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N E U R O P A T H O L O G Y

Reversal of endothelial dysfunction reduces  
white matter vulnerability in cerebral small vessel 
disease in rats
Rikesh M. Rajani1, Sophie Quick1, Silvie R. Ruigrok1, Delyth Graham2, Sarah E. Harris3,  
Benjamin F. J. Verhaaren4,5, Myriam Fornage5,6, Sudha Seshadri5,7, Santosh S. Atanur8,  
Anna F. Dominiczak2, Colin Smith9, Joanna M. Wardlaw10, Anna Williams1*

Dementia is a major social and economic problem for our aging population. One of the most common causes of 
dementia in the elderly is cerebral small vessel disease (SVD). Magnetic resonance scans of SVD patients typically 
show white matter abnormalities, but we do not understand the mechanistic pathological link between blood 
vessels and white matter myelin damage. Hypertension is suggested as the cause of sporadic SVD, but a recent 
alternative hypothesis invokes dysfunction of the blood-brain barrier as the primary cause. In a rat model of SVD, 
we show that endothelial cell (EC) dysfunction is the first change in development of the disease. Dysfunctional ECs 
secrete heat shock protein 90, which blocks oligodendroglial differentiation, contributing to impaired myelination. 
Treatment with EC-stabilizing drugs reversed these EC and oligodendroglial pathologies in the rat model. EC and 
oligodendroglial dysfunction were also observed in humans with early, asymptomatic SVD pathology. We identi-
fied a loss-of-function mutation in ATPase11B, which caused the EC dysfunction in the rat SVD model, and a single-
nucleotide polymorphism in ATPase11B that was associated with white matter abnormalities in humans with SVD. 
We show that EC dysfunction is a cause of SVD white matter vulnerability and provide a therapeutic strategy to 
treat and reverse SVD in the rat model, which may also be of relevance to human SVD.

INTRODUCTION
One of the biggest challenges currently facing society is the increasing 
number of people with dementia as the population ages. Cerebral 
small vessel disease (SVD) affects the small perforating arterioles in 
the brain and is the leading cause of vascular dementia (1, 2). SVD 
also contributes to and worsens the symptoms of Alzheimer’s disease 
(2) and is responsible for up to 45% of dementias. Monogenic forms 
and some sporadic cases of SVD occur at young ages, which supports 
SVD as a disease rather than simply being a consequence of aging 
(3). In addition to dementia, SVD causes cognitive impairment, gait 
and balance problems (2, 4, 5), and trebles the risk of stroke (6). Its 
diagnosis relies on clinical presentation of lacunar stroke or cognitive 
or gait/balance problems with magnetic resonance imaging (MRI) 
features such as white matter hyperintensities (WMH) (7). These 
WMH are associated with cognitive decline in SVD (6), and patho-
logical diagnosis of SVD relies on characteristic changes such as lipo-
hyalinosis (asymmetric areas of small vessel fibrosis associated with 
foam cells and leakage of plasma proteins) and myelin loss (8), indicat-

ing that white matter damage plays an important role in disease 
pathogenesis.

The risk of sporadic SVD is increased by typical vascular risk 
factors such as hypertension, diabetes, and smoking (9–11). Despite 
one-third of people over the age of 80 having some signs of SVD 
(12), there are currently no established SVD therapies (13). Most 
treatments tested in clinical trials so far have focused on blood pressure 
reduction (13), although 30% of SVD patients are normotensive (14). 
Alternatively, some evidence now suggests that blood-brain barrier 
(BBB) changes may cause SVD (15, 16). The BBB prevents unwanted 
cells and solutes in the blood from entering the brain parenchyma 
and is made of endothelial cells (ECs), pericytes, astrocyte end feet, 
and junctions between these cells (17). Disruption of the BBB is found 
in SVD (16, 18), but it is unclear whether this causes any observed 
pathological changes or is secondary to them.

We sought mechanisms linking vascular changes with white 
matter pathology by studying the earliest pathological features of 
SVD in a rat model and human tissue. We show that the first patho-
logical change is EC dysfunction, which occurs before the onset of 
hypertension or clinical signs. We identify both an upstream genetic 
cause of this EC dysfunction and a secreted downstream effector 
affecting the surrounding white matter. We also show that drug 
treatment to stabilize EC dysfunction in a SVD model reverses the 
endothelial and oligodendroglial pathologies, suggesting a new ther-
apeutic strategy.

RESULTS
To study the early changes in SVD development, we used the stroke-
prone spontaneously hypertensive rat [SHRSP; subsequently referred 
to as disease model (DM)]. This is an inbred rat strain known to 
be a relevant rodent model of human sporadic SVD (19, 20). These 
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DM rats are hypertensive from 
6 weeks, show classical SVD pa-
thology from 8 weeks, and suffer 
strokes from 20 weeks of age 
(20–24). As controls, we used the 
parent strain of the DM rat, Wistar 
Kyoto (WKY) rats, from a col-
ony maintained in parallel. For 
human tissue, we used brains 
obtained from people (aged 24 
to 58) who had died suddenly 
without SVD symptoms but whose 
brains were found to have early 
SVD pathology upon postmor-
tem examination (table S1).

BBB changes are found 
early in a rat SVD model 
and in humans with 
presymptomatic SVD
Previous work had found BBB 
changes in DM rats at 5 weeks of age, predating hypertension (25). 
In deep white matter areas typically affected by SVD pathology, we 
found that the earliest pathological change seen by immunofluores-
cence (at 4 weeks of age) was a decrease in the number of blood 

vessels expressing claudin-5, the key tight junction protein (TJP) of 
the BBB, indicative of an altered BBB (Fig. 1, A to D and I) (26). 
There was also a trend in the reduction of the absolute amount of 
claudin-5 protein in DM brain at 5 weeks, although this was not 

Fig. 1. Pathological changes to the 
BBB and OPCs in brains of young DM 
rats and presymptomatic humans. 
(A to H) Immunofluorescent images 
from brain deep white matter and graph 
(I) showing number of blood vessels 
(CD34+, red) with claudin-5–positive 
tight junctions (TJs, green) in DM rats 
(B and D) compared to controls (A and C), 
as well as in diseased human brains 
(F and H) compared to controls (E and G). 
Arrows indicate blood vessels without 
claudin-5–positive TJs. (C), (D), (G), and 
(H) show enlarged images of the white 
boxes in (A), (B), (E), and (F), respective-
ly. (J to O) Number of OPCs (Olig2+ 
Nogo-A−; indicated by arrows) per square 
millimeter (J and N) and mature oligo-
dendrocytes (Olig2+ Nogo-A+) (K and O) 
in DM rats and in diseased human brains 
compared to controls [Olig2, all oligo-
dendroglia (green); Nogo-A, mature oli-
godendrocytes (red)]. (P) Number of 
proliferating OPCs (Olig2+ PCNA+) per 
square millimeter in DM rats and in the 
diseased human brains compared to 
controls [mean ± SEM; *P < 0.05 and 
**P < 0.01, two-way analysis of variance 
(ANOVA) with Tukey’s post hoc tests; 
3 weeks, n ≥ 4 animals; 4 weeks, n ≥ 3 
animals; 5 weeks, (P) n = 3 animals; 
others, n = 10 animals and n = 5 hu-
mans]. Scale bars, 25 m. PCNA, pro-
liferating cell nuclear antigen.
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statistically significant (fig. S1). However, this alteration in claudin-5 
expression did not lead to a functional leakage of the BBB to a large 
dextran tracer in 5-week-old DM rats (fig. S2). In the deep white 
matter of human brains with early-stage SVD, we found a similar 
decrease in blood vessels with colocalized claudin-5 expression 
(Fig. 1, E to I). We found no differences in other components of the 
BBB, including pericytes, astrocytes, astrocyte end feet, and blood 
vessel density, between DM and control rats or between the human 
presymptomatic cases and age-relevant controls (fig. S3).

Oligodendrocyte precursor cells are increased in a rat SVD 
model and humans with presymptomatic SVD
Subsequent to the BBB changes, we found an increase in oligodendro-
cyte precursor cells (OPCs) in the deep white matter in the DM rat 
at 5 weeks of age (more Olig2+ Nogo-A− cells; Fig. 1, J to L), as well 
as in the human presymptomatic cases (Fig. 1, J, M, and N). This 
increase was due to both a block in OPC differentiation to mature 
oligodendrocytes (fewer mature Olig2+ Nogo-A+ oligodendrocytes; 
Fig. 1O) and an increase in OPC proliferation (Fig. 1P and fig. S4). 
We also found an increase in the number of macrophages/microglia 
at 5 weeks of age in DM rats (fig. S5, A, B, and E) and in the human 
cases (fig. S5, C to E), suggestive of a secondary immune response.

Early changes occur without hypertension or leakage 
through the BBB
The order of these changes in the DM rat suggests that an early 
change in the ECs contributes to the later white matter changes and 
occurs well before the rats become hypertensive. However, the lack 
of a functional leak in DM rats in vivo at this early time point sug-
gests that early white matter pathology does not result from sub-
stances in the blood leaking through an impaired BBB. To confirm 
this, we cultured brain slices from neonatal DM rats ex vivo for 
5 weeks in the absence of blood flow and blood pressure. We ob-
served the same changes as at 5 weeks in vivo: a reduction in claudin-5 
protein expression (Fig. 2, A and B), an increase in OPC number 
(more Olig2+ Nogo-A− cells; Fig. 2, C to E), and a reduction in mature 
oligodendrocytes (fewer Olig2+ Nogo-A+ oligodendrocytes; Fig. 2F). 
As these data confirm that neither BBB leakage nor hypertension 
caused the early myelin pathology in this model, we next considered 
endothelial dysfunction as a mechanism for the pathology.

DM rats and human SVD brains have dysfunctional ECs
Endothelial dysfunction is commonly defined as a reduction in the 
bioavailability of nitric oxide (NO) in an EC (27). This may be due 
to either a reduction in NO production by endothelial NO synthase 
(eNOS) or an increase in NO sequestration by superoxide. At 3 weeks 
of age, before TJ changes are seen in blood vessels, brains of DM rats 
already showed reduced eNOS compared to controls (Fig. 2, G and 
H). Dysfunctional ECs also have a high proliferation rate (28, 29), 
and we found more proliferating ECs in both 3-week-old DM rat tis-
sue and diseased human brains compared to controls (Fig. 2, I to M). 
To determine whether this dysfunction was cell-autonomous, we iso-
lated and cultured brain microvascular ECs (BMECs) from neonatal 
DM and control rats and found that DM cells produced less NO 
(Fig. 2N). DM BMECs also showed reduced TJ integrity. Control 
BMECs expressed zonula occludens 1 (ZO-1; a marker of TJs) and 
claudin-5 (a marker of mature TJs) in their cell membranes. In com-
parison, DM BMECs expressed ZO-1 normally but showed reduced 
claudin-5 localization in their membranes (Fig. 2, O to R).

Dysfunctional ECs reduce OPC maturation and increase  
OPC proliferation
To investigate whether dysfunctional ECs secrete factors that cause 
the white matter changes in the DM rat, we collected conditioned 
media (CM) from DM BMECs and added it to in vitro cultures 
of wild-type OPCs. Treatment with DM BMEC–CM led to a reduc-
tion in the maturation of wild-type OPCs (more immature NG2+ 
OPCs and fewer mature MBP+ oligodendrocytes; Fig. 3, A to D) 
and more proliferation (Fig. 3, E to G) compared to wild-type OPCs 
grown in control BMEC–CM media. Furthermore, ex vivo slice 
cultures grown in DM BMEC–CM contained more OPCs than slices 
grown in control BMEC–CM (Fig. 3, H to J). Therefore, secreted 
factors from DM BMECs affect oligodendroglia biology, blocking 
OPC maturation and increasing their proliferation. This correlates 
with the findings seen in tissue sections from young DM rat brains 
and presymptomatic diseased human brains.

HSP90 secreted by ECs mediates the reduction in  
OPC maturation
To identify these soluble factors secreted from DM BMECs, we 
used a forward-phase antibody microarray with >1300 antibodies 
against select proteins. One protein expressed more in DM com-
pared to control BMEC–CM was heat shock protein 90 (HSP90; 
fig. S6), a chaperone protein highly expressed in all brain cell types. 
We confirmed increased protein in DM BMEC–CM by Western blot 
(Fig. 3, K and L) and saw a trend in an increase on enzyme-linked 
immunosorbent assay (ELISA) (P = 0.05; Fig. 3M). Treatment 
of OPCs with recombinant HSP90 (rHSP90) decreased OPC matu-
ration (more immature NG2+ OPCs and fewer mature MBP+ oligo-
dendrocytes; Fig. 3, N to Q), mirroring the effect seen with DM 
BMEC–CM, but had no effect on OPC proliferation compared to 
controls (fig. S7, A to C). A blocking antibody specific to HSP90 
abrogated the DM BMEC–CM–induced maturation defects (Fig. 3, 
R to V), but again, OPC proliferation was unchanged (fig. S7, D 
to G). These data show that HSP90 secreted by DM BMECs causes 
the block in maturation of OPCs but is not responsible for the pro-
liferation effect. Furthermore, we found more of the cleaved secreted 
form of HSP90 (30) in DM rat brains (Fig. 3, W and X) and in 
some diseased human brains (Fig. 3, W and Y), suggesting that a 
similar mechanism downstream of endothelial dysfunction also oc-
curs in human SVD.

Drugs that ameliorate endothelial dysfunction reverse OPC 
changes in vivo
We next investigated whether reducing endothelial dysfunction im-
proves white matter pathology in vivo. We treated DM rats with the 
following drugs reported to reduce endothelial dysfunction: simvastatin, 
a cholesterol-lowering drug; perindopril, an angiotensin-converting 
enzyme inhibitor (ACEI); or cilostazol, a phosphodiesterase inhibitor 
(31–34). We dosed animals from 5 weeks old, a time point at which 
both endothelial and OPC pathologies are present, to adulthood at 
12 weeks old (Fig. 4A). These animals were compared to untreated 
WKY rats, untreated DM rats, and animals treated with a combination 
drug [hydralazine and hydrochlorothiazide (H+H)] that lowers blood 
pressure but does not alter endothelial dysfunction, as a control for 
the blood pressure reduction expected with perindopril (Fig. 4B and 
table S2). Blood pressures were monitored weekly and increased in all 
rats over time (as expected as they mature to adulthood) (35) but were 
clustered into two groups: one with high blood pressure (untreated 
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Fig. 2. Endothelial cells are dysfunctional at 3 weeks of age in DM rats and in 
human brains with SVD. (A to F) Slice data demonstrating early changes are not 
due to BBB leakage. (A and B) Western blot and quantification of claudin-5 in brain 
slices cultured from DM rats for 5 weeks compared to controls (*P < 0.05, paired 
t test; n = 3 experiments). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as a loading control. (C to F) Immunofluorescent images and quantification 
of brain slices stained for Olig2 (all oligodendroglia, green) and Nogo-A (mature oli-
godendrocytes, red) in DM rat slices (D) compared to control (C) (*P < 0.05, paired 
t test; n = 5 experiments). (G and H) Western blot and quantification of eNOS in 
3-week-old DM rat brain tissue compared to controls (Ctrl), with GAPDH used as a 
loading control (*P < 0.05, unpaired t test; n = 3 animals). (I and J) Immunofluorescent 

images showing proliferating (PCNA+, red) ECs (CD34+, green) (indicated by white arrows) in the deep white matter of brains from 3-week-old control (I) and DM rats (J). 
Enlargements of boxed areas are shown. (K and L) Colorimetric immunostaining of proliferating (PCNA+, blue) human ECs (CD34+, brown) (indicated by red arrows). 
(M) Quantification of the number of proliferating ECs per square millimeter in DM rat brains and the diseased human brains compared to their controls (mean ± SEM; 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, two-way ANOVA with Tukey’s post hoc tests; 3 weeks, n = 5 animals; 4 and 5 weeks, n = 3 animals and n = 5 humans). 
(N) Assay of nitrates and nitrites (NOx) as a proxy for cell production of NO in the media of BMECs isolated from DM rats compared to controls. Each color represents a 
different paired repeat (mean ± SEM; *P < 0.05, paired t test; n = 3 BMEC preparations from different litters). (O and P) Immunofluorescent staining showing claudin-5 
(mature TJP, green) and ZO-1 (immature TJP, red) in BMEC cultures isolated from control (O) and DM (P) rats (Hoechst, blue), quantified in (Q) and (R) (*P < 0.05, paired 
t test; n = 3 BMEC preparations from different litters). Scale bars, 25 m.
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DM rats and rats treated with simvastatin or cilostazol) and the 
other with normal blood pressure (DM rats treated with the anti
hypertensives perindopril or H+H and untreated WKY rats; Fig. 4C).

At 12 weeks, we examined the brains for signs of endothelial dys-
function and white matter changes. Simvastatin and perindopril sig-

nificantly reduced EC proliferation (P < 0.001 for both; Fig. 4, D, E, 
and L) and significantly increased mature TJs in DM rats (P < 0.05 
for both; Fig. 4, F, G, and M), confirming that these drugs improve 
endothelial dysfunction. Cilostazol showed trend effects only in the 
same direction. Simvastatin, perindopril, and cilostazol reversed the 

Fig. 3. HSP90 produced by BMECs reduces 
OPC maturation. (A and B) Immunofluores-
cent images showing OPCs (NG2+, green) and 
MBP+ mature oligodendrocytes (red) in cultures 
grown in DM (B) compared to control (A) BMEC–
CM (Hoechst, blue) [*P < 0.05, paired t test; n = 3 
experiments, quantified in (C) and (D)]. (E and 
F) Proliferating Ki67-expressing cells (red) in 
cultures of OPCs grown in DM (F) compared 
to control (E) BMEC CM (Hoechst, blue) [*P < 
0.05, paired t test; n = 3 experiments, quantified 
in (G)]. (H to J) OPCs [Olig2+ (all oligodendrog-
lia, green) Nogo-A− (mature oligodendrocytes, 
red), arrows indicating Olig2+ NogoA− OPCs] 
in wild-type brain slices grown in culture for 
5 weeks in DM BMEC CM (J) compared to con-
trol CM (I) [quantified in (H) normalized to slices 
grown in unconditioned media; *P < 0.05, 
paired t test; n = 3 experiments]. (K) Western 
blot for HSP90 in CM from DM BMECs com-
pared to controls (*P < 0.05, paired t test; n = 3 
experiments, quantified in (L)], including Pon-
ceau stain of the membrane showing total pro-
tein used as a loading control, with prominent 
band of bovine serum albumin. (M) ELISA for 
HSP90 in CM from DM BMECs compared to 
controls (P = 0.05, t test; n = 4 experiments). 
(N to Q) Effect of addition of recombinant (r)
HSP90 on maturation of wild-type OPCs in 
culture (immature NG2+ OPCs, green; mature 
MBP+ oligodendrocytes, red; Hoechst, blue) 
[quantified in (P) and (Q) with each color rep-
resenting a different paired repeat; *P < 0.05, 
paired t test; n = 4 experiments]. (R to V) Ef-
fect of addition of HSP90 blocking antibody 
(BA) on OPC cultures grown in DM CM (immature 
NG2+ OPCs, green; mature MBP+ oligoden-
drocytes, red; Hoechst, blue). (U and V) Quan-
tification of the percentage of NG2+ cells is 
normalized to control CM (such that 1 = an 
average of 23% NG2+ cells) and quantification 
of the percentage of MBP+ cells is normalized 
to control CM (such that 1 = an average of 15% 
MBP+ cells) (mean ± SEM; *P < 0.05 and **P < 
0.01, one-way repeated measures ANOVA 
with Bonferroni post hoc tests; n = 4 separate 
experiments with cells from different litters). 
(W) Western blot showing full-length and 
cleaved, secreted forms of HSP90 (with 
GAPDH used as a loading control) in rat and 
human control and diseased brains [*P < 
0.05, unpaired t test; n = 3 rats, each group 
quantified in (X); P = 0.28, unpaired t test; n = 5 
humans, each group quantified in (Y)]. Scale 
bars, 25 m.
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increase in OPCs seen in untreated 
DM rats (P < 0.001, P < 0.001, and P < 
0.01, respectively; Fig. 4, H, I, and N). 
In the case of simvastatin and perindo-
pril, this is by both reducing the OPC 
differentiation block (P < 0.001 for 
both; Fig. 4O) and reducing OPC pro-
liferation (P < 0.01 for simvastatin and 
P < 0.05 for perindopril; Fig. 4, J, K, 
and P). Cilostazol only showed a signif-
icant increase in mature oligodendro-
cytes (P < 0.001; Fig. 4P). Furthermore, 
blinded ranking of the quality of my-
elin in the deep white matter areas 
showed a pattern of less myelin rar-
efaction in DM rats treated with drugs 
reducing EC dysfunction, with a sig-
nificant reduction for simvastatin (P < 
0.01; Fig. 4Q). These data demonstrate 
that improving endothelial dysfunction 
reverses the oligodendroglial changes 
in DM rats in vivo, further demonstrat-
ing that these are secondary to endo-
thelial dysfunction. These drugs act via 
different pharmacological pathways, 
suggesting that endothelial dysfunction 
reversal itself is the key therapeutic 
mechanism. This effect is also indepen-
dent of blood pressure, because normotensive DM rats treated with 
H+H showed little improvement, and hypertensive DM rats treated 
with simvastatin and cilostazol showed significant improvements in 
pathology.

DM rats have a homozygous deletion in Atp11b
We next sought to identify the cause of the endothelial dysfunction 
in our inbred DM rats. We reanalyzed published genomic array se-
quencing data of the DM rat (SHRSP), the spontaneously hypertensive 

rat (SHR, which is its closest related strain and develops hypertension 
but does not show signs of SVD or stroke), and the control strain 
(WKY) (36). As a first-pass analysis, we examined the lists of frame-
shift mutations and single-nucleotide variants that introduce stop 
codons because these would be expected to lead to a truncated protein. 
We selected genes with homozygous mutations occurring in SHRSP 
but not in SHR, with the assumption that genes mutated in both 
contribute to the hypertensive phenotype common to both strains, 
not to the SVD phenotype unique to SHRSP. We then filtered this 

Fig. 4. Drugs that reduce EC dysfunction also 
reduce white matter vulnerability. (A) Time-
line of drug trial showing the ages at which 
pathologies appear, the timing of blood pres-
sure measurements, and the beginning and 
end of treatment. (B) Table of treatment groups 
and effects. All drugs were administered daily 
through an oral route at the following con-
centrations: simvastatin, 2 mg/kg; perindopril, 
2 mg/kg; cilostazol, 60 mg/kg; and H+H, 16 mg/kg. 
(C) Blood pressure readings over the experiment. 
(D to K) Immunofluorescence images showing 
the effect of simvastatin on EC proliferation, 
mature TJs, OPC and oligodendrocyte numbers, 
and OPC proliferation, with quantification in 
graphs (L to P). (Q) Blinded ranking of myelin 
rarefaction on Luxol blue/cresyl violet–stained 
brain sections [mean ± SEM; *P < 0.05, **P < 
0.01, and ***P < 0.001, (L to P) one-way ANOVA 
with Bonferroni post hoc tests, and (Q) Kruskal-
Wallis test with Dunn’s post hoc tests; cilostazol, 
n = 4; others, n = 5 animals per treatment 
group]. Scale bars, 25 m.
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Fig. 5. Atp11b is mutated in 
DM rats and leads to dys-
functional ECs. (A) Filtering 
strategy: Venn diagram with 
overlap of genes with frame-
shift or stop-gain mutations 
in the SHRSP and the SHR. 
Mutations unique to SHRSP 
were filtered first using Variant 
Effect Predictor (Ve!P) tool from 
Ensembl (37) to select those 
predicted to lead to truncated 
proteins, then with the Allen 
Brain Atlas (38) to select genes 
expressed in the brain, and 
finally with the Barres Brain 
RNA-seq database (39) to se-
lect genes expressed in brain 
ECs. (B) DNA sequence show-
ing the 28–base pair deletion 
in the Atp11b gene and cor-
responding complementary 
DNA (cDNA). (C) Western blot 
with complete loss of ATP11B 
in DM rat brains compared to 
controls using an N-terminal 
antibody. (D) Western blot of 
knockdown of ATP11B in bEND. 
3 cells treated with Atp11b 
siRNA (Atp11b-KD) compared 
with nontargeting siRNA (con-
trol) [*P < 0.05, paired t test; 
n = 3 experiments, quantified 
in (E) with GAPDH used as a 
loading control]. (F and G) Im
munofluorescent images 
showing proliferation (Hoechst, 
blue; Ki67+ nuclei, magenta-
white arrows) in Atp11b-KD 
bEND.3 cells (G) compared to 
controls (F) [quantified in (H); 
*P < 0.05, paired t test; n = 3 
experiments] (Hoechst, blue). 
(I to L) Immunofluorescent 
images staining for claudin-5 
(mature TJP, green) compared 
to ZO-1 (immature TJP, red) 
in Atp11b-KD bEND. 3 cells 
(J) compared to controls (I) 
[quantified in (K) and (L); 
*P < 0.05, paired t test; n = 3 
experiments] (Hoechst, blue). 
(M to P) Differentiation of 
OPCs (NG2+ OPCs, green; ma-
ture MBP+ oligodendrocytes, 
red; Hoechst, blue) cultured 
in either CM from Atp11b-KD 
bEND.3 cells (N) or control 
cells (M) [quantified in (O) 
and (P); *P < 0.05, paired t test; n = 4 experiments]. (Q to S) Proliferation (Ki67+, red) of OPCs cultured in CM from Atp11b-KD bEND.3 cells (R) compared to controls (Q), quan-
tified in (S) (Hoechst, blue) (*P < 0.05, paired t test; n = 3 experiments). (T) Western blot of HSP90 in CM from Atp11b-KD bEND.3 cells compared to controls [quantified in (U); 
*P < 0.05, paired t test; n = 3 experiments], including Ponceau stain of the membrane showing the total protein (prominent band is bovine serum albumin) used as a loading 
control. Scale bar, 25 m.
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resulting list of 32 genes further (Fig. 5A) using Ensembl’s Variant 
Effect Predictor tool (37) to select mutations resulting in a truncated 
protein, the Allen Brain Atlas (38) to select only those genes ex-
pressed in the brain, and the Barres Brain RNA-seq database (39) to 
select genes expressed in brain ECs, because our earlier results 
demonstrated that the mutation that causes endothelial dysfunction 
is cell-autonomous. This reduced the list to six genes. Using Sanger 
sequencing, only one gene was confirmed to have the predicted mu-
tation present in an exon (hence coding and leading to a truncated 
protein): Atp11b (Fig. 5B). By Western blot, we showed that this mu-
tation causes a total loss of ATP11B protein rather than the predicted 
truncated protein (Fig. 5C).

Knockdown of Atp11b in ECs phenocopies DM BMECs
To investigate whether deletion of Atp11b causes the endothelial 
dysfunction observed in our DM rats, we knocked down the gene 
using small interfering RNA (siRNA) in an EC line (bEND.3), 
achieving a 61 ± 20% knockdown (KD) of protein (Fig. 5, D and E). 
Atp11b-KD bEND.3 cells showed signs of endothelial dysfunction, 
with a higher proliferation rate (Fig. 5, F to H) and formation of less 
mature TJs (Fig. 5, I to L) than cells treated with nontargeting siRNA. 
Treatment of OPCs with CM collected from Atp11b-KD bEND.3 cells 
caused a block in OPC maturation (more immature NG2+ OPCs 
and fewer mature MBP+ oligodendrocytes; Fig. 5, M to P) and in-
creased proliferation (Fig. 5, Q to S). Similarly, CM from human ECs 
treated with siRNAs to knockdown ATP11B led to a block in rat OPC 
maturation (more NG2+ OPCs and fewer mature MBP+ oligoden-
drocytes, proportional to amount of knockdown; fig. S8). Notably, 
the commercial human cerebral EC lines HBEC5i and hCMEC/d3 
did not express endothelial markers and therefore were not used 
(fig. S9). Furthermore, Atp11b-KD bEND. 3 cells secreted more 
HSP90 compared to those treated with nontargeting siRNA (Fig. 5, 
T and U), linking the upstream and downstream pathways and sug-
gesting a similar mechanism of action to DM BMECs.

A single-nucleotide polymorphism in ATP11B is associated 
with WMH in humans
To determine whether ATP11B is relevant to SVD in humans, we 
obtained summary data from a previous study, which investigated 
the genome-wide association of single-nucleotide polymorphisms 
(SNPs) with WMH burden assessed by MRI (40). This study included 
17,936 individuals of European descent from 29 population-based co-
horts, as part of the Cohorts for Heart and Aging Research in Genomic 
Epidemiology (CHARGE) consortium (www.chargeconsortium.com). 
SNPs were imputed from the 1000 Genomes Project reference, and 
WMH burden was quantified on MRI by either automated segmen-
tation or a visual rating scale. We looked at 304 SNPs within ATP11B 
and found seven SNPs, which were significantly associated with 
WMH (P < 0.05; fig. S10). After correcting for multiple testing, using 
spectral decomposition to determine the number of independent 
SNPs tested using the 1000 Genomes Project reference as a measure of 
linkage disequilibrium (41), we found one intronic SNP, which was as-
sociated with WMH burden: rs148771930 (P = 0.00025).

We used the Genotype-Tissue Expression Portal (GTEx) (www.
gtexportal.org) to try to identify expression quantitative trait loci 
associated with this SNP, but none was identified. We also interro-
gated RegulomeDB database 46 (www.regulomedb.org/) to identify 
regulatory DNA elements in noncoding and intergenic regions of 
the genome in normal cell lines and tissues. Minimal binding evi-

dence was identified (RegulomeDB score = 6), but this included a 
position weight matrix motif and evidence of histone modifications, 
suggesting that the SNP may be involved in gene regulation. Although 
the functional effect of this SNP is not clear, its association with WMH 
in this data set suggests that ATP11B may also be important in the 
pathogenesis of the human disease. A summary of our model is shown 
in fig. S11.

DISCUSSION
Here, we demonstrated that endothelial dysfunction is an early pre-
cipitant of disease development in a rat model of SVD and a sample 
of humans with sporadic SVD. We identified a deletion in Atp11b 
and loss of ATP11B protein that cause endothelial dysfunction, with 
abnormalities of the BBB TJs, increased EC proliferation, and re-
duction in eNOS and NO. This dysfunction led to secretion of factors, 
including HSP90, which blocked the maturation of OPCs into my-
elinating oligodendrocytes, consistent with the impairment of my-
elination and inherent vulnerability of white matter to damage seen 
in adult humans with SVD (42). We also demonstrated therapeutic 
reversal of endothelial dysfunction and associated reduction in white 
matter vulnerability. The early reduction of the BBB TJ markers but 
lack of tracer leakage (along with the brain slice culture experiments) 
showed that leakage of substances through the BBB is not important 
for initial SVD pathology in our model. However, it is highly likely 
that BBB leakage is important for later worsening of pathology, be-
cause fibrinogen is found around the blood vessels both in late human 
disease and in the rat SVD model.

There are many possible upstream causes of endothelial dysfunc-
tion in SVD, both environmental and genetic. The common environ-
mental risk factors for SVD, such as hypertension, smoking, and 
diabetes, can induce endothelial dysfunction (43–45), reconciling the 
epidemiological associations of SVD. SVD patients have elevated 
plasma concentrations of soluble biomarkers of endothelial dysfunc-
tion, such as intercellular adhesion molecule–1 (46), and impaired 
vasodilation in response to vasoactive challenges (47). Animal models 
of monogenic forms of SVD (such as cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy and 
COL4A1 mutations) show reduced vascular reactivity, a sign of endo-
thelial dysfunction (48, 49). Genetic polymorphisms in the gene coding 
for eNOS, which reduce eNOS activity, are associated with SVD (50, 51).

We found a mutation in Atp11b as an upstream cause of endothelial 
dysfunction in the DM rat. We confirmed that a knockdown of Atp11b 
or ATP11B in wild-type rodent and human ECs induced a similar 
dysfunctional EC phenotype, including an increase in secretion of 
HSP90 and the secondary effects on OPCs. We also showed that 
this gene may play a role in human SVD, as an SNP in ATP11B was 
associated with WMH burden. ATP11B is a member of the phos-
pholipid flippase family of proteins, responsible for moving phos-
pholipids from the outer/luminal leaflet of the plasma or organelle 
membrane to the inner/cytoplasmic leaflet (52). ATP11B specifically 
is involved in vesicular transport from the trans-Golgi network to 
the plasma membrane (53). As the localization of the enzyme eNOS, 
which shuttles between the Golgi and the plasma membrane, is criti-
cal for its ability to produce sufficient NO (54), we hypothesize, but 
have not yet shown, that loss of ATP11B may cause endothelial dys-
function by altering the location and hence the activity of eNOS.

Downstream of endothelial dysfunction, we showed that HSP90 
is an important factor secreted from dysfunctional ECs, which mediates 
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the oligodendroglial maturation defect. The mechanism of action of 
this OPC maturation block is unknown, but HSP90, acting 
through the receptor low-density lipoprotein receptor-related pro-
tein 1, can regulate the Akt pathway (55), which is key in OPC mat-
uration (56, 57). We also saw increased secretion of HSP90 in 
brains from humans with sporadic presymptomatic SVD. Therefore, 
this factor may be downstream of a common pathway of endothelial 
dysfunction from different causes. Although signaling from OPCs 
to ECs has been studied previously (58, 59), there is less reported on 
the effects of ECs on OPCs (60–62), despite the increasing evidence 
that SVD patients have dysfunctional ECs and the link between early-
life predictors of white matter vulnerability and later SVD (42, 63, 64).

There is MRI evidence of WMH improving in humans with SVD 
(64). We showed that it was possible to reverse endothelial dysfunc-
tion and white matter abnormalities with EC-stabilizing drugs in 
the early disease state in the rat SVD model. These drugs include 
statins, which have previously been shown to reduce stroke occur-
rence in SVD patients but only in patients with elevated cholesterol 
(65). Endothelial dysfunction and OPC changes were also reversed 
with ACEIs but not with antihypertensives that do not stabilize ECs. 
Antihypertensives have been extensively tested in clinical trials in 
human SVD with mixed results (13), perhaps secondary to the use 
of different classes of antihypertensive drugs with different effects 
on endothelial dysfunction. Trials that exclusively use ACEIs have 
shown more positive effects on preventing WMH progression in SVD 
(66). Cilostazol acts on ECs through a third mechanism and is currently 
in early-stage clinical trial for SVD (clinical trial: ISRCTN12580546).

Our study has raised yet unanswered questions. We do not yet 
know whether this pathology is reversible later in the disease, when 
leak of blood components through the BBB is also present, and 
whether these treatments may also have an impact on the clinical 
behavior of the DM rats. Although this rat model is well recognized 
as an appropriate model of human SVD, it would be interesting to 
determine whether a similar mechanism of disease is present in oth-
er models including single gene mutation models mirroring human 
genetic forms of SVD. To determine whether treatment of humans 
with drugs that stabilize ECs is associated with a better outcome in 
SVD, it would also be interesting to reassess stroke clinical trial data 
comparing EC-stabilizing treatment groups with other non–EC-
stabilizing antihypertensives.

Here, we show a primary, nonischemic mechanism of endothelial 
dysfunction in SVD and how this leads to the white matter pathology. 
We identified an SNP in a gene expressed in ECs in humans that 
may contribute to vulnerability to SVD. We emphasize that EC func-
tion consists of more than just controlling blood flow and that the 
interactions of ECs and other brain cells—in particular, oligodendroglia—
are central to this disease process. We propose that endothelial dys-
function plays a major, causative role in SVD and that reversal of 
endothelial dysfunction is therapeutic target for effective treatment 
for this common, disabling, multifactorial disease, with potential for 
high societal health impact.

MATERIALS AND METHODS
Study design
The overall goal of this study was to determine the mechanism of 
pathology in cerebral SVD using early presymptomatic human tissue 
and a rat model of the disease. The use of human tissue for this 
study was approved by the Medical Research Council Edinburgh 

Brain and Tissue Bank. This bank has ethical approval to collect 
tissue for research after informed consent from the next of kin. All 
animal experiments were carried out in line with UK Home Office 
guidelines, under project licenses 60/4268 (D.G.), 70/9021 (D.G.), and 
60/4524 (A.W.). Treatment groups were randomly assigned, data 
were analyzed by blinded observers, and biological replicate numbers 
were stated with each result along with the statistical test used. SHRSP 
and matched control strain, WKY, were housed at the University of 
Glasgow. Animals were fed standard chow and housed in line with 
UK Home Office guidelines. Breeding SHRSP pairs regularly had 
their blood pressure tested to ensure maintenance of the colony’s 
phenotype. Male animals were exclusively used for both WKY con-
trols and SHRSPs because SHRSP males display a more severe pheno-
type. Sprague-Dawley rats housed at the University of Edinburgh 
were used for wild-type OPCs and slice cultures.

Drug study
Animals used in the drug study were individually housed and fed 
with the drugs mixed in with highly palatable baby food daily from 
the age of 5 weeks, after pathology first appears, to the age of 12 weeks. 
Animals were treated in five batches, with each batch containing one 
animal randomly assigned to each treatment group. Analysis sug-
gested a minimum of five animals per treatment group to detect an 
effect size of 35% with 80% power (67). One animal, which died be-
fore the age of 12 weeks without stroke pathology, was not included 
in the final analysis. Drugs were administered at doses based on pre-
viously published data demonstrating their efficacy at either lowering 
blood pressure or improving endothelial dysfunction when admin-
istered orally in rats: simvastatin (2 mg/kg per day; Sigma) (32, 33), 
perindopril (2 mg/kg per day; Sigma) (68), cilostazol (60 mg/kg per day; 
Sigma) (69), and H+H (16 mg/kg per day; Sigma) (70) (table S2). 
Blood pressure was measured before treatment, and weekly after 
treatment started, by tail-cuff plethysmography. Myelin rarefaction 
was ranked blind to group from Luxol fast blue/cresyl violet–stained 
sections.

Human tissue
Human tissue was provided as paraffin-embedded blocks by the 
Medical Research Council (MRC) Edinburgh Sudden Death Brain 
Bank. All blocks were from the deep white matter of patients who 
died suddenly without clinical signs of SVD. Five blocks were chosen 
from people who had histopathological signs of SVD upon postmor-
tem examination by a neuropathologist (C.S.) and five matched con-
trols were chosen from people with no postmortem signs of SVD [age: 
control, 46 ± 16 (mean ± SD) and SVD, 49 ± 14; postmortem interval: 
control, 60 ± 20 hours and SVD, 58 ± 25 hours; percentage male: con-
trol, 100% and SVD, 60%]. Full details of the human tissue, including 
histopathological signs of SVD, are provided in table S1. Unique identify-
ing numbers (MRC database numbers) are listed as follows: SD015/08 
(BBN2434), SD021/08 (BBN2440), SD034/08 (BBN2453), SD014/09 
(BBN2473), SD010/10 (BBN2507), SD019/08 (BBN2438), SD020/08 
(BBN2439), SD022/08 (BBN2481), SD023/08 (BBN2442), and SD031/08 
(BBN2450).

Statistical analysis
Graphs were produced, and statistics were calculated using GraphPad 
Prism software. Data are presented as means ± SEM, comparing 
at least three biological repeats each time. Numbers and type 
of biological repeats were stated in each graphical figure legend. 
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For in vitro studies, an experiment was defined as using cells or 
slices prepared at different times from different animals or passages. 
For comparisons between two groups, significance was determined 
using a two-tailed Student’s t test, either paired (for in vitro experi-
ments where the control and experimental conditions were run in 
parallel for each biological repeat) or unpaired. For experiments 
with multiple comparisons, a one-way or two-way ANOVA was 
used as appropriate (repeated measures for in vitro experiments), 
with post hoc Bonferroni or Tukey’s tests to determine significance 
between groups. Statistical significance was defined as P < 0.05.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/448/eaam9507/DC1
Materials and Methods
Fig. S1. Lower claudin-5 protein in brains of DM rats.
Fig. S2. No leakage of a large dextran tracer indicates normal vascular integrity in 5-week-old 
DM rats.
Fig. S3. No difference in astrocytes or pericytes.
Fig. S4. Increased number of OPCs due to increased proliferation in DM rats and diseased 
human brains.
Fig. S5. Brains of young, prehypertensive DM rats and presymptomatic humans show 
increased numbers of microglia/macrophages.
Fig. S6. More HSP90 is secreted by BMECs isolated from DM rats.
Fig. S7. Addition of rHSP90 or use of blocking antibodies to HSP90 has no effect on OPC 
proliferation.
Fig. S8. CM from human ECs treated with ATP11B siRNA reduces OPC maturation.
Fig. S9. Human cerebral ECs from the HBEC5i and hCMEC/d3 lines do not express endothelial 
markers.
Fig. S10. SNPs within ATP11B are associated with WMH in the CHARGE consortium data.
Fig. S11. Summary of findings illustrating the central role of endothelial dysfunction in SVD 
pathology.
Table S1. Summary of human SVD and control postmortem data and pathological 
characteristics.
Table S2. Summary of treatment groups in drug study.
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therapeutic approach.
could reverse the white matter abnormalities in early-stage SVD in the rat model, suggesting a potential 
mutation in an ATPase, which was also found in SVD human brain tissue. Drugs that stabilized endothelial cells
endothelial cells prevented oligodendrocyte precursors from maturing into myelinating cells. SVD rats had a 
colleagues studied a rat model of SVD. Vascular tight junctions were impaired in SVD, and dysfunctional
symptoms of dementia. To understand the link between vascular changes and white matter pathology, Rajani and 

Cerebral small vessel disease (SVD) affects arterioles in the brain, increasing risk of stroke and causing
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