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Abstract

Stroke-prone spontaneously hypertensive rats (SHRSP) on high-salt diet are characterized by extremely high arterial
pressures, and have been endorsed as a model for hypertensive small vessel disease and vascular cognitive impairment.
However, rapidly developing malignant hypertension is a well-known cause of posterior reversible encephalopathy
syndrome (PRES) in humans, associated with acute neurological deficits, seizures, vasogenic cerebral edema and micro-
hemorrhages. In this study, we aimed to examine the overlap between human PRES and SHRSP on high-salt diet.
In SHRSP, arterial blood pressure progressively increased after the onset of high-salt diet and seizure-like signs emerged
within three to five weeks. MRI revealed progressive T2-hyperintense lesions suggestive of vasogenic edema predom-
inantly in the cortical watershed and white matter regions. Histopathology confirmed severe blood—brain barrier
disruption, white matter vacuolization and microbleeds that were more severe posteriorly. Hematological data suggested
a thrombotic microangiopathy as a potential underlying mechanism. Unilateral common carotid artery occlusion
protected the ipsilateral hemisphere from neuropathological abnormalities. Notably, all MRI and histopathological
abnormalities were acutely reversible upon switching to regular diet and starting antihypertensive treatment.
Altogether our data suggest that SHRSP on high-salt diet recapitulates the neurological, histopathological and imaging
features of human PRES rather than chronic progressive small vessel disease.
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Introduction

“Department of Ocean and Mechanical Engineering, Florida Atlantic

Since its description in 1975, the stroke-prone spontan-
eously hypertensive rat (SHRSP) has been extensively
used as a model of complicated chronic hyperten-
sion.' ? In addition to nephroangiosclerosis and cardiac
hypertrophy, cerebral lesions form innately over time in
this strain.*> Pathological characterization of SHRSP
has revealed arteriolar fibrinoid necrosis in brain and
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kidney.®” The onset and progression of the vascular
disease are accelerated by high-salt Japanese permissive
diet.® Imaging studies suggested that cerebral lesions in
SHRSP on high-salt diet developed rather acutely and
resembled vasogenic edema.’'°

The SHRSP on high-salt diet has also been proposed
as a model of vascular cognitive impairment,'' '® a
chronic brain disease linked to age, hypertension and
diabetes."”'® In humans, MRI findings of acute and
chronic hypertension differ significantly. Typically,
chronic hypertension manifests as progressive periven-
tricular white matter T2 hyperintensities in the form of
leukoaraiosis.'” Acutely, severe hypertension can result
in posterior reversible encephalopathy syndrome
(PRES), presenting with seizures, focal neurological
signs and symptoms, hemorrhages and vasogenic
edema.”® In contrast to the T2 hyperintensities in
chronic hypertension, T2 hyperintensities in PRES are
reversible on imaging, and usually predominate in the
posterior areas of the brain. To resolve whether SHRSP
on high-salt diet models chronic hypertensive small
vessel disease and vascular cognitive impairment or
PRES, we undertook a longitudinal multimodal inves-
tigation of neurological, histopathological and imaging
signs and their reversibility in this experimental
paradigm.

Materials and methods
Animals

All experimental procedures were carried out in accord-
ance with the ARRIVE guidelines, and the Guide for
Care and Use of Laboratory Animals (NIH Publication
No. 85-23, 1996), and were approved by the institu-
tional review board (MGH Subcommittee on
Research Animal Care [SRAC]). A total of 53
SHRSP (A3 subline) or spontaneously hypertensive
rats (SHRs) were purchased from Charles River labora-
tories, MA, USA. We used 12-week-old male rats for
all experiments. Two animals were lost due to prema-
ture death of unexplained cause, and a spinal cord
hemorrhage.

Experimental groups and timelines

We maintained SHRSP on regular or high-salt diet
(randomly picked up from the cages), and SHR on
high-salt diet, and sacrificed the animals at different
time points for neuropathological analyses. To test
reversibility, a subset of animals was switched from
high-salt to regular diet at or two days after the onset
of neurological signs (SxO), and started on antihyper-
tensive treatment. In order to further examine whether
elevated  perfusion  pressures  contribute  to

neuropathological changes, we performed permanent
unilateral common carotid artery ligation in a subset
of rats. Experimental groups included: (i) SHRSP on
regular diet followed for two (n=2) or four to five
(n=06) weeks; (ii)) SHRSP on high-salt diet (Japanese
permissive diet) for two (n=7) or four to five (n=13)
weeks; (iii) SHRSP with right common carotid artery
occlusion (RCCAO) on high-salt diet for five weeks
(n=9); (iv) SHRSP on high-salt diet until the onset
of neurological signs, followed by regular diet and anti-
hypertensive treatment for seven days for reversal
(REV; n=5); (v) SHRSP on high-salt diet until two-
days after SxO followed by REV for 10 days (n=4);
and (vi) SHR with RCCAO on high-salt diet for five
weeks (n=15). Because SHRSP on regular diet for two
or four to five weeks did not yield any abnormalities in
any of the endpoints, all SHRSP on regular diet were
pooled for all analyses. In addition, groups (iv) and (v)
were analyzed separately only for MRI, and otherwise
pooled for all other analyses. Two different experi-
mental protocols were implemented in SHRSPs
(Figure 1(a)). In protocol 1, rats were started on high-
salt diet and sacrificed either at two weeks (n=7), or at
the onset of neurological signs (SxO) or at four to five
weeks if animals remained normal (n =22). In protocol
2, after a baseline MRI, rats were started on high-salt
diet until the onset of neurological signs, and another
MRI was performed. A subset of the rats was then
switched to REV, followed by another MRI before sac-
rifice seven days later (7 =35). One animal was excluded
in this subset due to a large developmental cyst. In
another subset, rats were kept on high-salt diet for
another two days to examine progression, and MRI
was repeated; this group was then switched to REV,
followed by an MRI before sacrifice 10 days later
(n=4). Control (naive) SHRSPs were simply followed
on regular diet for two (n=2) or four to five weeks
(n=6) and sacrificed for histopathology. Animals
were monitored twice a day for neurological signs
including altered level of consciousness, motor slowing,
seizure-like limb shaking, and forelimb paralysis (clasp
reflex). Barnes maze was performed at three weeks. One
animal was excluded from all the analyses due to a
spinal cord hemorrhage, and one animal with
RCCAO died unexpectedly two weeks after high-salt
diet onset.

Blood pressure measurements

Blood pressure (BP) was measured using the tail cuff
method (CODA system, Kent scientific, CT, USA) at
baseline, once a week over the first three weeks of high-
salt diet, and one week after REV. Measurements were
always taken in the morning. Rats were familiarized to
the restrainer during three sessions over the 10 days
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Figure |. Experimental timelines, deficit-free survival, and neurological signs. (a) Naive SHRSPs were maintained on regular diet
(n=8). A subset was sacrificed at two weeks to examine early histopathological changes (n =2). Remaining animals were examined
using Barnes maze (BM) at three weeks, followed for a total of 35 days for neurological signs, and then sacrificed for histopathological
examination. In protocol |, 29 SHRSPs were assigned to control (n = 20) or right common carotid artery occlusion (RCCAQO, n=9)
groups, and then started on high-salt Japanese permissive diet (JPD). A subset of the control group was sacrificed at two weeks to
examine early histopathological changes (n =7). Remaining animals were examined using BM at three weeks, and followed until the
onset of neurological signs (SxO). At SxO, all animals were sacrificed for histopathological studies. Protocol 2 was designed to test
reversibility followed by MRI (n=9). Animals in protocol 2 had a baseline MRI and started on JPD. A second MRI was performed at
SxO. One animal was excluded due to a developmental cyst. In the immediate reversal experiment, MRI was repeated seven days after
SxO, and animals were sacrificed for histopathology (n=4). In the delayed reversal experiment, MRI was repeated 2 days after SxO
while still on JPD and 10 days after reversal, after which animals were sacrificed for histopathology (n=4). (b) Neurological signs
started during the third week on high-salt Japanese permissive diet (JPD) and progressed throughout the five-week follow-up in SHRSP.
Right common carotid artery ligation (RCCAO) on JPD did not significantly differ from JPD alone. Amongst the 37 animals (repre-
senting 100% of the pie chart), most common initial neurological sign was seizure-like activity, whereas motor slowing and paralysis,
and frank barrel rolling seizures were less common. *p < 0.05 vs. RD, log-rank (Mantel-Cox) test. The initial sample sizes are shown
on the figure; numbers of animals at risk at 10, 20 and 30 days were 22, 22 and |9 for JPD, and 9, 9 and 6 for RCCAO + JPD groups,
respectively. The pie chart shows the % of all animals that displayed a specific sign. (c) Barnes maze test performed before the
emergence of neurological signs showed spatial learning deficits in SHRSP on JPD. *p < 0.05 vs. RD; one-way ANOVA followed by
Sidak’s multiple comparisons test (whiskers, full range; boxes, interquartile range; horizontal line, median; 4, mean).
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preceding the experiment. For each BP recording ses-
sion, between three and seven measurements were per-
formed, depending on the tolerance of the animal, and
averaged.

High-salt diet (Japanese permissive diet)

After two to three weeks of acclimation, rats were
placed on high-salt diet consisting of 1% salt in drink-
ing water in addition to high-salt food (stroke prone
rodent diet, 0.39% salt, 0.55% potassium, 16% protein;
Zeigler bros Inc., PA, USA). Control animals were fed
standard lab chow (ProLab Isopro RMH 3000, irra-
diated, 0.23% salt, 0.98% potassium, 22.5% protein)
and no salt was added to drinking water.

Right common carotid artery ligation

Surgery was performed under 1.5-2% isoflurane anes-
thesia, temperature monitoring (FHC, ME, USA), and
analgesia (buprenorphine 0.08 mg/kg SC). After a mid-
line cervical incision, the right carotid bifurcation was
dissected and the common carotid ligated using a 40
silk suture. High-salt diet was started the same day.

BP lowering therapy

In the reversal group, we replaced high-salt diet with
standard lab chow and drinking water, and started two
antihypertensive drugs, selected based on previous
reports®! with some modifications. An Alzet osmotic
mini-pump (2ML2) filled with nicardipine with a daily
delivery rate of 1 mg/kg was implanted under isoflurane
anesthesia. Osmotic mini-pumps were primed in
saline for at least 24h before implantation.
Buprenorphine (0.08 mg/kg, subcutaneous) was given
before and 12 h after the procedure. In addition, enala-
prilat (0.9 mg/kg/day, subcutaneous) was administered
in two doses every 12 h.

Magnetic resonance imaging

Rats were anesthetized with isoflurane (1%). Heart
rate, respiratory rate, and transcutaneous oxygen sat-
uration were monitored to ensure normal physiological
state and eliminate potential confounders. Imaging was
carried out using a Bruker 4.7-T small-bore scanner
(Bruker Biospec, Billerica, MA). Multi-parametric
MRI was obtained with single-shot echo planar ima-
ging (EPI) readout (5 slices, slice thickness =2 mm, field
of view=20x20mm? image matrix =48 x 48,
bandwidth =227 kHz). Diffusion-weighted MRI was
acquired with two b-values of 250 and 1000s/mm?2
(repetition time (TR)/echo time (TE)=3000/48 ms,
number of average (NA)=16). Two T2-weigthed

images were obtained for T2 mapping with TEs of 30
and 100ms (TR =3000ms, NA =16). Cerebral blood
flow was acquired with amplitude modulated arterial
spin labeling MRI (TR/TE =6500/10.2 ms, NA =32).
Images were processed using Matlab (Mathworks,
Natick, MA). Apparent diffusion coefficient (ADC)
was derived from S(b)=S(0)*exp(-b*ADC) using
b=250 and 1000s/mm?> T, map was calculated as
T, =(TE,-TE;)/(In(I(TE,))-In(I(TE,))), where I(TE )
are T,-weighted signals obtained at echo times of 30
and 100ms. Cerebral blood flow (CBF) maps were
reconstructed using CBF = A(I;erTiaver)/ (2o Lier* Trapp)s
in which we assumed A=09ml/g, «=0.63 and
T app = 0.84 5.> Specific values of T2 and ADC param-
eters were extracted using Image J software. Each
lesion was manually outlined and the ROI recorded.
Baseline numbers for each lesion were extracted from
corresponding images, when available, by ROI trans-
position. One SHRSP on high-salt diet was excluded
from analysis when it showed a large cerebral cyst at
baseline.

Barnes maze

Spatial memory retention was assessed using the Barnes
maze three weeks after high-salt or regular diet onset in
rats without overt neurological signs. Test was carried
out using a 122cm diameter platform with 18 evenly
spaced holes near the periphery, and 4 distant spatial
cues, as previously described.”® We released the rats
from a high edge open box placed at the center of the
platform, and used noise as an aversive stimulus to
motivate them to the escape (i.e. target) hole. The test
consisted of four learning trials per day 10 min apart,
for four consecutive days, followed by a probe (reten-
tion) test on the fifth day. Each trial lasted 3 min during
which the rat would try to find the escape hole. As soon
as the escape hole was reached, the noise was stopped
and the rat was allowed to rest for one minute before
being returned to its cage. The platform was rotated
and cleaned with 70% ethanol between each trial. For
the probe trial, the escape box was removed from
underneath the escape hole. All sessions were video rec-
orded, and time spent to reach the target hole during
learning phase, and time spent in the correct quadrant
during the probe trial were quantified.

Blood sampling and analysis

Blood was drawn from the tail vein at baseline and
every week under brief isoflurane anesthesia. All tests
were carried out by the Center for Comparative
Medicine laboratories at the Massachusetts General
Hospital. Hematological assays (platelets, hemoglobin,
reticulocytes) and plasma chemistry (Nat, KT,
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creatinine) were studied using automated systems
(HemaTrue analyzer and Dri-Chem 7000, respectively;
Heska Corporation, CO, USA). Blood smears were
prepared and interpreted by independent technicians
blinded to study groups.

Red blood cell deformability

Deformability of red blood cells (RBCs) from 8§ SHRSP
on high-salt diet was assessed by the average velocity of
cells traversing through microfluidic channels.®* The
microfluidic device was casted in polydimethylsiloxane
with a microfabricated positive silicon master and
bonded to a glass slide after air plasma treatment.
It consisted of parallel microchannels (2um wide,
S um deep, 30 um long) in the center of a main channel
(1 mm wide, 5um deep and Smm long) and periodic
supporting pillars (12 um diameter, 30 pm apart) away
from the constrictions. Hydrostatic pressure-driven
flow in the microfluidic device was established by a dif-
ference in water column height (Sml) in two 60ml
Terumo plastic syringe tubes, connected to the reser-
voirs at each end of the main channel with microbore
tubing (0.02 inch internal diameter). A volume of 0.5ml
blood sample was drawn and tested on the same day for
each animal. RBCs were washed in PBS at 2000 r/min
for 5min at room temperature and diluted for 200 times
in PBS solution containing 1% w/v Bovine Serum
Albumin. Cell suspension was injected into the micro-
fluidic device. Movement of RBCs in the pressure-
driven flow was recorded at 30 frames per second on
an inverted microscope (Zeiss Axiovert 200) equipped
with  a CCD camera (Hitachi KP-D20AU).
Microscopic images of RBCs traversing through the
microchannels were processed using Image J.%
Cellular velocity was averaged across 100+20 cells
per sample, and normalized by mean corpuscular
volume.

Histological preparation

Animals were euthanized by transcardiac perfusion
with cold PBS and exsanguination under deep anesthe-
sia. Brains were then frozen in 2-methylbutane on
dry ice at —35°C. Sets of coronal cryosections were
harvested every 500 pum throughout the entire brain.
Hematoxylin and eosin staining of 12-um thick sections
was used to seek histopathological evidence of cell
death. Histological readouts were examined in the
same cohorts on adjacent sections.

Blood—brain barrier

Blood—brain barrier (BBB) integrity was examined by
IgG leakage in separate groups of rats at two weeks, at

the onset of neurological signs, and between four to five
weeks in rats that did not show any neurological signs.
Two animals were excluded from the analysis because
of poor intracardiac perfusion (one SHR on high-salt
diet with RCCAO, and one SHRSP on high-salt diet
sacrificed at two weeks). IgG leakage was determined
using immunostaining with anti-rat IgG antibody
(Jackson, 1/100), for which the sections were dried,
post-fixed in 4% paraformaldehyde followed by cold
methanol, and incubated at room temperature for
90 min. IgG fluorescence intensity was examined on sec-
tions every 1 mm obtained throughout the entire brain
(+4 to —8 mm from bregma) for every animal. Sections
were scanned at 5 x magnification on a tissueFAXS
slide scanner (TissueGnostics, Vienna, Austria)
equipped with an Axio observer microscope (Zeiss,
Jena, Germany). Each scanning session contained a
control animal (SHRSP on regular diet) to serve as
internal reference for background calculation. Images
were then analyzed using Imaris software (Bitplane,
Zurich, Switzerland). Threshold for automatic detec-
tion of BBB leakage (IgG positive areas) was calculated
based on two regions of interest in cortex and striatum
each, at 0mm and —2mm from bregma, in controls.
Detection threshold was set at the mean optical density
(OD) plus 2 standard deviations of the internal control,
and applied to all sections in the same scanning session.

Myelin integrity

White matter integrity and myelin were examined using
Kluver Barrera (i.e. luxol fast blue) staining of 20 um-
thick post-fixed sections at two coronal section levels
aiming +1.0mm and —3.2mm from bregma. Sections
were scanned at 10x magnification on a tissueFAXS
slide scanner (TissueGnostics, Vienna, Austria)
equipped with a Zeiss Axio observer microscope
(Zeiss, Jena, Germany). Regions of interest
(500 x 375 um) were placed on midline and lateral
corpus callosum, external and internal capsules, and
fimbria. OD was quantified within each region of inter-
est. In addition, regions of interest were examined by
two independent blinded observers, (FH and JM),
using a scoring system: 0 (dense myelin), 1 (myelin
pallor), 2 (non confluent vacuoles), 3 confluent vacu-
oles.?® Scores were averaged between the two observers.

Intracerebral hemorrhage detection

Intraparenchymal hemorrhages were examined by dia-
minobenzidine (DAB) staining, which reacts with
erythrocyte peroxidases, unlike other methods that
detect iron.?” Therefore, DAB detects bleeding mostly
during the acute and subacute stages prior to RBC
lysis. 2% Thirteen serial coronal sections
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(approximately one every millimeter, between
bregma x 9 and + 5mm) throughout the entire brain
were stained with DAB. Sections with bleeding were
scanned at S5xin a tissueFAXS slide scanner
(TissueGnostics, Vienna, Austria) equipped with a
Zeiss Axio observer microscope (Zeiss, Jena,
Germany). The images were then analyzed using the
tissueFAXS viewer (TissueGnostics, Vienna, Austria).
Each lesion was manually outlined for area measure-
ment, and its anatomical and anteroposterior location
noted.

Statistics

This study was designed as exploratory. Data were stat-
istically tested using one- or two-way ANOVA fol-
lowed by Holm-Sidak’s, Sidak’s, or Dunnett’s
multiple comparisons, Kruskal-Wallis followed by
Dunn’s multiple comparisons, Student’s ¢, Mann—
Whitney U, log rank (Mantel-Cox), or paired
Wilcoxon tests, where appropriate (Prism, GraphPad
Software, Inc. La Jolla, CA). All tests were two-sided,
and adjusted for multiple comparisons. Lastly, MRI
and part of microbleed data set were analyzed using a
longitudinal, random intercept, linear mixed effects
model (Stata, StataCorp LLC, College Station, TX).
Statistical tests and sample sizes for each dataset are
stated in the results, figures or figure legends.
Significance was set at p <0.05. Results are expressed
as mean =+ standard error, or whisker-box plots (whis-
kers, full range; box, interquartile range; horizontal
line, median; cross, mean).

Results
Systemic physiology

Systolic and diastolic BP, and to a lesser extent heart
rate (not shown), progressively increased in SHRSP
after the onset of high-salt diet compared with regular
diet (Supplemental Figure S1). In addition, body
weight started to decrease two weeks after the onset
of high-salt diet. RCCAO did not influence these
changes over time. Reversal by switching to regular
diet and antihypertensive treatment was highly effective
in reducing the BP to even below baseline levels prior to
the onset of high-salt diet, and restored body weight.

Neurological signs

Control SHRSP on regular diet did not develop
overt neurological signs at any point during the study
(Figure 1(b)). In contrast, SHRSP on high-salt diet
developed neurological signs starting as early as 19
days; most rats showed signs by the end of fourth

week. Both SHRSP on high-salt diet and SHRSP on
high-salt diet after RCCAO showed worse deficit-free
survival compared with SHRSP on regular diet
(»p=0.003 and 0.038, respectively; Mantel-Cox test).
Although the overall deficit-free survival curves did
not differ between SHRSP on high-salt diet and
SHRSP on high-salt diet after RCCAO (p>0.05,
Mantel-Cox test), a higher proportion of RCCAO
plus high-salt diet cohort showed deficit-free survival
at the 35-day time point compared to that without
RCCAO (1/19 at risk and 3/6 at risk deficit-free in
JPD and JPD4+RCCAO, respectively; p=0.009, x?).
Initial neurological signs in most cases included con-
tinuous stereotypic and rhythmic, “‘seizure-like” fore-
limb contractions, although we did not have
electrophysiological confirmation of seizure activity
(supplementary video). A smaller proportion showed
motor slowing, hindlimb paresis, and frank barrel-roll-
ing seizures as initial signs.

In rats that were free of overt neurological signs at
three weeks, we examined spatial learning and memory
retention using Barnes maze (Figure 1(c)). Although all
groups appeared to acquire spatial memory at approxi-
mately the same rate during the learning phase of
Barnes Maze (not shown), the time spent in the correct
quadrant (i.e. in probe test) was shorter in SHRSP on
high-salt diet, compared with SHRSP on regular diet,
indicating impaired retention of spatial memory.
Notably, SHRSP on high-salt diet after RCCAO did
not differ from SHRSP on regular diet, suggesting that
RCCAO may ameliorate or delay the cognitive deficits.

MRI lesions

Nine SHRSP were longitudinally studied using MRI, in
half of which high-salt diet was reversed at SxO, and in
the other half two days later (Figure 1(a)); one was
excluded from MRI analysis because of a developmen-
tal cyst. Seven rats displayed focal seizure-like signs and
one rat showed motor slowing; all signs disappeared
within 24-48 h after reversal. MRI performed at the
onset of neurological signs showed T2 hyperintensities
predominantly in the anterior and middle cerebral
artery watershed territories as well as deep white
matter structures (Figure 2(a) and (b); Supplemental
Figure S2). T2 lesion burden progressively increased
while on high-salt diet between the onset of neuro-
logical signs and 2 days later, mainly due to emergence
of new lesions rather than growth of existing lesions
(Figure 2(b)). Upon switching to regular diet and start-
ing antihypertensive treatment, T2 lesions diminished
within 2 days, and almost completely disappeared
within 7-10 days. The T2 signal intensity averaged
across the entire cortex or subcortical regions did not
show statistically significant changes over time (not
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Figure 2. MRI lesions. (a) Longitudinal MRI showing T2 and cerebral blood flow (CBF, arterial spin labeling) changes at baseline (B),
onset of neurological signs (SxO), 2 days after SxO (SxO + 2 days), and 10 days after switching to regular diet and starting anti-
hypertensive treatment (Rev + 10 days) in a representative SHRSP on high-salt Japanese permissive diet. Arrowheads point to the
arterial border zone regions that showed a propensity to develop T2 and ADC hyperintensities and mild hypoperfusion. Switching to

(continued)
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shown). Twenty-one T2 lesions were followed over
time, 16 of which entirely disappeared after 7-10 days
of reversal.

The average ADC values within the T2 lesions were
generally increased suggesting vasogenic edema, with
the exception of one lesion that showed decreased
ADC at the onset of neurological signs and then nor-
malized (Figure 2(b)). These data suggested predomin-
antly non-ischemic mechanisms of MRI lesions in this
model. As with the T2 signal intensity, ADC values
rapidly returned to baseline upon high-salt diet rever-
sal. Importantly, we did not observe discrete ADC-dark
lesions throughout the cortex or subcortical tissues,
with the exception of one animal at the onset of neuro-
logical signs (Figure 2(b), blue arrowhead), suggesting
that the overall reduced cortical ADC values did not
reflect focal ischemic infarcts.

Interestingly, cerebral perfusion within the T2
lesions was variable at the onset of neurological signs,
some animals showing up to 50% reduction in CBF,
others showing no change. This was likely related to
variable rate of lesion progression in different animals,
a snapshot of which was captured by each MRI at a
fixed time point. However, upon high-salt diet reversal,
a marked hyperemia developed throughout the cortex
and subcortical tissues that was most marked within the
T2-hyperintense lesions (Figure 2(a) and (b)). Some
examples of this biphasic CBF pattern are shown in
Figure 2(c). The average CBF across the entire cortex
(Figure 2(c)) or the subcortical regions (not shown) did
not show consistent changes during high-salt diet, but
markedly increased after switching to regular diet and
starting antihypertensive treatment. In most animals,
the imaging signs have returned to normal on the
final MRI at 7-10 days after switching to regular diet
and starting antihypertensive treatment.

BBB disruption

To determine the histopathological correlates of T2
hyperintensities on MRI, we examined the BBB

integrity using IgG leakage (Figure 3). At two weeks
after the initiation of high-salt diet in SHRSP, IgG
leakage did not differ from SHRSP on regular diet.
At the onset of neurological signs, however, there was
widespread IgG leakage that showed a predilection for
cortical watershed regions corresponding to arterial
border zones, and tracked along grossly enlarged
white matter bundles, especially the corpus callosum
and the external capsule. Leakage did not show a
strong anteroposterior trend at the time points studied,
but was often asymmetric. RCCAO diminished IgG
leakage on the ligated side. IgG leakage completely dis-
appeared within 7-10 days after high-salt diet reversal
and antihypertensive treatment.

Myelin staining

Two weeks after starting high-salt diet myelin appeared
normal in all SHRSP. When examined at the onset of
neurological signs, there was significant pallor and
vacuolization in large white matter tracts (Figure 4).
In severe cases, vacuoles became confluent. These
abnormalities were most marked in corpus callosum
and external capsule, although cortical watershed
zones also showed pallor in a subset of SHRSP
(Figure 4, see asterisk (*)). When quantified using stan-
dardized ROIs placed at two different coronal levels
(1.29 £0.36 mm anterior and 3.06 £ 0.34 mm posterior
to bregma), OD of myelin staining was reduced in cen-
tral and lateral corpus callosum, the external capsule
(Figure 4(b)), fimbria and internal capsule (p < 0.05 vs.
high-salt diet two weeks; not shown). Myelin pallor was
more severe in the posterior section level compared to
the anterior using a grading system (Figure 4(c)).
Myelin pallor correlated with IgG leakage volume
(Spearman r=0.64, p <0.0001). As with BBB disrup-
tion, RCCAO reduced the loss of myelin staining in the
ipsilateral hemisphere, and all myelin normalized
within 7-10 days after switching to regular diet and
starting antihypertensive treatment (Figure 4(b)).

Figure 2. Continued

regular diet and starting antihypertensive treatment reversed T2 and ADC changes and led to relative hyperemia. (b) The time course
of lesion morphometry and signal intensity showed a progressive increase in the number and size of T2 lesions in each animal while on
high-salt diet (first row). Average T2 and ADC signal intensity within the lesions increased while on high-salt diet, whereas CBF tended
to mildly decrease (second row). Switching to regular diet and starting antihypertensive treatment rapidly reversed T2 and ADC
changes, and led to significant hyperemia. *p < 0.05 vs. SxO; longitudinal, random intercept, linear mixed effects model, followed by
pair-wise multiple comparisons between SxO and each other time point. Connected data points represent a single animal. (c) Images
from three representative rats show hypoperfusion within the lesion at SxO, turning into severe hyperemia at Rev + 2 days
(arrowheads). Although most severe within the lesion, hyperemia after Rev usually involved the entire brain. Graph on the right shows
the time course of CBF changes averaged across the entire cortex. *p < 0.05 vs. SxO; longitudinal, random intercept, linear mixed
effects model, followed by pair-wise multiple comparisons between SxO and each other time point. Connected data points represent
a single animal.
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Figure 3. Blood-brain barrier (BBB) disruption. (a) IgG fluor-
escence shows BBB leakage in corpus callosum (left worse than
right) and left anterior and middle cerebral artery border zone in
a representative SHRSP on high-salt diet (JPD). Scale bar =2 mm.
(b) Average volume of IgG leakage, expressed as % of each
hemisphere shows BBB disruption starts after two weeks on JPD
(n=6), becomes severe at the onset of neurological signs (SxO,
n=11), and completely disappears within 7—10 days after
switching to regular diet and starting antihypertensive treatment
(Rev, n=4). Right common carotid artery ligation (RCCAOQO,
n=9) was associated with significantly less ipsilateral BBB leak-
age. *p < 0.05 JPD SxO vs. all other groups; p < 0.05 right (R)
vs. left (L) RCCAO+JPD SxO; two-way repeated measures
ANOVA followed by Sidak’s (R vs. L) and Holm-Sidak’s (among
groups) multiple comparisons tests. Each data point represents a
single animal. (c) Average volume of IgG leakage expressed as %
of hemisphere in individual section levels from SHRSP on JPD at
SxO, with or without BCCAO.
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Microbleeds

Microbleeds were a conspicuous pathological feature
(Figure 5(a)) observed at the onset of neurological
signs, but not at two weeks after the onset of high-salt
diet (Figure 5(b)). Serial sectioning throughout the
entire brain showed that the number of microbleeds
was highly variable (0 to > 50) within each hemisphere,
and revealed a strong predilection for the posterior
brain regions (Figure 5(c)). RCCAO diminished the

microbleed counts in the ipsilateral hemisphere.
Average microbleed cross sectional areca ranged
approximately between 0.01 and 0.1 mm?

(i.e. ~ 100 x 100 to~300 x 300 pum), and was larger in
white matter and cortex (Figure 5(d)). Although the
number of microbleeds was highest in the hippocam-
pus, total microbleed burden (i.e. cumulative micro-
bleed area) was higher in white matter than any other
brain region by virtue of larger microbleeds
(Figure 5(e)). Microbleed burden correlated with the
volume of IgG leakage (Spearman r=0.68,
p <0.0001), some microbleeds showed strong IgG leak-
age. Except for one animal, microbleeds disappeared
within 7-10 days after switching to regular diet and
starting antihypertensive treatment (Figure 5(b)).

General histopathology

Routine histology revealed scattered cells with pyknotic
nuclei and eosinophilic cytoplasm in cortical regions
prone to vasogenic edema (Supplemental Figure S3),
which persisted even when other MRI and histopatho-
logical lesions disappeared after switching to regular

Figure 4. (continued)

callosum (CC), external capsule (EC), fimbria (F) and internal
capsule (IC) regions of interest within which the optical density
(OD) was quantified and averaged are also shown. (b) Myelin
staining (OD) in left (L), center (C) and right (R) CC, and L and R
EC, was diminished in SHRSP on high-salt diet (JPD) at the onset
of neurological signs (SxO, n=11), but not at two weeks after
JPD onset (2 weeks, n = 7). Staining intensity recovered within 7—
10 days after switching to regular diet and starting antihyper-
tensive treatment (Rev, n==8). Right common carotid artery
ligation (RCCAO, n=9) was associated with stronger myelin
staining in the ipsilateral hemisphere. *p < 0.05 vs. RD, JPD 2
weeks and Rev; 7p < 0.05 vs. JPD 2 week; ip <0.05 vs. C; two-
way repeated measures ANOVA followed by Holm-Sidak’s and
Sidak’s multiple comparisons tests. Each data point represents a
single animal. (c) Myelin grading shows the posterior dominance
of staining loss in CC and EC in JPD SxO. #p < 0.05 vs. anterior
section level; two-way repeated measures ANOVA followed by
Holm-Sidak’s multiple comparisons test. Each data point repre-
sents a single animal.

diet and starting antihypertensive treatment (not
shown). Nevertheless, we never observed overt micro-
infarcts suggestive of lacunar strokes due to small vessel
disease.

Thrombotic microangiopathy

Serial blood samples revealed a progressive thrombo-
cytopenia that developed within two weeks of high-salt
diet, followed one week later by anemia and elevated
reticulocyte counts (Figure 6, A and B, left panel),
while mean corpuscular volumes and hemoglobin con-
centrations were normal (data not shown). Resuming
regular diet and starting antihypertensive treatment
rapidly restored the platelet counts and led to rebound
thrombocytosis (Figure 6(a), right panel); however,
anemia and elevated reticulocyte counts did not recover
within the time frame of our follow up (Figure 6(b) to
(d)). Examination of blood smears revealed schisto-
cytes, implicating a thrombotic microangiopathic pro-
cess with consumptive thrombocytopenia
(Supplementary Figure S5). To test whether hemolysis
was due to reduced RBC deformability, we measured
RBC velocities traversing through microchannels and
found no change (Supplementary figure S6). A throm-
botic microangiopathic process was further supported
by renal failure as evident in elevated plasma creatinine
and blood urea nitrogen levels, which only partially
normalized upon switching back to regular diet and
starting antihypertensive treatment (Supplemental
Table 1). Of note, RCCAO did not protect against
these hematological abnormalities (not shown).

SHRs

SHR subjected to identical high-salt diet conditions did
not develop any of the systemic physiological, neuro-
logical, histopathological and hematological abnormal-
ities described above for SHRSP (Supplemental Figure
S4, and data not shown).

Discussion

PRES often develops in the setting of malignant hyper-
tension, renal failure or during treatment with certain
immunosuppressive drugs, and typically presents with
cognitive and visual changes, and seizures.?%*° Here, we
show that the neurological and MRI signs, BBB dis-
ruption, predominantly posterior white matter changes
and microbleeds,'”>! and rapid reversal of all patho-
logical findings in SHRSP on high-salt diet recapitulate
the clinical  hallmarks of human  PRES.
Thrombocytopenia, regenerative anemia, schistocytes
and mild renal failure strongly suggest an acute sys-
temic thrombotic microangiopathic process, likely
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Figure 5. Cerebral microbleeds. (a) Representative coronal sections showing microbleeds of various sizes in SHRSP on high-salt diet
(DAB and cresyl violet staining). (b) The number of microbleeds was significantly higher in SHRSP on high-salt diet (JPD) at the onset of
neurological signs (SxO, n=11), but not at two weeks after JPD onset (2 weeks, n=7). Right common carotid artery ligation
(RCCAO, n=9) reduced the microbleed counts in the ipsilateral hemisphere. Microbleed counts were reduced after switching to
regular diet and starting antihypertensive treatment (Rev, n = 8), suggesting cessation of microbleed development. *p < 0.05 vs. RD,
JPD 2 weeks and Rev; Kruskal-Wallis followed by Dunn’s multiple comparisons test. Each data point represents a single animal. (c)
Microbleed counts showed a posterior predominance, and RCCAO diminished microbleeds in the ipsilateral hemisphere. *p < 0.05 vs.
anterior half, median [25-75%] of pooled data from JPD and RCCAO-PD bilaterally; Wilcoxon matched-pairs signed rank test. (d)
Microbleed area per lesion in cortex (C), deep grey nuclei (DG), white matter (WM), hippocampus (H), choroid plexus (CP), and
septum (S). *p <0.05 vs. S, p <0.01 vs. DG, p <0.001 vs. H; 7p < 0.05 vs. DG, p < 0.001 vs. H; general linear mixed effects model with
random subject intercepts and variance component error structure to account for the multiple lesions within each ROI and within
individual experimental subject (n =152, 65, 53, 139, 6 and |9 microbleeds in C, DG, WM, H, CP and S, respectively). Please note the
log scale. (e) The distribution of microbleed count and total cumulative microbleed area in the same six brain regions.

triggered by malignant hypertension. Although we did
not measure the perfusion pressures, the fact that
RCCAQO ameliorated ipsilateral vasogenic edema
(Figure 3), white matter rarefaction (Figure 4) and
microbleeds (Figure 5), and preserved neurological
function (Figure 1(c)) implicates elevated perfusion
pressure as a critical determinant for cerebral path-
ology, and suggests that RCCAO shields the hemi-
sphere from dangerously elevated perfusion pressures.
In support of this, UCCAO has been shown to reduce
cerebral perfusion pressure.>> Moreover, unilateral car-
otid stenosis has been reported to protect the ipsilateral
hemisphere from hypertensive vascular changes in a rat

model of induced hypertension.®* Altogether, while cer-
tain aspects of the pathophysiology may overlap, our
data do not support SHRSP on high-salt diet as a
translational model for chronic hypertensive small
vessel disease or vascular dementia as has been
endorsed in the past.'' 1634

The tissue hallmarks of the disease process
in SHRSP on high-salt diet were BBB disruption
(i.e. IgG leakage, and elevated T2 and ADC on MRI)
and microbleeds,’”>*® both of which are neuroimaging
features of PRES as well.?*” The severity and spatial
distribution of MRI lesions, histopathological abnorm-
alities and neurological signs were closely matched.
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Figure 6. Hematological changes. Platelet counts (a), hemoglobin concentration (b), red blood cell (RBC) count (c), reticulocyte
percentage at sacrifice time point (d), all suggest a thrombotic microangiopathic process in SHRSP on high-salt diet (JPD). Platelet
counts, but not anemia or reticulocyte counts, were rapidly normalized upon resuming regular diet (RD) and starting antihypertensive
treatment (Rev). *p < 0.05 JPD vs. RD, and JPD two to four week vs. |PD baseline; 1p < 0.05 JPD two to four week and Rev vs. JPD
baseline; #p < 0.05 JPD two to four week vs. JPD baseline; {p < 0.05 JPD three to four week and Rev vs. JPD baseline; two-way
ANOVA followed by Sidak’s and Dunnett’s multiple comparisons tests. §p < 0.05 vs. RD; @p < 0.05 vs. all other groups; one-way
ANOVA followed by Holm-Sidak’s multiple comparisons test. Each data point in C and D represents a single animal.

Morphological changes in white matter and reduced and treatment with antihypertensive drugs. Persistent
myelin staining intensity in the rat model reflected vaso- and profound BBB leakage may also lead to extrava-
genic edema rather than true demyelination,>® as they sation of RBCs as a mechanism of microbleeds. Indeed,
resolved within two days after resuming regular diet BBB leakage has been reported to precede frank
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intracerebral hemorrhage in SHRSP.* Spatial distribu-
tion of the pathology in the rat also matched human
PRES. For example, BBB disruption showed a predi-
lection for the cortical watershed regions, and white
matter changes and microbleeds were more severe pos-
teriorly.”*¥° Although we did not detect a clear pos-
terior dominance of IgG leakage, this was likely due to
faster onset and progression of BBB disruption that led
to severe and widespread vasogenic edema by the time
neurological signs appeared. Hence, examination at
earlier time points could have revealed a posterior
trend in IgG leakage as well. Even in human PRES,
vasogenic edema is not necessarily limited to posterior
brain regions, and can involve frontal and temporal
regions as well. Indeed, holohemispheric watershed is
a major imaging distribution of vasogenic edema in
PRES.,* which is exactly what we observed in our
study (Figures 2(a), 3(a) and 4(a), Supplemental
Figure S2). It is also recognized that T2 hyperintensities
of PRES can be asymmetric or even unilateral.”®*
Indeed, ~30% of the SHRSP on high-salt diet in our
cohort showed asymmetric neuropathology even in the
absence of RCCAO.

As PRES is reversible when treated, histopathological
studies in human brain are limited. Edematous white
matter and microthrombi have been reported on biopsy
or necropsy of PRES patients.*' ** In our study, a subset
of animals showed hypoperfusion within the T2 hyper-
intense lesions in watershed regions at the onset of neuro-
logical signs (Figure 2).** Upon switching to regular diet,
however, all T2 hyperintense lesions developed a pro-
nounced hyperemia, although this may have been due
to a direct cerebrovascular effect of the antihypertensive
drugs. Both hypoperfusion and hyperperfusion have
been observed in human PRES as well,>” and poor cere-
bral autoregulation in border zone regions has been
implicated as a mechanism.* Previous studies have sug-
gested that edema could lead to hypoperfusion and ische-
mia through capillary compression,** but we did not
observe any overt ischemic infarct by histopathology or
MRI during the two-day follow-up after the onset of
neurological signs in our study.

Increased RBC fragility has been proposed as a
mechanism for hemolytic anemia in SHRSP on high-
salt diet.***” The small and statistically insignificant
drop in RBC deformability three weeks after high-salt
diet onset was likely a reflection of reticulocytosis, and
thus did not explain the hemolysis (Supplementary
Figure S6).**° Instead, thrombocytopenia and schis-
tocytes strongly suggested mechanical lysis in the set-
ting of a thrombotic microangiopathy,”' likely related
to endothelial dysfunction.> Mild renal failure was also
consistent with such a microangiopathic mechanism.
Thrombotic thrombocytopenic purpura has been asso-
ciated with neuroimaging signs consistent with PRES in

many cases,>* and malignant hypertension and acute

hypertensive encephalopathy have been associated with
a thrombotic microangiopathy.’>>°

Interestingly, SHR on high-salt diet did not develop
any of the systemic, hematological, neurological and
histopathological signs that we observed in SHRSP,
despite reaching arterial BPs only slightly lower than
SHRSP. The reasons for this strain-specific response to
high-salt diet are unknown at this time, but presumably
relate to genetic differences.
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