viral neuroinvasion is a critical step in the patho-
genesis of viral encephalitis. Multiple mechanisms of neuroin-
vasion have been identified, but their relative contribution to
central nervous system (CNS) infection remains unclear for
many viruses. In this study, we examined neuroinvasion of
the mosquito-borne bunyavirus La Crosse (LACV), the lead-
ing cause of pediatric viral encephalitis in the USA. We found
that the olfactory bulb (OB) and tract were the initial areas
of CNS virus infection in mice. Removal of the OB reduced
the incidence of LACV-induced disease demonstrating the
importance of this area to neuroinvasion. However, we deter-
mined that infection of the OB was not due to axonal transport
of virus from olfactory sensory neurons as ablation of these
cells did not affect viral pathogenesis. Instead, we found that
OB capillaries were compromised allowing leakage of virus-
sized particles into the brain. Analysis of OB capillaries dem-
onstrated specific alterations in cytoskeletal and Rho GTPase
protein expression not observed in capillaries from other brain
areas such as the cortex where leakage did not occur. Col-
lectively, these findings indicate that LACV neuroinvasion
occurs through hematogenous spread in specific brain regions
where capillaries are prone to virus-induced activation such
as the OB. Capillaries in these areas may be “hot spots” that
are more susceptible to neuroinvasion not only for LACYV, but
other neurovirulent viruses as well.
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Introduction

The central nervous system (CNS) is protected from invad-
ing pathogens by the blood-brain barrier (BBB), which is
formed by brain capillary endothelial cell (BCEC) tight junc-
tions and reinforced by perivascular astrocytic endfeet [,
32]. Neurotropic encephalitic viruses have evolved several
mechanisms for neuroinvasion that circumvent this barrier.
Many viruses, including herpes simplex, polio and rabies,
spread to the CNS via anterograde transport along peripheral
sensory neurons [38]. Olfactory sensory neurons (OSNs)
which reside in the epithelium of the nasal turbinates may
also contribute to this form of neuroninvasion [48] and can
be infected by certain neurotropic viruses [21, 47]. Addi-
tionally, some viruses such as West Nile and HIV can enter
the CNS by virus-induced recruitment and transmigration
of infected immune cells across a compromised BBB [28].
Furthermore, the activation of BCECs cells by virus-induced
innate immune signals modulates BBB permeability and can
promote viral invasion directly across endothelial surfaces
in the CNS [8, 30]. It has been proposed that some viruses
may utilize multiple neuroinvasive mechanisms and enter the
CNS both through infected OSNs and through compromised
brain capillaries [37, 39]. However, the relative contribution
of these mechanisms to peripheral virus neuroinvasion has
yet to be determined and a direct comparison of their puta-
tive role in this process would further our understanding of
encephalitic virus pathogenesis.

To examine mechanisms of neuroinvasion, we utilized
a mouse model of La Crosse (LACV) infection. LACV is
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a neuroinvasive mosquito-borne bunyavirus of the Cali-
fornia encephalitis serogroup that infects humans when
transmitted during a blood meal. While LACV infection
rarely causes neurological disease in adults [40], it is the
leading cause of pediatric viral encephalitis in the United
States [14, 15]. LACV neuroinvasion in humans and ani-
mal models results in the infection, dysfunction and death
of neurons [3, 27, 29, 33]. Virus-induced brain pathology
can lead to severe neurological disease with symptoms
such as seizures, coma and paralysis [27]. In rare cases,
LACV-induced neurological disease is lethal particularly in
younger patients. The ability of LACV to invade the CNS
may be one of the limiting steps of LACV disease patho-
genesis and may be predictive of clinical outcome. How-
ever, the mechanisms or restrictions that influence the abil-
ity of LACV to enter the brain are largely unknown.

The established murine model of LACV infection is
ideal for studying neuroinvasion and neuropathogenesis as
it recapitulates the age-dependent susceptibility observed in
humans [3, 19, 20, 43, 44]. Adult mice are resistant, while
weanlings are susceptible to neurological disease follow-
ing peripheral inoculation. Adult animals effectively clear
LACV via innate immune mechanisms during periph-
eral infection [44]. However, adults develop disease when
LACYV is administered intracerebrally (i.c.) demonstrating
that LACV retains neurovirulence but is not neuroinvasive
in adults [19]. Therefore, comparison of these routes in
adult and young animals may provide mechanistic insight
into neuroinvasion and disease pathogenesis.

The mechanisms of LACV entry into the CNS are not
clear. It has been suggested that hematogenous spread
and/or anterograde transport from the nasal turbinates
may be involved. Peripherally inoculated weanling
mice develop viremia prior to disease [3, 20] suggest-
ing a hematogenous route. However, LACV is found
in the nasal turbinates of intraperitoneally (i.p.) inocu-
lated weanling mice early during infection suggesting
that peripherally virus might be able to infect OSNs and
enter the CNS from this site [3]. Furthermore, LACV is
pathogenic if given intranasally (i.n.) in weanlings indi-
cating that nasal turbinate infection may lead to neuroin-
vasion [3].

In this study, LACV neuroinvasion was examined by
comparing two routes of virus inoculation, direct (i.n.)
and peripheral (i.p.). Our findings indicated that retro-
grade transport of virus along OSNs was possible, but did
not occur following i.p. inoculation. Instead, peripheral
inoculation of LACV induced vascular leakage in spe-
cific regions of the brain, including the olfactory bulb
(OB), anterior olfactory nucleus (AON) and lateral olfac-
tory tract (OT) that coincided with the first areas of virus
infection in the brain. Furthermore, LACV-induced vas-
cular leak at this early time point was sufficient to allow
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virus-sized particles to invade the brain. Proteomic analy-
sis of OB brain capillaries demonstrated specific changes
in proteins involved in cytoskeletal rearrangement sug-
gesting a possible mechanism of virus-induced tight
junctional disruption of the BBB. Collectively, this study
demonstrates that LACV selectively utilizes a hematog-
enous route of neuroinvasion during peripheral infection
that is localized to specific susceptible brain regions such
as the OB.

Methods
Infection of mice with LACV

All animal studies were conducted under animal protocol
RML2013-062 with strict adherence to the Principles of
Laboratory Animal Care and in accordance and approval
by the NIH/NIAID/RML Institutional Animal Care and
Use Committee. OMP-YFP and C57BL/6 mice obtained
from Jackson Laboratories were maintained in a breed-
ing colony at RML. LACV human 1978 stock was a kind
gift from Dr. Richard Bennett and has previously been
described [3]. Mice at 3 (weanling) or 6-8 (adult) weeks
of age were inoculated with 10 or 10° PFU of LACV in
phosphate-buffered saline (PBS) in a volume of 200 pl/
mouse i.p. or 10 pl/mouse i.n. Mice were observed daily
for signs of neurological disease characterized by hunched
posture, seizures, reluctance or inability to move normally,
or paralysis. Animals with clear clinical signs of neuro-
logical disease were scored as clinical and euthanized
immediately.

Immunohistochemistry

At set time points, mice were perfused transcardially with
heparin saline (100 U/ml) followed by 10 % neutral buffer
formalin. Whole brain or decalcified whole skulls were
serially sectioned at 5 wm. Sections were blocked (5 %
BSA, 0.05 % Triton in PBS) at room temperature (rt) for
1 h. Primary antibodies against NeuN (1:100, Millipore),
LACYV (1:1000, gifted by Dr. Robert Tesh), GFP (1:1000,
Ab cam) and/or CD31 (1:200, Ab cam) were incubated
overnight at 4 °C in PBS. Secondary antibodies (don-
key anti-goat AF488, goat anti-mouse AF594 or donkey
anti-rabbit AF594, Invitrogen) were incubated for 1 h at
rt. Slides were cover slipped with Prolong Gold mount-
ing media containing DAPI and imaged using (1) a Zeiss
710 LSM (Carl Zeiss) with a Plan Apochromat 63X oil
immersion objective (NA 1.40) with a pinhole of 90 and
a 0.5 or 0.25 pm step controlled by Zen software, (2) an
Aperio ScanScope FL (fluorescent) slide scanner (Leica
Biosystems) with a UPLSAPO 20X objective (NA 0.75)



Acta Neuropathol (2015) 130:233-245

235

controlled by ScanScope software, (3) an Aperio XT
(bright field) slide scanner with the same objective also
controlled by ScanScope software, or (4) an epifluores-
cent Nikon Eclipse 55i clinical microscope (Nikon) with a
Plan Fluor 40X objective (NA 0.75) mounted with a Nikon
DS-Ril digital camera operated by NIS Elementals v3.2
software. Representative images were exported to TIFF
format for subsequent processing included Huygens decon-
volution (Figs. 4, 6) with Scientific Volume Imaging (SVI)
software and orthogonal reconstruction (Figs. 4a, b, 6¢, d)
in Imaris v7.7.4. All figures were built using Canvas 14
(ACD Systems).

Chemical depletion of OSNs

Dichlobenil (2,6 Dichlorobenzonitrile) was dissolved in
cell culture grade dimethyl sulfoxide (DMSO). Dichlobenil
was administered 3 days prior to LACV infection at 50 mg/
kg i.p. at 100 pl/mouse [5]. Control mice were given 100 pl
DMSO i.p.

Plasma and cell transfers

Blood and spleen tissues were removed from C57BL/6
mice infected with 10* PFU LACYV, i.p. at 2 dpi. Blood
was spun at 5000 g for 10 min to isolate plasma. Plasma
was stored on ice. The remaining pellet was suspended in
70 % percoll/PBS and underlayed on a 0-30 % step per-
coll gradient which was centrifuged at 1500g for 20 min at
4 °C. Peripheral blood mononuclear cells (PBMCs) were
recovered at the 30-70 % interface, rinsed in PBS, and
resuspended at 5 x 107 cells/ml in phosphate-buffered bal-
anced salt solution (PBBS) on ice. Spleens were homog-
enized through a 70 pm filter and fractionated using the
same percoll gradient protocol, and then resuspended at
5 x 108 cells/ml in PBBS on ice. 100 ul of cell suspension
or neat plasma was given intravenously (i.v.) to individual
recipient mice.

Flow cytometry

Immune cells isolated from homogenized whole brain [6],
spleen or blood as described above were processed for flow
cytometry as previously described [44] with the exception
that the cells were also stained with LACV primary anti-
body conjugated to Pacific Blue™ dye using an APEX®
Antibody labeling kit (Life Technologies).

Real-time PCR
Immune cells isolated from homogenized whole brain [6]

were processed for quantitative Real-time PCR as previ-
ously described [44].

Measuring BBB permeability

Mice were given Evan Blue dye (200 ul of 20 mg/ml i.v.)
in PBS at 1-5 dpi or 2000 kd fluorescein—dextran (200 ul of
200 mg/ml i.v.) in PBS at 3 dpi. 30 min later, mice were per-
fused transcardially with 5 ml of heparinized saline (100 U/
ml). Brains were immediately removed and placed on ice in
a sealed tube. Dextran-treated mice were used for immuno-
histochemistry, as described above. Brains for Evans Blue
dye studies were homogenized in N, N-dimethylformamide,
spun down and 200 wl of the resulting clarified superna-
tants measured at 620 nm in triplicate on a Biotek Synergy 4
plate reader in a flat bottom 96-well plate. A standard curve
of 620 nm absorbance of known Evans Blue dye concentra-
tions in N, N-dimethylformamdie was obtained to determine
sample concentration by linear regression.

Bulbectomy surgery

Mice were anesthetized with inhaled isoflurane, placed in
stereotactic device and had their heads shaved and steri-
lized. A retracted midline incision in the skin exposed the
skull above the OB. Bilateral holes were drilled through
the skull above each lobe and the entire bulb was removed
using a sterile pipette tip connected to a vacuum. The skin
was closed by sutures and mice were placed in heated cages
and monitored until awake and active. Ketoprofen (5 mg/
kg) was administered i.p. pre-operatively. Buprenorphine
(0.1 mg/kg) was administered i.p. pre-operatively and
post-operatively every 8—12 h for 2 days. Ceftriaxone (30—
50 mg/kg) was administered subcutaneously pre-operatively
and again post-operatively every 24 h for 2 days to prevent
infection. Sham surgery mice received the same treatment
with the exception that a sterile needle was used to scratch
the skull over the OB (no holes were drilled) prior to sutur-
ing the skin.

BCEC isolation, 2D-DIGE protein expression profiling
and mass spectrometry

Primary BCEC microvessels were obtained from LACV
and mock-infected mice at 3 dpi according to a previously
published protocol [49] with the exception that the OB
and tract were processed separately from cortices. Isola-
tion of microvessels was confirmed by microscopic analy-
sis. Isolated microvessels were solubilized in 2-D cell lysis
buffer (30 mM Tris—HCI, pH 8.8, 7 M urea, 2 M thiourea,
4 % CHAPS), frozen in liquid nitrogen and sent to Applied
Biomics (Hayward, CA, USA) for CyDye labeling and
two-dimensional difference gel electrophoresis (2D-DIGE)
analysis. Briefly, 30 pg of protein lysate sample was labeled
with 1 ul of CyDye (containing Cy2, Cy3 or Cy5 minimal
dyes, diluted 1:5 with DMF) for 30 min on ice. 250 pl of
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sample was placed in a 13 cm immobilized pH gradient
strip (Amersham BioSciences) and isoelectric focusing was
run in the dark at 20 °C. Samples were transferred into a
12 % SDS-Gel and run at 15 °C until the dye front ran off
the gel. Gel image scans were done using a Typhoon TRIO
(GE Healthcare) following the manufacture’s protocol. The
scanned images were analyzed by Image QuantTL soft-
ware (GE Healthcare), and subjected to in-gel analysis and
cross-gel analysis using DeCyder software version 6.5 (GE
Healthcare). Protein expression fold change was determined
by comparison of volume ratios of spots from LACV-OB
vs mock-OB and LACV-OB vs LACV-cortex using in-gel
DeCyder analysis software (Supplemental Fig. 1). Similar
expression changes were observed in two sample protein
preparations obtained independently. 29 spots with greater
than 1.5-fold change were captured by an Ettan Spot Picker
(GE Healthcare), digested in-gel (Trypsin Gold, Promega)
and desalted by Zip-tip C18 (Millipore). MALDI-TOF
(MS) and TOF/TOF (tandem MS/MS) were performed on
a 5800 mass spectrometer (AB Sciex). Resulting peptide
mass and associated fragmentation spectra were searched by
MASCOT in NCBInr or Swiss Protein databases. Candi-
dates with either protein score C.I. % or Ion C.I. % greater
than 95 were considered significant. Proteomic and signal-
ing pathway analysis of mass spectrometry identified pro-
teins was performed using Ingenuity Pathway analysis
(IPA, Qiagen).

Results
LACY infectivity is contained in plasma

LACV is naturally transmitted by a mosquito during
a blood meal indicating infection originates in the periph-
ery. Weanling mice inoculated i.p. have infectious virus
in their blood suggesting that blood or blood cells may
be possible sources of viral transmission to the CNS [3].
To determine if blood-borne virus alone or circulating
blood cells were capable of inducing neurological disease,
we transferred plasma, PBMCs or splenocytes from i.p.
infected weanling mice at 2 dpi to naive age-matched hosts.
All mice receiving plasma developed neurological disease
within 5-7 days (Fig. 1), while mice receiving PBMCs
or splenocytes did not. Immunohistochemical analysis of
clinical animals confirmed virus-infected neurons in these
mice [29] (data not shown). Flow cytometric, qRT-PCR and
immunohistochemical analysis of PBMCs and splenocytes
revealed no viral antigen or RNA in these cells [44] (data
not shown) confirming they are non-infectious. Therefore,
blood-borne leukocytes do not appear to be responsible for
neuroinvasion. Instead, free virus in the blood is necessary
for viral entry into the CNS.
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Fig.1 Mice infected i.p. with LACV develop transferable levels of
infectious viremia. Neat plasma, peripheral blood mononuclear cells
(PBMCs) and splenocytes were taken at 2 dpi from donor weanling
mice inoculated i.p. with 10% particle forming units (PFU) LACV.
Sample fractions [5 x 10° PBMCs (filled square), 50 x 10° spleno-
cytes (filled circle) or neat plasma (filled triangle)] were indepen-
dently transferred to a single naive recipient mouse i.v. in a 200 pl
volume. Mice were then monitored for the development of terminal
neurological disease. Groups were compared using a Log-rank test
(n = 6 mice per group, ***p < 0.005)

LACY infection causes significant CNS vascular leak

Hematogenous neuroinvasion would likely require BBB
breakdown and increased vascular leak during a periph-
eral viral infection. To determine if i.p. infection of LACV
induced BBB breakdown, Evans Blue dye leakage into the
CNS was measured at 1-5 dpi (Fig. 2a). Leakage was sig-
nificantly higher in brain tissue of LACV-infected animals
compared to mock-infected controls at 3 and 5 dpi (Fig. 2a).
Gross histological examination of CNS tissue from mock-
infected animals demonstrated slight Evans Blue staining
in the OB relative to the rest of the brain. In comparison,
LACYV induced visually stronger Evans Blue staining in the
OB at 3 dpi (Fig. 2b upper, white arrow) which spread to
multiple areas by 5 dpi (Fig. 2b lower, white arrows). These
data indicate that LACV infection induces BBB break-
down and vascular leakage. Furthermore, leakage in the
OB occurs as early as 3 dpi, suggesting that this may be a
region susceptible to viral neuroinvasion.

The OB is an early site of LACV CNS infection

The leakage in the OB suggests that this region may be a
primary site of neuroinvasion. Therefore, we analyzed
brain tissues from i.p. infected mice at 1-6 dpi for virus by
immunohistochemistry. The earliest detection of virus in
the CNS was in neurons at 3 dpi in the OB, AON and lat-
eral OT (Fig. 2c, red arrows and inset). Infection was also
observed in the thalamus at 3 dpi in some samples (data
not shown). By 6 dpi, when mice showed signs of neuro-
logical disease, LACV was distributed throughout the CNS
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Fig. 2 Peripheral LACV infection induces progressive BBB break-
down and neuronal infection starting in the OB. Weanling mice inoc-
ulated i.p. with 10> PFU LACV were injected i.v. with Evans Blue
dye and their brains assayed for dye leakage at 620 nm absorbance
(a). Mean =+ standard error of the means is plotted and a one-way
ANOVA with Bonferonni’s multiple comparisons was run to compare
significance between days (n = 6 mice per time point, **p < 0.01)
(b). Gross morphological images of brains from 3 dpi mock (b, top
left) and LACV (b, top right) mice injected with Evans Blue demon-
strate the initial site of BBB leakage is the OB (b, top white arrow).
Similar images from 5 dpi brains demonstrate that BBB leakage has
spread to other regions of the brain including the cortex (b, bottom

(Fig. 2d). Areas of neuronal infection included the cerebel-
lum, pons, midbrain, thalamus, hypothalamus, striatum,
hippocampus and cortex as well as increased infection in

white arrows). Representative immunohistochemical staining of
LACYV (Alexa Fluor 594, pseudo-colored white) and DAPI (blue) in
the brains of 3 dpi (c) and 6 dpi (d) C57/B6 mice inoculated i.p with
103 PFU of LACV are shown. Virus was found earliest in the olfac-
tory bulb (OB), lateral olfactory tract (OT), anterior olfactory nucleus
(AON) (¢, red arrows) and thalamus (not shown). Inset in (c) is a
high magnification image of an adjacent section labeled for a neu-
ronal marker (NeuN, red), LACV (green) and DAPI (blue) that dem-
onstrates infection solely of neurons. By 6 dpi, virus had spread to
the majority of the brain; however, staining remains in areas of early
infection (n = 8—12 animals per time point)

the OB, AON and lateral OT (Fig. 2d). Importantly, LACV
did not appear to infect brain capillary endothelial cells
(BCECs) (Supplemental Fig. 1), suggesting that the virus
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induces vascular leak through an indirect mechanism.
Thus, LACV-induced vascular breakdown and virus infec-
tion in the CNS occur in very specific regions during the
early stages of virus infection. These primary areas are the
OB, AON and lateral OT.

Altered expression of cytoskeletal proteins in OB
BCEC: following LACYV infection

Recent studies associated changes in GTPase signaling
within BCECs with virus trafficking [8]. To determine
if BCECs from the OB had specific responses to LACV
infection, a proteomic analysis of BCECs following LACV
infection was conducted. Specifically, OB BCECs from
LACV-infected mice at 3 dpi were compared to (1) corti-
cal BCECs removed from the same infected animal and
(2) OB BCECs from mock-infected mice. Cortical BCECs
were used for comparison as early virus infection was
not observed in this region (Fig. 2c). Proteins from puri-
fied BCECs were analyzed by 2D DIGE and identified by
mass spectrometry. 29 proteins that differed by greater than
1.5-fold between either comparison group were identified
(Table 2 and Supplemental Table 1). IPA analysis of these
proteins identified significant overlap with three canonical

Table 1 Top functional pathways identified for examined proteins

Pathways identified Top proteins involved in pathway

Signaling by Rho family MAPKI1, MYL9, MYLI12A,
GTPases STMNI
RhoGDI signaling ARHGDIB, MYL9, MYL12A

MAPKI1, MYL9, MYLI12A,
CAPZA1, COROIA

Actin cytoskeleton signaling

Of 29 2D-DIGE gel and mass spectrometry identified proteins with
greater than 1.5-fold expression change in response to peripheral
LACYV infection, seven were found by ingenuity pathway analysis
(IPA) to overlap with three canonical signaling pathways involved in
maintaining BBB integrity

signaling pathways associated with cytoskeletal rearrange-
ment and plasma membrane plasticity (Table 1). Seven of
these proteins were involved in actin dynamics and micro-
tubule function (Table 2 and Supplemental Fig. 2) [41]. The
direction of the fold change was consistent for both com-
parison groups (Table 2). Thus, LACV infection induces
distinct molecular changes associated with cytoskeletal
rearrangement and Rho Family GTPase signaling molecules
in OB but not cortical BCECs (Table 2 and Supplemental
Fig. 2). These findings suggest that OB BCECs may be par-
ticularly susceptible to BBB leakage due to virus-induced
changes in cytoskeletal signaling protein expression.

LACV-induced capillary leakage in the OB is sufficient
to allow virus-sized particles into the brain

To determine if LACV-induced BBB leakage was sufficient
to allow virus-sized particles into the CNS, 2000 kd FITC-
dextran was injected i.v. into LACV-infected mice at 3 dpi.
This FITC—dextran is similar in hydrodynamic radius to an
LACYV virion [24, 42]. In mock-infected animals, FITC-
dextran was found only within blood vessel (Fig. 3a). In
contrast, FITC—dextran was found within the perivascular
and parenchymal space adjacent to blood vessels in LACV-
infected animals (Fig. 3b). FITC—dextran leakage was only
found in the OB, OT and thalamus of infected animals at
3 dpi (Fig. 3c, data not shown). These data correlate with
cytoskeletal changes in the OB BCECs at this time point
and suggest that BCECs in these regions are responsible for
allowing LACYV to invade the CNS.

Removing the OB improves survival following LACV
infection

To examine the contribution of BCECs within the OB
to viral neuroinvasion, the OB was surgically removed
(BulbX) from mice prior to infection. BulbX resulted

Table 2 Ratio of expression fold change of BCEC proteins associated with top functional pathways in Table 1

Protein Full name Functions LACV OB/mock OB LACYV OB/LACVCortex
CAPZAL1 F-actin-capping protein subunit alpha-1 Capping protein for actin filaments 2.26 2.54

CORO1A  Coronin, actin binding protein-1A Membrane protrusions/invaginations 2.24 2.72

MYL9 Myosin regulatory light chain 9 Myosin regulatory subunit 2.14 1.7

ARHGDIB Rho GDP-dissociation inhibitor 2 Regulates GDP/GTP for Rho proteins ~ 2.05 2.57

STMNI1 Stathmin 1 Destabilizes microtubules 1.95 2.45

MAPKI1 Mitogen-activated protein kinase 1 Kinase, signal transduction —1.79 —1.27

MYLI2B  Myosin regulatory light chain 12B Assembly of myosin II filaments —1.83 —1.52

2D-DIGE derived protein expression levels (see “Methods”) of the seven proteins identified in Table 1 as potentially influencing LACV-induced
BBB breakdown. Data are presented as a ratio of peak CyDye signal intensity (see Sup. Figure 1 for raw data) from ex vivo BCECs from LACV
olfactory bulb compared to either mock-infected olfactory bulb (left barred column) or LACV-infected cortex (right barred column)

OB olfactory bulb
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Fig. 3 Specific brain regions
are susceptible to virus-sized
particle leakage at 3 dpi. 2000
kd Dextran conjugated to FITC
was injected i.v. into 3 dpi
weanling mice inoculated i.p.
with mock (a) or 10° PFUs of
LACYV (b, ¢). Dextran leakage
across brain capillaries was
assayed using immunohisto-
chemistry where vessels are
labeled with CD31 (Alexa Fluor
594, red), cell nuclei by DAPI
(blue) and the Dextan-FITC
infiltrate is green. Representa-
tive 15 um z-stacks of OB capil-
laries from mock (a) and LACV
(¢) infected mice were obtained
using a Zeiss LSM 710 confocal
microscope. Sites of dextran-
FITC (green) leakage was found
exclusively in LACV infected
mice, primarily in their OB

(¢, red box enlarged in b and
white arrow). ¢ Representative
wide-field image from a 3 dpi
LACV-infected mouse OB

(n = 6 mice). Scale bars repre-
sent 20 um (a, b) and 1 mm (c)

Fig. 4 Removing the OB and
the capillaries contained within
increased survival of

i.p. inoculated mice. Repre-
sentative bright field images of
the OB region of weanling mice
that underwent sham (a) or bul-
bectomy (b) surgery are shown.
The OB, whose glomerular
structure is indicated by the

red arrow (a), was completely
removed in bulbectomy, but not
sham mice. Three days post-
surgery, sham (filled circle) and
BulbX (filled square) mice were
infected i.p. with 10° (c) or 10°
(d) PFUs of LACV. Animals
were monitored for neuro-

100 4 -e. Shami.p.
¢ -= BulbXip.

% non-clinical

logical symptoms until 20 dpi _S
and resulting survival curves =
compared using a Log-rank test z =
(n = 10-15 mice per group, 8 !
* '
p < 0.05) < :
10 15 20
Day post infection
in the complete removal of the OB, and the BCECs con-  Vascular leak was examined by Evans Blue dye leakage
tained therein, as evidenced by the absence of glomerular  at 3 days post-surgery and was equivalent between BulbX
organization (red arrow) in the OB region (Fig. 4b vs a).  and sham-treated mice, demonstrating that surgery did not
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compromise the BBB (data not shown). BulbX mice had
increased survival following LACV infection compared
to sham controls suggesting removal of the OB impaired
neuroinvasion (Fig. 4c). However, most animals devel-
oped neurological disease suggesting BCECs in other areas
of the brain, possibly the lateral OT, AON and thalamus,
also allowed virus invasion. Indeed, increasing the virus
dose 100-fold resulted in all animals developing disease
(Fig. 4d). Thus, while not the only site of virus entry, the
OB has a significant impact on LACV neuroinvasion and
resulting neurological disease.

Peripheral inoculation of LACV does not result in OSN
infection

Peripheral i.p. inoculation of LACV induces infectious
viremia (Fig. 1) and alters the expression of proteins
involved in cytoskeletal signaling in BCECs (Table 2, Sup-
plemental Fig. 2) in brain regions where early virus infec-
tion (Fig. 2c) and virus-sized particle leakage are observed
(Fig. 3b, c). These findings demonstrate the virus utilizes a
hematogenous route of neuroinvasion. However, LACV is
also present in the nasal turbinates of i.p. inoculated wean-
ling mice at 2-3 dpi [3], suggesting that LACV could also
invade the CNS along OSN pathways following peripheral
infection. Therefore, we analyzed whether i.p. infection
resulted in infection of OSNs. As a positive control, we uti-
lized a direct i.n. inoculation route that results in neurologi-
cal disease [3]. Weanling mice infected i.n. developed neu-
rological disease with similar speed and frequency as i.p.
inoculated mice (Supplemental Fig. 3a). Interestingly, adult
mice, which are more resistant to LACV-induced neurologi-
cal disease following i.p. infection than weanling mice, were
highly susceptible to i.n. infection (Supplemental Fig. 3b).
Therefore, we analyzed OSN infection in both weanling and
adult mice for both the i.p. and i.n. routes of inoculation.
In weanling mice inoculated i.n., virus-infected cells were
grouped together in clusters within the neuronal layer of the
nasal epithelium and had the morphological appearance of
OSNs including projections into the nasal cavity (Fig. Sa,
white arrow). In contrast, OSNs were not infected in i.p.
inoculated weanling mice (Fig. 5b), but rather other nasal
epithelial cells that could include immature epithelial sup-
port cells or basal cells (Fig. 5b, white arrows).

To verify that the infected cells following i.p. inocula-
tion were not OSNs, we repeated these experiments in
adult transgenic mice with yellow-fluorescent protein
(YFP)-tagged olfactory marker protein (OMP), expressed
exclusively by OSNs. Virus was found in the cell bodies
and projections of YFPT OSNs as well as in other non-
OSN epithelial cells of i.n. inoculated adult mice (Fig. 5c).
By comparison, i.p. inoculated adults showed infection of
non-OSNs only (Fig. 5d). These findings are consistent
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with those of the weanling mice. Therefore, LACV infects
OSNs in both adult and weanling mice only following
direct i.n. and not peripheral i.p. infection.

OSN s are not necessary for LACV-induced neurological
disease following i.p. infection

To confirm that OSNs did not contribute to LACV neuroin-
vasion, we chemically ablated these cells using dichlobe-
nil (DCB) [5]. Three days following a single injection of
DCB in weanling and adult mice, the majority of the olfac-
tory neuroepithelium was destroyed along with most OSNs
(Fig. 6a vs b). DCB treated adult and weanling mice inocu-
lated i.n. with LACV were more resistance to neuroinva-
sion compared to DMSO-treated controls (Fig. 6¢, d). Sim-
ilarly, BulbX treatment of adult and weanling mice infected
i.n. resulted in inhibition of disease (Supplemental Fig. 4a,
b). Thus, direct i.n. inoculation of LACV required OSN
connections to the OB for neuroinvasion to occur.

In contrast to the requirement of OSNs for virus neu-
roinvasion during i.n. inoculation, i.p. infected DBC-
treated weanling mice developed neurological disease
similarly to DMSO-treated controls (Fig. 6e). Thus, neu-
roinvasion along OSNs was not necessary to develop neu-
rological disease following i.p. infection. This indicates
that the decreased disease observed by removal of the OB
(Fig. 4a) was due to removal of the BCECs within the
OB and not because of the severed connection between
the OB and OSNs in the nasal epithelium. These data,
along with the data showing vascular leak of the olfactory
BCECs (Fig. 3b, c), the early infection in the OB by LACV
(Fig. 2¢) and the molecular changes in the OB BCECs
(Table 2), indicate that BCECs in the OB become perme-
able to virus neuroinvasion following peripheral LACV
infection and are a primary area of LACV neuroinvasion
into the CNS.

Discussion

Neuroinvasion is a necessary step in the induction of neu-
rological disease by neurotropic virus. Understanding the
mechanisms of this process is critical to studying patho-
genesis. Here, we show that during a peripheral LACV
inoculation, the initial sites of CNS infection are areas of
the brain associated with olfaction, such as the OB, lat-
eral OT and AON. Although LACYV neuroinvasion through
OSNs pathways has been suggested, LACV only infected
OSNss following direct i.n. inoculation, and not i.p. infec-
tion. Instead, free virus in the blood plasma, but not blood
cells, was sufficient for neuroinvasion. Specifically, we
found that LACV induced BBB breakdown allowing
neuroinvasion of virus-sized particles into brain regions
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Weanling

Adult

Fig. 5 OSNs are infected during i.n. but not i.p. inoculation. Wean-
ling C57/BL6 mice were infected either i.n. (a) or i.p. (b) with 10°
PFU of LACV and immunohistochemistry staining for virus (Alexa
Fluor 594, pseudo-colored magenta) and DAPI (blue) of their olfac-
tory epithelium was performed. Representative 15 pum confocal
z-stacks taken as described in “Methods” are shown demonstrating
the distinct cell morphologies infected by LACV with either i.n. or
i.p. inoculation. The white arrow in a indicates a representative OSN
sensory projection into the nasal mucosa. White arrows in b indi-

correlating with sites of early brain infection, particularly
the OB. Surgical removal of the OB significantly reduced
the incidence of neurological disease. Thus, brain capillar-
ies in this region were more susceptible to virus-induced
leakage and may be areas to focus studies of virus-induced
BBB breakdown.

Ex vivo analysis of OB BCECs demonstrated altered
expression of proteins involved in cytoskeletal rearrange-
ment, plasma membrane morphology and tight junc-
tional organization. Of the identified proteins, Stathmin 1
(STMN1) inhibits microtubule formation, Rho GDP-dis-
sociation inhibitor (ARHGDIB) blocks GDP removal from
Rho proteins and CAPZ (CAPZAI) regulates the growth
of both actin filaments and microtubules [7, 31, 46]. Addi-
tionally, coronin actin-binding protein 1A (CORO1A) is
involved in both invagination and protrusions of plasma
membranes [12]. Considering these changes together, alter-
ations of normal BCECs (Fig. 7a) could affect the stability

cate infected non-OSN epithelial cells. Adult OMP-YFP mice were
also infected i.n. (¢) or i.p. (d) with 10° PFU LACYV. Representative
1.75 um confocal z-stacks of olfactory epithelium immunohistochem-
ically labeled for virus (Alexa Fluor 594, pseudo-colored magenta),
YFP-positive OSNs (Alexa Fluor 488, green) and DAPI (blue)
are shown. Thick white arrows in ¢ indicate infected OSNs that are
confirmed in the orthogonal view. The thin white arrow in ¢ shows
LACYV in OSN projections to the CNS. Chevrons in ¢ and d indicate
infected non-OSN epithelial cells. Scale bars represent 10 um

of BBB tight junctions by active cytoskeletal rearrange-
ment (Fig. 7b), resulting in barrier disruption and infectious
virus entering the CNS.

Cytoskeletal rearrangement and blood vessel permeabil-
ity in the early stages of LACV infection may be initiated
by proinflammatory cytokines. The primary protein changes
in OB BCECs were associated with Rho GTPases and actin
cytoskeletal signaling (Table 1). Similarly, recent stud-
ies of WNV stimulation of BCEC cultures altered RhoA/
Rac-GTPase activation [8]. These GTPases are implicated
in cytoskeletal rearrangement and cell migration [23, 50].
WNV-induced cytokine responses altered the cellular mem-
brane distribution of B CEC-specific tight junctional pro-
teins Claudin-5 and Occludin-1 [8] suggesting that virus
induced inflammatory responses mediated BBB tight junc-
tional integrity. Similarly, cytokines induced by LACV
infection may affect the Rho GTPase and actin cytoskel-
eton signaling pathways found in this study. Since these
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Fig. 6 Depleting OSNs
impairs neuroinvasion in adult
and weanling i.n. but not i.p.
inoculated mice. a, b Naive
OMP-YFP mice were treated
i.p. with (a) DMSO or (b)

50 mg/kg dichlobenil (DCB)
and their olfactory epitheliums
were labeled for YFP (Alexa
Fluor 488, green) and DAPI
(blue). Wide-field representa-
tive images were obtained using
an Aperio Scanscope FL slide
scanner (“Methods”). 40X
epifluorescent insets were taken
on Nikon Eclipse 55i clini-

cal microscope (“Methods”).
DCB-treated mice contained
few OSNs as demonstrated by
lack of YFP (green) positive
cells and the reduced thickness
of the nasal epithelium (inset
b, epithelial boundary outlined
by white arrowheads) while
DMSO-treated controls had
intact nasal epithelium (inset
a). Adult (¢) and weanling

(d, e) mice were treated with
DCB (filled square) to ablate
OSNs or DMSO (vehicle, filled
circle) and all groups were
subsequently infected with 103
PFU LACV either i.n. or i.p as
indicated. Resulting survival
curves were compared using

a Log-rank test (n = 7-13
mice per group, **p < 0.01,
*##%p < 0.005)

changes were observed in OB BCECS, but not in cortical
BCECs from LACV-infected mice (Table 2), the former
may be more sensitive to cytokine-induced cytoskeletal
rearrangement resulting in their increased permeability.
Differences in peripheral cytokine responses may also
influence susceptibility to neuroinvasion. Peripheral infec-
tion by WNV induces expression of type 1 interferons
(IFN) as well as the proinflammatory cytokines TNF and
IL-1B by CNS BCECs [8]. Type I IFN can prevent T cells
infiltration across the BBB [22] and promote endothelial
stability following virus infection [8, 26]. In contrast, TNF
and IL-1p destabilize the BBB in multiple disease models
involving CNS vascular breakdown and can enhance WNV
neuroinvasion [8, 9, 34, 45]. LACV infection also induces
the upregulation of multiple cytokines [44]. However, one
of the distinctions between susceptible 3 week old mice and
resistant 6 week old mice is the presence of a strong type I
IFN response in adult mice [44]. This IFN response may
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help maintain the integrity of the BBB in adult animals by
preventing vascular leak and inhibiting neuroinvasion. In
contrast, the poor type I IFN response in 3 week old mice
may contribute to the blood vessel permeability found in
this study (Figs. 2, 3). The decrease in vascular perme-
ability at 4 dpi (Fig. 2a) may be due to an initial burst of
type I IFNs by brain cells as they recognize virus infection.
Further investigation into BBB permeability in response to
both peripheral and CNS cytokines during virus infection is
necessary to fully piece together how virus infection influ-
ences the BBB.

The OB in humans is volumetrically smaller than in
mice when compared as a relative ratio to the rest of the
brain. However, virus infection has been observed in the
OB and OSNs in human patients. For example, human her-
pes virus 6 was found at higher levels in the OB and olfac-
tory tract than in other regions of the brain [16]. Despite
these findings, it may be difficult to determine in human
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Fig. 7 Diagram of potential
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patients if capillaries in the OB or olfactory tract are more
prone to vascular leak during virus infection or whether
viruses primarily infect the OB by transport along OSNs.
Similar to our mouse studies, virus neuroinvasion may be
possible through both routes. The actual route contributing
to neuroinvasion will likely depend on the site of virus rep-
lication. Infections within the respiratory system with easy
access to OSNs will likely invade along OSNs while blood-
borne viruses may preferentially enter via weakened blood
vessels.

Although OSNs did not contribute to neuroinvasion fol-
lowing peripheral LACV infection (Fig. 6e), neuroinvasion
along OSN projections is thought to be utilized by several
neurotropic viruses [2, 11, 39]. The present study demon-
strates that LACV utilizes transport along OSN pathways
when administered i.n. (Fig. 6c, d). Specifically, adult
mice, which are resistant to peripheral LACV infection,
are highly susceptible when virus is administered through
the nose (Supplemental Fig. 3b). Interestingly, OSNs are
only infected when virus is administered by this route
and not by i.p. infection (Fig. 5). This finding is novel in
that it clearly establishes neuroinvasion occurring through
distinct and exclusionary mechanisms depending on the
route of inoculation. Furthermore, since the molecular
mechanisms of OSN anterograde transport remain poorly
understood [48], i.n. inoculation of LACV in adult mice

may be an ideal model for studying viral OSN anterograde
neuroinvasion.

OSNs were not infected in either adult or weanling mice
when LACV was administered i.p. despite infection of
other cells in the olfactory epithelium (Fig. 5b, d). How-
ever, OSNs were susceptible to infection when virus was
applied directly to the olfactory epithelial surface (Fig. 5a,
c). This observation suggests that the apical surface of
OSNs, which reside at the epithelial surface near the mucus
of the nasal turbinate, may express a LACV-specific recep-
tor that facilitates infection. Additionally, LACV-infected
OSNs were clustered together in small aggregates rather
than being evenly dispersed throughout the epithelium
(data not shown). This aggregation could be related to focal
settling of virus to a small area of epithelium in which the
covering mucus turned over slowly [17]. However, because
LACYV administered i.n. was diluted in an aqueous solution
that bathes the entire nasal epithelium, it is possible that a
large area of epithelium is exposed to virus and does not
become infected. This would suggest that only a subset of
OSNss is susceptible to LACV infection. As OSNs express
only a single odorant receptor and these are clustered
together zonally [35], it possible that OSN susceptibility
to LACV may be related to odorant receptor expression or
other proteins that are specifically expressed on the epithe-
lial surface of these cells.
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Hematogenous spread of LACV could be explained
by direct LACV infection of BCECs, which would then
allow virus entry into the CNS. Human cytomegalovirus
and Hepatitis C virus directly infect BCECs and increase
permeability of endothelial tight junctions [4, 13]. Others
such as HIV and Japanese encephalitis virus utilize either
clathrin-dependent or -independent transcytosis mecha-
nism to cross the BBB [10, 25]. In one study, immuno-
histochemistry analysis of LACV-infected suckling mice
detected LACV within brain capillaries [20] suggesting
that these cells may be capable of transmitting virus to the
CNS. However, another study did not observe endothelial
cell infection [3]. Our immunohistochemical studies found
virus only within neurons at any time and purified BCECs
were not positive for virus (Fig. 3 and Supplemental Fig. 1).
Furthermore, mass spectrometry comparison of OB BCECs
from LACV-infected mice did not identify any viral pro-
teins or any proteins that were only detectable in LACV-
infected cells (Table 2, data not shown). These data suggest
that LACV is not harbored by endothelial cells. Finally,
LACYV is internalized via a clathrin-mediated mechanism
[18] while transcytosis through BCECs typically utilizes a
caveolin-1 mediated mechanism [36]. Thus, LACV likely
does not cross the BBB by mechanisms involving transcy-
tosis or direct endothelial cell infection.

One final mechanism of virus entry is the Trojan horse
method, where an infected immune cell during normal neu-
rosurveillance is the initial source of neuroinvasive virus.
Leukocyte infiltration into the CNS during LACV infec-
tion is observed in both mice and humans [3, 27]. However,
using immunohistochemistry and flow cytometry, we did
not observe cells in the CNS, other than neurons infected
by LACV (data not shown). Also, immune cells isolated
from the brains of infected mice were negative for LACV
by both flow cytometry and real-time PCR analysis (data
not shown). Furthermore, transfer studies of either sple-
nocytes or blood cells from LACV-infected mice to naive
controls did not result in virus infection in recipient mice
(Fig. 1). Thus, although we cannot completely rule out a
Trojan horse method, it is unlikely that LACV spreads to
the CNS via this mechanism. Instead, the ability of free
virus from plasma to induce neurological disease (Fig. 1)
and the breakdown of the BBB to allow the crossing of
virus-sized particles into the CNS (Fig. 4) indicate that the
most likely mechanism for neuroinvasion is hematogenous
spread across capillaries in susceptible areas such as the
OB where BCECs are activated and undergoing cytoskel-
etal rearrangement.
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