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Rift Valley fever virus (RVFV) is a zoonotic disease of livestock that causes several clinical outcomes in people
including febrile disease, hemorrhagic fever, and/or encephalitis. After aerosol infection with RVFV, Lewis rats
develop lethal encephalitic disease, and we use this as a model for studying disease mechanisms of RVFV in-
fection in the brain. Permeability of the brain vasculature in relation to virus invasion and replication is not
known. Here, we found that vascular permeability in the brain occurred late in the course of infection and

corresponded temporally to expression of matrix metalloproteinase-9 (MMP-9). Virus replication was ongoing
within the central nervous system for several days prior to detectable vascular leakage. Based on this study,
vascular permeability was not required for entry of RVFV into the brain of rats. Prevention of vascular leakage
late in infection may be an important component for prevention of lethal neurological disease in the rat model.

1. Introduction

Understanding the pathogenesis of neurological disorders caused by
arboviruses is fundamental to the rational design of therapeutics to
treat viral encephalitis. Rift Valley fever virus (RVFV; family
Phenuiviridae, formerly Bunyaviridae) infection of people is typically a
self-limiting febrile illness yet can progress to vision problems, hepatic
disease with hemorrhagic fever, and neurological complications (Al-
Hazmi et al., 2003; Boushab et al., 2016; Mohamed et al., 2010;
Rakotoarivelo et al.,, 2011). Neurological disease such as me-
ningoencephalitis caused by RVFV leads to morbidity and mortality in
people during human outbreaks and may pose a challenge for devel-
opment of effective vaccines and therapeutics (Bird et al., 2012;
Scharton et al., 2014). While RVF is a mosquito-transmitted disease,
herdsmen, farmers, and other people living in close proximity to live-
stock or consuming animal products are at increased risk for infection
and development of severe forms of RVF disease (Mutua et al., 2017;
Nicholas et al., 2014). For individuals handling sick and dying animals,
mucosal exposure of the eyes/nose/mouth or inhalation of virus from
infected tissues may occur (Anyangu et al., 2010; Madani et al., 2003;
Mutua et al., 2017). Intranasal or aerosol exposure to RVFV are both
more likely to result in encephalitis in lab animals than subcutaneous

injection (Bales et al., 2012; Dodd et al., 2014; Gowen et al., 2013;
Hartman et al., 2014; Reed et al., 2013; Smith et al., 2012). After in-
tranasal or inhalational exposure to wild-type RVFV, Lewis rats develop
encephalitic disease with neurological signs (Bales et al., 2012; Caroline
et al., 2016). Lewis rats represent a reproducible tractable model for
understanding the pathogenic process leading to encephalitis in rats.
We recently showed that disease in rats is accompanied by changes in
the central nervous system (CNS) that encompass high levels of virus
replication, infiltration of immune cells, and expression of in-
flammatory cytokines (Caroline et al., 2016). An unanswered question
regarding RVFV infection of the CNS in the rat model is the timing of
the permeability of the brain vasculature in relation to other pathogenic
events.

Control of the vascular integrity of the CNS is mediated by the blood
brain barrier (BBB), a reinforced endothelial cell layer designed to se-
lectively limit exposure of the brain to toxins, pathogens, and other
deleterious compounds. Endothelial cells within this barrier are re-
inforced by tight junctions (TJ) and are physically supported by sur-
rounding astrocytes and pericytes. The ability of the BBB to keep
viruses out of the brain is not absolute, and viruses have found ways to
skirt the BBB by hematogenous (free virus passes from the blood di-
rectly through the BBB), neural (via infection of a peripheral neuron), or
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“Trojan horse” (virus hides in infected immune cells to enter the CNS)
mechanisms (McGavern and Kang, 2011). Some pathogens use more
than one mechanism, depending upon infection route or stage of dis-
ease progression (Cain et al., 2017; Schafer et al., 2011). Recent dis-
covery of lymphatic vessels that drain the meninges presents a new
potential avenue for CNS access by viruses (Louveau et al., 2015).

We report here our efforts to determine the temporal spread of virus
throughout regions of the brain and compare this to when permeability
of the brain vasculature occurs. We found that virus replication in the
brain occurred prior to vascular permeability, which we detected 5 days
after infection during a 7 day time course. Expression of MMP-9 oc-
curred concomitant with vascular leakage. This work helps to further
the understanding of the pathogenic events that occur in the rat model
of RVF encephalitis.

2. Materials and methods
2.1. Biosafety and ethics

All experiments with live ZH501 Rift Valley Fever Virus were con-
ducted in the Regional Biosafety Laboratory (RBL) at the University of
Pittsburgh following the safety procedures described previously (Bales
et al.,, 2012). The RBL is a registered BSL-3/ABSL-3 laboratory space
with the CDC and USDA. Samples inactivated using the described
methods were approved by a University of Pittsburgh biosafety over-
sight committee. All animal work conducted was reviewed and ap-
proved by the University of Pittsburgh IACUC.

2.2. Virus and cells

The ZH501 strain of Rift Valley Fever Virus used in these experi-
ments was generously provided by Barry Miller (CDC, Fort Collins,
Colorado) and Stuart Nichol (CDC, Atlanta, Georgia). The virus was
generated by reverse-genetics based on the sequence of an isolate col-
lected from a human patient during the 1977 Egyptian RVFV outbreak
(ZH501 strain) (Meegan, 1979). The virus was then grown in Vero E6
cells using standard propagation procedures.

2.3. Animal experiments

Female Lewis rats (LEW/SsNHsd) were obtained from Harlan
Laboratories between 8 and 10 weeks of age. RVFV ZH501 infections
via aerosol were performed in a class III aerobiology cabinet as de-
scribed previously (Bales et al., 2012). Rats were serially euthanized (3/
day) though 6 dpi. Blood was drawn by cardiac puncture and saved for
serum isolation. Rats were then perfused with PBS prior to organ col-
lection. Virus was measured using q-RT-PCR as previously described
(Caroline et al., 2016) and results are normalized to pfu and are ex-
pressed as pfu/ml equivalents. For measurement of MMP-9 quantifi-
cation, the Rat Total MMP-9 Quantikine or DuoSet ELISA kits were used
(R&D Systems; Cat. RMP900 and DY8174-05). Samples were homo-
genized and centrifuged to collect 200ul. of supernatant for testing.
Plates were read using the FLUOstar Omega (BMG Lab Tech). Calcu-
lations were performed using the Omega software. Reported values are
in ng/ml, as indicated.

2.4. Measurement of vascular integrity

Lewis rats were infected by aerosol, and groups of three were sa-
crificed daily. Before euthanasia, fluorescein sodium salt (376 g/mol
m.w.; 20 mg/rat; Sigma Aldrich) was injected via tail vein and given
two minutes to circulate. Blood was drawn by cardiac puncture fol-
lowed by perfusion with PBS. The fluorescein content from the serum
and brain of each animal was extracted by TCA precipitation and
fluorescent intensity was measured using FLUOstar Omega (BMG Lab
Tech) as described previously (Cain et al., 2017). Fluorescence in each
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brain region was normalized against the serum to account for any
variability in fluorescein salt injection that may have occurred.

For in vivo imaging, Lewis rats were infected by aerosol and mon-
itored until 4-5 days post infection. At the time points indicated,
Superhance 680 (Perkin Elmer; 1540 g/mol m.w.) was injected via the
tail vein (9.1 nmole/rat). Infected rats were paired with an uninfected
control animal, and each pair was imaged before Superhance 680 in-
jection, 5min, 3h, 24 h, and 48 h after injection. All imaging was done
using the Spectrum CT In Vivo Imaging System (IVIS; Perkin Elmer) in
the BSL-3 lab. The brains were removed after euthanasia and imaged ex
vivo. Reagent intensity was measured using Living Image Software
(Perkin Elmer) after acquisition.

2.5. Statistics

Statistical analyses (t-tests, linear regression, Pearson's correlation)
were performed using GraphPad Prism software (La Jolla, CA).
Asterisks  above  symbols indicate statistical  significance
(*p < 0.05**p < 0.01 ***p < 0.001 ****p < 0.0001).

3. Results
3.1. Temporal spread of RVFV through the brain

The Lewis rat model is useful for deciphering the in vivo pathogenic
mechanisms of encephalitis caused by infection with RVFV (Bales et al.,
2012; Caroline et al., 2016). After exposure to small particle aerosols
containing the pathogenic wild-type ZH501 strain of RVFV, Lewis rats
develop disease and succumb within 6-7 days (LDso, =112 pfu) (Bales
et al., 2012). Rats appear clinically normal through 5 days post-infec-
tion (dpi). Signs of illness occur from 5 to 7 dpi include mild weight
loss, fever, porphyrin staining, and neurological signs (head tremors
and circling or rolling in the cage). Our previous work has defined
physiological events that occur during the clinical window including
granulocytosis, thrombocytopenia, pathological changes in CNS tissue
(encephalitis, meningitis, and vasculitis), and chemokine expression in
the brain (MCP-1, MCSF, Gro/KC, RANTES, IL-1f3) (Bales et al., 2012;
Caroline et al., 2016).

When rats were exposed to 1 x 10 pfu by aerosol, virus was first
detectable in the cervical lymph nodes (CLN) and salivary glands at 1
dpi, followed by the olfactory bulb, cortex, liver, and spleen on 2 dpi
(Fig. 1A,B). Viremia is not detectable until 3 dpi and remains low
thereafter. CLN, spleen, and liver viral levels plateau at 3 dpi and re-
mains at low levels for the duration. Conversely, viral titers in the brain
rise rapidly and reach levels of up to 10° pfu/g tissue during the clinical
window (gray shaded bars in Fig. 1). Virus spreads in an ante-
rior—posterior direction, with virus appearing earliest and at highest
levels in the olfactory bulb and latest and at lowest levels in the brain
stem and spinal cord.

3.2. Vascular permeability in the brain is a late event during lethal infection

The integrity of the blood brain barrier is important to keep in-
fectious agents and damaging compounds out of the brain and to
maintain overall health of the CNS. During encephalitic viral infections,
the loss of integrity of the BBB may allow a virus access to the brain or
may be the result of pathogenic viral replication in the brain. The
timing of brain vascular integrity during RVF encephalitis is unknown
and is important for fully understanding the pathogenesis of RVF dis-
ease.

To address the timing of vascular permeability in relation to virus
replication in the brain within RVFV-infected rats, we used two
methods to measure the vascular integrity during the course of viral
infection. Fluorescein (FITC) sodium salt has been used as an indicator
of BBB permeability during arboviral infections (Cain et al., 2017). Due
to its small mass (m.w. of 376), FITC-salt can identify small vascular
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Fig. 1. Virus replication and vascular leakage during RVF encephalitis. Lewis rats were infected with 1 x 10> pfu of RVFV by aerosol and then serially
euthanized (n = 3) over a time course of six days. (A-B) Virus levels in tissues and serum were measured by q-RT-PCR and compared to virus stock of known titer to
generate pfu/g or pfu/ml equivalent (y-axes). (A) CNS tissues; (B) peripheral tissues. CLN = cervical lymph nodes. (C-E) Fluorescein-salt penetration of brain regions
was normalized to serum (right y-axis; green). Corresponding viral q-RT-PCR results for each sample are normalized to plaque forming units and are represented as
pfu/g equivalents (left y-axis). The limit of detection of the PCR assay is indicted by the horizontal dotted line. ND = below the limit of detection. The gray shaded
area between 5 and 7 dpi represents the clinical window when rats display clinical signs of disease. (F) Vascular leakage (normalized fluorescent intensity) of all brain
samples were graphed against the viral RNA from each corresponding sample. Red line indicates linear regression of viral titer and vascular leakage. Pearson's

correlation was performed with r and p values indicated on graph.

breaks in the CNS barrier.

Rats were infected with RVFV by aerosol (1 X 102 pfu), and then
each day after infection, groups of 3 were injected with FITC-salt fol-
lowed by euthanasia. Blood and brain samples were harvested and the
amount of fluorescence within each sample was measured. The ratio of
fluorescence in the brain to the serum was used as an indication of
penetration into the tissue (Fig. 1C-E, green lines). Different regions of
the brain were examined separately (olfactory bulb, cortex, cere-
bellum). For all 3 regions, fluorescence in the brain tissue remained at
baseline levels until between 4 and 5 dpi, when there was a significant
influx of fluorescein into the tissues. Viral RNA levels were measured by
q-RT-PCR in the same tissue regions and the results were superimposed
upon the fluorescein-salt penetration (Fig. 1C-E). It is clear that viral
replication occurred in each CNS tissue prior to vascular leakage. A
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scatter plot showed a significant correlation between viral RNA levels
and influx of fluorescein into the brain in the same piece of tissue
(Fig. 1F).

To verify these results, a near-infrared (NIR) fluorescent vascular
imaging agent (Superhance-680; m.w. 1540) was used in conjunction
with in vivo imaging of live rats. A comparison of Superhance fluores-
cence in the brain between infected and uninfected rats can serve as an
indicator of vascular leakage (Montet et al., 2006). For these experi-
ments, a series of paired rats (one uninfected control and one rat in-
fected with RVFV) were injected with Superhance into the tail vein.
After circulation of Superhance for the indicated periods of time, each
rat pair was imaged side-by-side using the IVIS-Spectrum CT (Figs. 2
and 3). Images were collected before Superhance administration (pre-
injection) as an indicator of baseline autofluorescence. Since the
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dynamics of Superhance fluorescence in this system were unknown, a
series of images were collected at 5min (min), 3h (h), 24h, and 48h
after a single injection of Superhance (Fig. 2).

When Superhance was injected at 4 dpi (Fig. 2), no differences be-
tween the uninfected and infected rat were seen at 5 min and 3 h post-
injection (Fig. 2). By 24 h (5 dpi), increased Superhance fluorescence
was observed in the head area of the infected rat by both dorsal and
ventral views. The rats were monitored for another day to determine
how long the Superhance remained in circulation and detectable. De-
spite reduced overall signal 48 h after injection of Superhance, there
was still greater fluorescence in the head region of the infected rat at 6
dpi without reinjection of Superhance. After capturing the 6 dpi image,
both rats were euthanized, and the brains were excised and imaged ex
vivo, showing that Superhance was specifically pooling in the olfactory
bulb regions.

Four more pairs of rats were similarly imaged (Fig. 3A). Superhance
was injected on 4 dpi or 5 dpi, and images were captured 24 h after
injection of Superhance. Imaging of the brains ex vivo showed more
Superhance fluorescence in the infected brain compared to the control.
Calculating the total radiant efficiency for the whole intact heads and
extracted brains, there was at least a 2-fold increased fluorescence
signal in the infected animals compared to the corresponding unin-
fected controls (Fig. 3B). In summary, out of 5 pair of rats, vascular
leakage was first detectable at 4 dpi in 1 rat, 5 dpi in 3 rats, and 6 dpi in
1 rat. The variations seen in the timing of vascular leakage correlate to
the clinical window of disease, which begins on average at 5-6 dpi, but
does have some variability between individual animals. Taken together,
vascular permeability occurs between 4 and 5 dpi in all 3 brain regions,
at the onset of clinical signs in the rats, after the virus is already re-
plicating in the brain.

Ti D D Vi Vv Vi Fig. 2. In vivo imaging of vascular integrity in
.“T_]e p'OSt' - ay p93t' orsal View entral View RVFV-infected rats. Lewis rats were exposed to
injection infection -CTL RVF+ -CTL RVF+ 2 x 10° pfu of RVFV. At 4 dpi, a pair of rats was in-
jected with Superhance 680 then imaged for fluor-
Pre- escent intensity at 5 min, 3 h, 24 h, and 48 h post-agent
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3.3. MMP-9 expression in the brain correlates with viral titer and vascular
permeability

Cytokine expression in the brain is a feature of end-stage RVF en-
cephalitis (Caroline et al., 2016; Dodd et al., 2014). Specifically MCP-1,
M-CSF, Gro/KC, and IL-1f are all expressed at high levels in the brains
of rats at 5-7 dpi (Caroline et al., 2016). Matrix metalloproteinase 9
(MMP-9) is an enzyme that regulates the BBB integrity by degrading
and weakening the extracellular matrix and tight junctions of the vas-
cular endothelium. Production of MMP-9 was shown to contribute to
BBB opening and entry of West Nile virus (WNV) in mice (Wang et al.,
2008). MMP-9 expression in the brain also contributes to the severity of
Japanese encephalitis (JEV) (Shukla et al., 2012). We measured MMP-9
in the serum and the brain of RVFV-infected rats and plotted the results
with viral RNA levels also measured in the corresponding samples
(Fig. 4). MMP-9 levels in the brain increased with increasing levels of
viral RNA, with significantly more MMP-9 in the brain at late time
points (5-6 dpi). The increase in MMP-9 in the brain did not occur in
the serum (Fig. 4A). The amount of MMP-9 in the brain, but not serum,
correlated with viral titer in the brain. MMP-9 levels rose throughout
infection, even prior to the clinical window, and were highest during
the 5-6 dpi time period when vascular permeability was detectable.

4. Discussion

The integrity of the brain vasculature after arboviral infection can
be a dynamic process. For WNV (family Flaviviridae), the mechanism by
which the virus impacts BBB function appears to be multifactorial. In
mice, WNV directly infects brain microvascular endothelial cells
(BMECs), allowing the virus to traverse the barrier, and also increases
the expression of matrix metalloproteases leading to weakening of the
tight junctions within the barrier itself (Casiraghi et al., 2011; Verma
et al., 2010; Wang et al., 2008). WNV also produces pro-inflammatory
cytokines systemically that enhance BBB permeability in the CNS
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Fig. 3. Vascular integrity is compromised in lethally infected rats. (A) Four additional pairs of rats were imaged as described in Fig. 2. Each pair consists of an
uninfected control (left) and infected (right) rat imaged 24 h after Superhance injection. Pairs 3 and 4 show the corresponding extracted brain. (B) Quantification of
vascular leakage as determined by IVIS. Statistical significance indicated by asterisks. N = 5 for the whole-head images from live rats; n = 3 for the extracted brains.

(Shives et al., 2017). La Crosse virus (LACV) (family Peribunyaviridae)
induces selective BBB permeability in the mouse olfactory bulb but not
cortex after peripheral or systemic infection (Winkler et al., 2015).
Oropouche virus (family Peribunyaviridae) spreads neurally from the
spinal cord into the brain stem; later stages of infection result in per-
meability of the BBB (Santos et al., 2014). For Venezuelan equine en-
cephalitis virus (VEEV) (family Togaviridae), intranasal exposure of
mice results in virus entry into the brain via olfactory nerves, then
further dissemination occurs when BBB integrity is lost first in the
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olfactory bulb followed by later in the cortex (Cain et al., 2017).
People can become infected with RVFV by mosquito bite or through
mucosal exposure while handling dead animals (Anyangu et al., 2010;
LaBeaud et al., 2015; Mohamed et al., 2010). Existing epidemiological
data suggest that people living or working in close proximity to at-risk
animals are more likely to develop a severe case of RVF such as he-
morrhagic fever or encephalitis (Nicholas et al., 2014). This may be due
to exposure route, dose, genetic polymorphisms, co-infections, or other
unknown factors (Hise et al., 2015; Jansen van Vuren et al., 2015). Mice
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Fig. 4. Levels of MMP-9 correlate with viral titer. Lewis rats were infected with 1 x 10* pfu of RVFV by aerosol and then serially euthanized (n = 3) over a time
course of six days. (A) MMP-9 levels (right y-axis) were measured in serum (gray) and brain cortex (blue) samples. Corresponding viral RNA in the brain is shown in
pfu/g equivalents (red; left y-axis). The limit of detection of the PCR assay is indicted by the horizontal dotted line. The gray shaded area between 5 and 7 dpi
represents the clinical window when rats display clinical signs of disease. (B) MMP-9 levels in brain samples were graphed against the viral RNA from each
corresponding sample. Lines indicate linear regression of viral titer and MMP-9 levels in serum (gray) and cortex (blue). Pearson's correlation was performed for

cortex samples with r and p values indicated on graph.

are a common rodent model used in RVFV studies. They primarily de-
velop hepatic disease after subcutaneous infection, with occasional
survival and progression to encephalitis (Smith et al., 2010). More
consistent neurological disease can be induced in mice by intranasal
infection with a virus strain lacking the non-structural NSs protein
(Dodd et al., 2014). We use the rat model of encephalitis after in-
tranasal or aerosol exposure because the animals develop reproducible
disease after infection with wild-type RVFV, making them a tractable
model for experimental studies.

Towards greater understanding of the neuropathogenesis of RVFV,
our goal was to determine if/when CNS vascular permeability changes
occur in RVFV-infected rats in relation to virus replication and other
pathogenic events. The virus reaches the brain within 2 days of infec-
tion at the dose administered here, prompting the question of whether
opening of the BBB is required for viral entry. Two methods of mea-
suring vascular integrity in the brain were used: in vivo imaging of live
animals and a more standard detection of fluorescein-salt leakage into
the tissues. Virus was present and replicating in the brain several days
before vascular leakage, which did not occur until 5 dpi. Rats typically
succumb to RVFV infection by 7 dpi, and thus vascular permeability at
5 dpi is late in the pathogenic process. Clinical disease commences
between 5 and 6 dpi, concomitant with vascular permeability. Both
methods used here to measure vascular permeability do so on a macro-
level, whereby we examine permeability in the head of a live animal, a
whole extracted brain, or an extracted brain region. However, we
cannot rule out the possibility that temporary micro-level vascular
opening occurs earlier in infection to allow virus to enter. Histology
studies are currently underway to address this. Despite this caveat, the
vascular permeability that we observed here occurred late during the
course of infection, well after virus was present and replicating in the
CNS.

We found that both vascular leakage and MMP-9 levels in brain
tissue correlate with virus titer. The data shown here suggest that RVF
enters the brain without requiring global disruption of the BBB, most
likely achieved either directly via the olfactory epithelium or through
the lymphatic system in an as-yet undefined mechanism. The levels of
MMP-9 increase in correlation with increasing virus titers. At 5 dpi,
global vascular leakage is detected, along with high levels of virus,
MMP-9 and other cytokines (Caroline et al., 2016). This work con-
tributes to our understanding of the course of encephalitic RVF in the

rat model and suggests that prevention of vascular leakage late in in-
fection may be an important component for prevention of lethal neu-
rological disease in rats.
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