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Small Vessel Disease (SVD) is the leading cause of vascular
dementia, causes a quarter of strokes, and worsens stroke
outcomes(1, 2). The disease is characterised by cerebral small
vessel and white matter pathology, but the underlying mech-
anisms are poorly understood. Classically, the microvascular
and tissue damage has been considered secondary to extrinsic
factors, such as hypertension, consisting of microvessel stiffen-
ing, impaired vasoreactivity and blood-brain barrier dysfunc-
tion identified in human sporadic SVDs. However, increasing
evidence points to an underlying vulnerability to SVD-related
brain damage, not just extrinsic factors. Here, in a novel nor-
motensive transgenic rat model where the phospholipase flip-
pase Atp11b is deleted, we show pathological, imaging and be-
havioural changes typical of those in human sporadic SVD, but
that occur without hypertension. These changes are due to an
intrinsic endothelial cell dysfunction, identified in vessels of the
brain white matter and the retina, with pathological evidence
of vasoreactivity and blood-brain barrier deficits, which pre-
cipitate a secondary maturation block in oligodendroglia and
myelin disruption around the small vessels. This highlights that
an intrinsic endothelial dysfunction may underlie vulnerability
to human sporadic SVD, providing alternative therapeutic tar-
gets to prevent a major cause of stroke and dementia.
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Introduction
Small vessel disease (SVD) causes about 45% of demen-
tias, including most vascular dementia and cognitive impair-
ment, as well as 25% of ischemic stroke and most haemor-
rhagic strokes in older people(2, 3), making it a major tar-
get in tackling the global burden of neurodegenerative dis-
ease. SVD affects the small perforating blood vessels of
the brain and is diagnosed using a collection of features on
magnetic resonance imaging (MRI), including white matter
hyperintensities (WMH), lacunes and microbleeds(3), with
the increased extent of these white matter changes correlat-
ing with worse cognition(4, 5). In addition to presenting
with stroke or cognitive impairment, SVD may also cause
impaired gait or balance, and neuropsychiatric symptoms in-
cluding depression. However, the clinical expression is of-
ten ‘covert’ and under-recognised both by affected individu-
als and clinicians(6–9). Indeed, studies of the general pop-
ulation show that features of SVD are common, increase in
prevalence with age and are associated with hypertension, di-

abetes and hypercholesterolaemia(10). SVD is often consid-
ered to result from hypertension(11), other vascular risk fac-
tors, or atherothromboembolic disease as in most large artery
strokes. While hypertension is certainly a risk factor for de-
veloping SVD(12), approximately 30% of patients with spo-
radic SVD have no history of hypertension(13). Addition-
ally, all common vascular risk factors combined only account
for a small percentage of variance in WMH severity(14) and,
consistent with this, it has been difficult to demonstrate that
anti-hypertensive treatment can prevent worsening of MRI or
clinical features(12).

This suggests that the risk of developing SVD is not sim-
ply a consequence of exposure to vascular risk factors in
adulthood. Indeed, our epidemiological data show that in-
creased SVD severity in later life associates with early life
factors such as lower cognitive ability in youth (and sub-
sequent lower educational attainment)(15), independent of
adult risk factor exposure(16). Since cognitive ability is
partly explained by white matter integrity(17), the associa-
tion with SVD in later life may reflect inherently poorer white
matter integrity from youth, and hence white matter vulnera-
bility to damage(3). Consistent with this, the integrity of nor-
mal appearing white matter is reduced in young adults who
have an increased genetic risk for WMH, long before WMH
develop(18).

The link between early life factors/white matter changes
and vascular disease may lie with the endothelial cell of the
blood-brain barrier. Using the inbred Spontaneously Hyper-
tensive Rat - Stroke Prone strain (SHRSP), a well-established
rat model with many features of sporadic human SVD(19–
21), we previously demonstrated intrinsically dysfunctional
ECs with reduced endothelial nitric oxide synthase (eNOS)
and secondary white matter changes in young rats prior to
onset of hypertension, due to block of oligodendroglial mat-
uration through increased EC secretion of Heat shock protein
90 alpha (HSP90α)(22). As these changes were also present
in ex vivo SHRSP brain slices from postnatal rat pups after 3
weeks of culture (where there is no blood flow or pressure),
this confirmed EC dysfunction was intrinsic, and that hyper-
tension is not the sole cause of the SVD. By comparing the
SHRSP whole genome sequence to that of its closest relative
the Spontaneous Hypertensive Rat (SHR) (which is hyper-
tensive without SVD changes), we identified a homozygous
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exonic deletion mutation in Atp11b in the SHRSP but not in
the SHR. Loss or knock down of Atp11b/ATP11B in cultured
rodent or human ECs was sufficient to mirror the SHRSP
EC dysfunction and secondary OPC maturation block. We
also identified a SNP in ATP11B that associated with human
WMH in the CHARGE consortium(22). This combined evi-
dence led to our hypothesis that hypertension is not required
for SVD pathology in rat or human, which we test here in a
novel transgenic Atp11bKO rat model.

Results
Atp11bKO rat generation
The SHRSP has a deletion mutation in Atp11b which pre-
dicts a truncated ATP11B protein, but leads to its total loss
by western blot with an N-terminal antibody(22). With the
company Cyagen, we reproduced this deletion mutation in a
new transgenic rat model on a Sprague-Dawley background,
using CRISPR-Cas9 technology, with guide RNAs which
disrupt from exon 5 to exon 8 (Fig. 1A and methods). Loss
of ATP11B protein was confirmed with an ATP11B antibody
by immunofluorescence (Fig. 1B). These rats breed normally
and reached 1 year of age without overt health problems.

The Atp11bKO rat is normotensive
Our strategy of selecting a mutation found in the SHRSP, a
rat which has SVD pathology, but not found in the SHR, a rat
with hypertension but lacking overt SVD pathology, led to
our prediction that the Atp11bKO rat would be normotensive.
In a longitudinal study, there was no difference in blood
pressure of the Atp11bKO rat compared to wildtype (WT)
(Sprague-Dawley) controls at any age, with the average
reading not surpassing 145mmHg in either group, denoted as
hypertension in Sprague-Dawley rats(23) (Fig. 1C), and no
difference between males and females. Next, we investigated
whether, without hypertension, there were still signs of EC
dysfunction at a juvenile age (3-6 weeks old) and an adult
age (24-30 weeks old).

Atp11bKO-ECs show signatures of dysfunction despite
the absence of hypertension
EC dysfunction can be defined by several molecular signa-
tures, including loss of eNOS indicating less NO production,
reduction in Claudin 5 (CLDN5) tight junction protein in-
dicating loss of BBB integrity and an upregulation in acti-
vation markers such as Intercellular Adhesion Molecule 1
(ICAM-1)(24–26), that parallel the microvascular dysfunc-
tions observed macroscopically in human SVD. ECs cultured
from the brains of neonatal Atp11bKO rats (KO-ECs) com-
pared to WT-ECs show a significant reduction in the amount
of eNOS (Fig. 2A), a significant reduction in amount of
CLDN5 and a change in its location, as defined by western
blot and immunofluorescence respectively (Fig. 2B, C) and
a significant upregulation of ICAM-1 (Fig. 2D). This sug-
gests early inherent EC dysfunction similar to that seen in
3 week old SHRSPs(22). As SVD increases with age, with
MR changes typically in the periventricular and deep white
matter, we also analysed markers of EC dysfunction in the

deep frontal white matter of rat brain at the juvenile and adult
ages. We found significantly fewer CLDN5+ blood vessels
(Isolectin(Iso)B4+) overall in Atp11bKO juvenile rats (Fig.
2E). This reduction is less clear in the adults, as the amount
of CLDN5+ blood vessels is more variable. Therefore, we
focused on EC ultrastructural abnormalities in the same area,
using electron microscopy (EM) analysis. Four blinded in-
dependent researchers graded EC pathology as 0 (normal),
1 (mild) and 2 (severe abnormality), finding increased EC
inner surface undulations, luminal blood cell stasis and ab-
luminal thickened basement membrane in adult KO animals
compared to controls (Fig. 2F, suppl. Fig.1). These changes
are more frequent in KO animals (Fig. 2G), indicating EC
dysfunction at an ultrastructural level, consistent with struc-
tural abnormalities seen in small perforating brain blood ves-
sels in human SVD(27). Not all blood vessels are affected,
with heterogeneity between vessels even within animals (Fig.
2H), highlighting the well-recognised focal nature of SVD as
found in humans(27).

We next examined the larger retinal arterioles/venules
and smaller plexus vessels in flat mount retinal
preparations(28) labelled with IsoB4 in juvenile and
adult animals. The retina can be considered as a ‘window’
to the brain, with shared embryological origin and neurode-
generative pathways, and as retinal vessels are relatively
easily measurable in vivo, retinal imaging is being explored
as a non-invasive diagnostic tool for SVD in patients(29). A
reduced retinal artery (but not venule) diameter was observed
within the KO animals in juveniles only (Fig. 2I, Suppl.
Fig. 2). Meanwhile, reduced diameter and tortuosity but
increased branching of plexus vessels were noted exclu-
sively in the adult animals (Fig. 2J-L). We speculate that
this reflects early impaired vascular vasodilation (possibly
secondary to NO loss) and a later compensatory response to
hypoxia leading to increased plexus vessel branching via an
angiogenic response, supported by the increase in branching
index in adult KO animals compared to juveniles (Fig.
2L). Human fundus imaging studies show that reductions
in retinal arteriolar diameter, density and fractal dimension
are associated with SVD features on MRI, independent of
vascular risk factors(30), and plexus vessels can be imaged
using optical coherence tomography angiography. Although
some of these human retinal features are present with
hypertension, in these KO rats, we can be clear that these
abnormalities are independent of hypertension.

Thus, hypertension is not required to produce EC
dysfunction and blood vessel changes in the Atp11bKO rat.
Next, we investigated whether white matter changes were
also present.

The Atp11bKO rat has white matter changes similar to
those in human sporadic SVD
In the Atp11bKO brain deep frontal white matter, there were
no gross general myelin defects, as assessed by Proteolipid
protein (PLP) immunofluorescence, although there was the
expected increase in amount of myelination between ju-
veniles and adults as most myelination occurs postnatally
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Fig. 1. Atp11bKO rat is normotensive (A) Atp11bKO CRISPRCas9 deletion strategy. gRNAs induce NHEJ leading to deletion between exons 5 and 8, with knockout
confirmed by PCR using primers in locations indicated. (B) Immunostaining for ATP11B on cultured brain endothelial cells from WT and KO perinatal animals indicates a
knockout at the protein level, with KO cells and secondary antibody only showing background staining. (C) Longitudinal blood pressure study on two groups of mixed-sex KO
(11 animals) and age-matched controls (15 animals) shows that KO animals are normotensive (>145mmHg denoted as hypertension), and do not diverge from WT, unlike
hypertensive male SHRSPs (data from De Hua-He et al., 2014). Graph shows mean +/-SD for whole group, using the average systolic reading from each animal.

(Fig. 3A). However, there were significantly fewer mature
Olig2+NogoA+ oligodendroglia in the deep frontal white
matter in the juveniles but not in the adults suggesting a
WM disturbance (Fig. 3B). This shows a similar pattern
to the reduction in CLDN5 expression in small blood ves-
sels in the same area of juvenile brains only (Fig. 2E), sug-
gesting that EC-secreted factors change in how they affect
oligodendroglia over time, possibly reflecting some compen-
sation. In human SVD, subtle diffuse WM changes are seen
by MRI(31, 32), but pathological white matter changes are
usually described as focal around blood vessels(27) and so
we quantified the PLP-positive immunofluorescence pixels
in a 10µm concentric ring around small vessels of the deep
white matter, with the hypothesis that there would be less
myelin nearer to blood vessels. Surprisingly, there was a sig-
nificant increase in the number of PLP-positive pixels found
near these vessels in the Atp11bKO adults (Fig. 3C). To ex-
plain this finding, we returned to EM to investigate the ultra-
structure of the myelin in adult animals, hypothesising that
the increased PLP labelling may be secondary either to PLP-
positive myelin debris around vessels or less compact myelin
sheaths. Using a pathological grading system of 0 (normal),
1 (mild) and 2 (severe abnormality), we found evidence of
perivascular abnormalities around blood vessels (Fig. 3D),
with increased myelin debris (yellow arrowhead), vacuoles
and demyelinated axons, but no clear myelin compaction
changes. These perivascular changes appeared mostly in KO
animals, but with variability between vessels from the same
animals and between animals (Fig. 3E,F) consistent with
our PLP-immunofluorescence data around these vessels (Fig.
3C) which also showed this vessel-to-vessel heterogeneity.

To assess whether this spatial and temporal correlation of
EC dysfunction and oligodendroglia changes could be linked,

we isolated these cell types from neonatal WT and KO ani-
mals for in vitro experiments. In the SHRSP, we previously
showed that SHRSP ECs secrete more HSP90α than controls,
leading to arrest of oligodendrocyte precursor cell (OPC) dif-
ferentiation, reducing the number of mature myelin basic pro-
tein (MBP)-positive cells(22). Here, in a similar experiment,
using cultured Atp11bKO ECs to condition media added to
WT OPCs, there was no difference in the number of ma-
ture MBP+ oligodendroglia, but instead these Atp11bKO EC
CM-treated MBP+ oligodendroglia showed a marked change
in cell morphology with few and short processes, compared
to the complexity of branching in controls, indicative of a
maturation block at a later stage (Fig. 3G-I). WT oligoden-
droglia express Atp11b at the transcript(33) and at the pro-
tein level (Suppl. Fig. 3A), but isolated OPCs from neonatal
Atp11bKO rats showed no difference in their survival, prolif-
eration (Ki67+) or differentiation (MBP+) compared to WT
OPCs in vitro (Suppl. Fig. 3B-E), indicating that the matu-
ration block and morphological changes are an EC effect.

Thus, we have evidence of white matter damage selec-
tively around smaller vessels that emerges as the animal
ages, related to endothelial dysfunction in the Atp11bKO rat
despite lack of hypertension. To relate this further to human
SVD, we next assessed the rats with MRI, as diagnosis of
SVD is in this way.

The Atp11bKO rat has MR changes similar to human
SVD
A greater extent of white matter changes as seen on MR
correlates with a worse cognitive state(34) and allows
SVD diagnosis. We performed longitudinal MR scanning
using T1-weighted, T2-weighted, fluid attenuated inversion
recovery (FLAIR) and T2*-weighted sequences on a cohort
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Fig. 2. Atp11bKO-ECs are inherently dysfunctional KO-ECs show dysfunction with expression of significantly less (A) eNOS (t-test, p=0.030, t=2.825, df=6) and (B)
CLDN5 (t-test, p=0.046, t=2.826, df=4) than WT-ECs - western blot of cell lysates, with quantification by densitometry (relative to β-actin) below, calculated from images taken
with LiCor image system for eNOS and from photographic film for CLDN5. (C) Fewer cultured KO-ECs express the tight junction marker CLDN5 (green) compared to WT-ECs
at the border between all neighbouring cells, delineated by ZO-1 (red), (DAPI-stained nuclei - blue) with quantification of % cells with membranous CLDN5, (t-test, p=0.003,
t=5.553, df=5) scale bar = 20µm. (D) More cultured KO-ECs express the endothelial activation marker ICAM-1 compared to WT-ECs, with quantification (t-test, p=0.003,
t=4.306 df=8), p=0.003, t=4.306 df=8). (E) Fewer tight junction CLDN5+ blood vessels in Atp11bKO tissue from juvenile age group compared to WT (t-test, p=0.002, t=4.018,
df=10). (F) Marked abnormalities in adult KO blood vessels shown with electron microscopy (scale bars 2µm), (G) Abnormalities in ECs quantified as mean vessel score per
animal (Mann-Whitney U =2, p=0.003), full descriptors used to score are found in supplementary methods. (H) Heterogeneity is seen between vessels within animals; plotted
as modal rater scores for each vessel analysed. (I) Retinal artery diameter is significantly smaller in juvenile KO animals compared with WT animals (t-test, p=0.015, t=2.688,
df=20) but not at the adult age (t-test p=0.475, t=0.724, df=31). Adult KO retinal plexus vessels show (J) significantly less tortuosity (t-test, p= 0.005, t=2.969, df=35), (K)
significantly smaller diameter (t-test, p=0.0004, t=3.934, df=36), and (L) significantly increased branching (t-test, p=0.020, t=2.430, df=36), with increased branching with age
in both groups: KO animals (t-test, p=0.001, t=3.584, df=34), WT animals (t-test, p=0.012, t=2.641, df=39). There are no identified differences between plexus measurements
by genotypes at the juvenile age (t-tests, Diameter: p=0.826, t=0.221, df=37; Branching: p=0.490, t= 0.6974, df=37; Tortuosity p=0.096, t=1.710, df=37). All graphs show
mean +/- SD.
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Fig. 3. Atp11bKO white matter is abnormal (A) There are no gross myelin defects as assessed by PLP+ pixel count in deep white matter of KO rats, as juveniles (t-test,
p=0.185, t=1.536, df=5) or adults (t-test, p=0.174, t=1.540, df=6) (each point represents the average pixel count from six images of the deep white matter of one animal).
(B) Significantly fewer NogoA+ oligodendroglia are present in the juvenile KO compared to WT animals (t-test, p=0.002, t=3.982, df=10), but not at the adult age (t-test, p=
0.400, t=0.8605, df=19) (C) In adult KO animals more PLP+ labelling is present in a 10µm wide ring adjacent to small vessels, compared to WT rats (One- way ANOVA,
Tukey’s multiple comparison test, Juvenile: adjusted p=0.825, q=1.217, df=1314, Adult: adjusted p= <0.0001, q=10.28, df=1314) (each point represents the pixel count for a
single blood vessel, accounting for area and adjusted across experiments for the overall PLP pixel count for each image.) (D) EM examples of perivascular changes in KO
animals compared to WT (red arrowheads indicate blood vessels) at lower magnification (scale bar= 5µm) and at higher magnification (scale bar= 2µm) with yellow arrowhead
indicating myelin debris (E) Quantified mean perivascular score per animal, (Mann-Whitney U =13.50, p=0.193). (F) Heterogeneity is seen between perivascular areas within
animals; plotted as modal rater scores for each perivascular region analysed. (H) Oligodendrocyte precursor cells (OPCs) grown in endothelial cell conditioned media (ECCM)
from cultures of KO-ECs show less branched morphology of MBP+ cells, compared to OPCs grown in ECCM from cultures of WT-ECs, as shown by immunostaining for
oligodendroglial markers NG2 (red) and MBP (green), (scale bar 20µm) and percentage of branched MBP+ cells (t-test, p=0.0008, t=6.252, df=6) (I) but no difference in the
number of MBP+ cells (J), (t-test, p=0.511, t=0.6987, df=6). All graphs show mean +/- SD.
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Fig. 4. The Atp11bKO rat has MR and behavioural changes similar to SVD (A) Illustrative images of the lateral and third ventricles on fluid-attenuated inversion
recovery (FLAIR) sequences showing (from left to right) normal ventricles, unilateral ventricular enlargement and bilateral ventricular enlargement. (B) Significant difference
in ventriculomegaly at 9 to 10 months of age between WT and KO (Fisher’s exact test, p= 0.0006). Significant difference in the relative proportions of normal, unilateral and
bilateral scores between 3-4 month and 9-10 month old KO rat (Wilcoxon signed-rank test, p =0.038) but not in the WT (Wilcoxon signed-rank test, p =0.317). (C) Illustrative
images of same rat brain at 3-4 months which then develops a suspected microbleed at 9-10 months (red circle).(D) KO animals have more suspected microbleeds at both
ages compared to WT. (E,F) KO animals have altered gait shown through analysis using Catwalk, with (E) reduced average swing speed of all paws at the adult age (t-test,
p=0.017, t=2.572, df=22) but not at the juvenile age (t-test, p=0.243, t=1.210, df=17) and (F) increased front base of support at both juvenile (t-test, p=0.031, t=2.348, df=17)
and adult (t-test, p=0.020, t=2.499, df=22) ages. (G,H) Memory deficits emerge in KO animals - novel object recognition (G), where KO animals spend less time investigating
the novel object compared to WT at the adult age (t-test, p=0.024, t=2.482, df=17) suggesting memory failure, despite no difference in distance travelled compared to WT
animals, at both ages (H) (t-tests, Juvenile: p=0.057, t=2.024, df=19; Adult: p=0.886, t=0.145, df=24). In addition, WT animals travel significantly less as they age (ANOVA,
adjusted p=<0.0001, q=7.421, df=40), while KO animals show no significant difference, (ANOVA, adjusted p=0.068, q=3.600, df=40)(h) suggesting early deficits. (I) KO
animals travel less distance in the plus maze compared to WT at both juvenile and adult stage, potentially indicating apathy. (t-tests, juvenile: p=0.001, t=3.762, df=18; adult:
p=0.016, t=2.607, df=21).
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of rats both at 3-4 months and 9-10 months and found clear
differences to the WT controls, with all KO rats having
ventriculomegaly at the later age, suggestive of neurode-
generation and consistent with brain atrophy and ventricular
enlargement in human SVD(35)(Fig. 4A,B). Spontaneous
ventriculomegaly with age has previously been noted in
adult Sprague-Dawley rats(36, 37) but here it is accelerated
in Atp11bKO rats. Furthermore, there was also MR evidence
of microbleeds in the KOs at both ages (Fig. 4C,D), again
consistent with human SVD(38). The majority of apparent
microbleeds in the older KOs were new, with only one lesion
persisting from the younger age. However, there was no
detectable change in white matter structural size measured
at three locations in the corpus callosum, consistent with
the focal white matter changes seen on pathology (Suppl.
Fig. 4). We next analysed how these MR and pathological
changes affected rat behaviour.

The Atp11bKO rat has behavioural changes similar to
SVD
SVD patients can present with changes in altered gait, cog-
nitive function and more subtle neuropsychiatric symptoms
such as increased apathy(39), so we chose behavioural tests
to probe these parameters. Similarly to humans with SVD,
KO rats have problems with mobility, measured using the
Catwalk equipment. Atp11bKO animals are slower (reduced
swing speed (Fig. 4E)) and more unsteady (increased base
of support (Fig. 4F)). They also have cognitive problems,
with less interaction with novel objects in the Novel Object
Recognition (NOR) test compared to WT age-matched con-
trols in the adult age group, suggesting poorer memory that
develops with age (Fig. 4G), despite normal movement in
terms of distance travelled (Fig. 4H). Furthermore, in the el-
evated plus maze, KO rats at both ages travelled significantly
less distance overall (Fig. 4I). This may reflect mobility is-
sues, although KO rats move without problem for food and
breeding, suggesting an additional degree of apathy, which
was also identified in the human study(39).

Discussion
Here, we show that the Atp11bKO rat has EC dysfunction,
white matter pathological and MR-identified changes, and a
behavioural phenotype similar to human SVD in the absence
of hypertension and supporting the finding of genetic vul-
nerability to human sporadic SVD. This overturns the classi-
cal view that hypertension is required for the changes in the
SHRSP and in human sporadic SVD, and refocuses our at-
tention on intrinsic endothelial dysfunction as the key mech-
anism underpinning this disease, occurring early and induc-
ing vulnerability of the white matter. This may explain why
some SVD-affected individuals might be particularly sensi-
tive to additional later exposures to extrinsic vascular risk
factors such as hypertension and why it has proved diffi-
cult to prevent WMH progression even with intensive blood
pressure reduction(3). We show that the loss of Atp11b is
sufficient to cause EC dysfunction, molecularly and struc-
turally, which alters with age and disease progression, and

leads to disordered communication with surrounding oligo-
dendroglia, laying the ground to identify therapeutic targets
to reverse these changes. ATP11B is a phospholipid flippase,
thought to move the phospholipids phosphatidylserine (PS)
and phosphatidylethanolamine (PE) from the outer surface
of a membrane to the inner, either at the plasma membrane
or at vesicle membranes involved in vesicular transport(40).
Atp11b deletion is therefore likely to alter membrane dynam-
ics, with possible effects on intracellular transport (e.g. shut-
tling of endothelial NO to the EC surface), and on membrane
receptors and ion channels, hence potentially altering sig-
nalling. Furthermore, exposed plasmalemmal PS and PE are
known ‘eat me’ signals for myeloid cells(41). Here, we have
a global rat KO of Atp11b, and so even though the EC-effect
seems marked, other cells may also be affected, though there
is potential compensation by other flippases (e.g. ATP11A
or C, or others). There is impairment of hippocampal synap-
tic plasticity in a global- Atp11bKO mouse, but other phe-
notypes were not described(42), and so conditional mutants
will be needed to unpick the relative contributions of each
cell type to each pathology. Our previous identification of a
SNP in ATP11B associated with human SVD MR changes
indicates that the suggested effect on membranes has human
relevance, and worth further investigation. We already know
that the rare and familial SVD cathepsin A-related arteriopa-
thy with strokes and leukoencephalopathy (CARASAL) also
has a mechanism that links EC dysfunction to OPC matu-
ration arrest and myelin abnormalities(43), suggesting that
there may be other molecular deficits affecting this crosstalk
that are hitherto unrecognised causes of sporadic SVD. We
believe that focussing on these mechanisms, rather than hy-
pertension, will be fruitful, especially as it is increasingly
recognised that vascular changes contribute to several de-
mentia types, including FTD and AD(44, 45). New Euro-
pean SVD guidelines lament the lack of effective treatments
for SVD(12) and clearly state that although hypertension can
contribute to the disease and should be treated, other ther-
apies are needed. Here, we show that there is now a real
opportunity to target EC dysfunction and its crosstalk with
oligodendroglia for treatment of dementia.

Materials and methods
Study design paragraph
Our research objective is to understand small vessel disease
by generating and characterising a normotensive rat trans-
genic for a relevant mutation. Sample sizes were calculated
to give 80% power to detect a 30% outcome difference. We
followed ARRIVE2 guidelines to minimize bias, with mixed-
sex groups, and age-matching for WT and KO. Animals were
only excluded from samples when culls were essential – such
as injury from fighting.

Researchers were blinded to genotype during experi-
ments for all blood pressure, behavioural and MRI data
collection, and for image analysis, an ImageJ macro was
used to anonymise and randomly order image titles for
blind manual counting. Unless otherwise stated, for all
graphs for immunofluorescence staining quantification each
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point represents a different animal/cell culture (biological
replicate), calculated from a minimum of 5 fluorescence
images (technical replicates) to generate one average value.
For all graphs for western blot densitometry analysis, each
point represents a different cell culture lysate (biological
replicate), an average value calculated from three western
blot experiments (technical replicates). For behavioural
experiments, each point represents a different animal (bio-
logical replicate). Extreme outliers were defined as being
3xIQR outside the median value and were excluded from
analysis.

Generation of Atp11bKO rat
The rat Atp11b gene is located on rat chromosome 2
(GenBank accession number: XM_017591376.1; Ensembl:
ENSRNOG00000052116) with the ATG start codon in exon
1 and TAG stop codon in exon 30. KO rat generation was
designed by and purchased from Cyagen Biosciences Inc.
The rat strain used was the standard Sprague-Dawley back-
ground rather than Wistar-Kyoto as in the SHRSP for ease of
molecular genetics. Exons 5 to 8 were selected as target sites
and guide RNAs chosen: gRNA1 (matches reverse strand
of gene): ACAAAATGCTCACGCATCGAAGG gRNA2
(matches forward strand of gene): AGTGTAAAACTGT-
CATCGGCTGG. Cas9 and gRNAs were injected into
fertilised eggs for KO production and screened for deletion
of this segment using PCR primers: Rat Atp11b-pair1-F:
GGGTGCTCTAACTGCTCCAAGGTT Rat Atp11b-pair1-
R: TAGATGCTGAAACAGACAAAAGCTACCAC PCR
product size Rat Atp11b-pair1, giving a wildtype allele
fragment of 7050 bp and a mutant allele fragment of
700 bp, thus deleting 6350 bp. Two F0 founders were
generated, RatID#18 – male - missing 6352 bases on 1
allele and 6342 on other allele and Rat-ID#28 - female -
missing 6349 bases on one allele only. These were bred
with WT rats, leading to 6 F1 rats, four missing 6352
bases on 1 allele (from Rat-ID#18) and 2 missing 6349
on1 allele (from Rat-ID#28). These deletions lead to pre-
dicted truncated amino acid sequences which are identical
MWRWVRQQLG FDPPHQSDTR TIYIANRFPQ NGLYT-
PQKFI DNRIISSKYT VWNFVPKNLF EQFRRVANFY
FLIIFLVQLM IDTPTSPITS GLPLFFVITV TAIKQTSGTR
ESLASWSQIK KYKRNFWCGC IHWDGNKDGI ELQE-
QVTEKI CCREINEHIF NNLSNNPYF CCREINEHIF
NNLSNNPYF. Therefore, we considered these the same,
and formed the KO rat by interbreeding the F1 generation.
Off target analysis identified three potential off-target sites
for gRNA1 and two for gRNA2, so Cyagen designed primers
around these sites, and generated and sequenced PCR ampli-
cons but found no mutations (data available on request).

Housing and husbandry
All work was carried out under UK Home Office project
licence PADF15B79. Atp11bKO animals were bred as het-
erozygous breeding pairs to generate WT and KO littermates
for in vivo work. For neonatal cell isolation, WT/WT and
KO/KO breeding pairs were used to ensure correct genotype

at birth. Heterozygote animals were used in outbreeding but
not used as part of study.

Termination
For OPC isolation, pups at postnatal day 0-2 were terminated
by an overdose of Euthatal (150mg/kg; Merial) administered
intraperitoneally. For brain microvascular endothelial cells,
(BMECs) pups at postnatal day 5-7 were terminated by a
rising concentration of carbon dioxide (CO2). For extraction
of protein lysates where fresh frozen tissue was required, ani-
mals were terminated by an overdose of Euthatal (150mg/kg)
and brains extracted and stored in PBS temporarily until
processed. For immunohistochemistry (IHC), animals were
first anaesthetized with Isoflurane by inhalation, then by
intraperitoneal injection with Ketamine (Vetalar®) and
Medetomidine (Domitor®). Intracardiac perfusion fixation
was performed, first with phosphate buffered saline (PBS)
then with 4% paraformaldehyde (PFA; Sigma-Aldrich;
diluted in PBS (Gibco)).

Blood pressure measurement
Blood pressure was measured weekly using the CODA™
Non-Invasive Blood Pressure System, and body weight
was also recorded. Animals were habituated to the tube in
advance to avoid stress. For each weekly reading, five test
cycles were carried out before 20 recorded cycles for each
animal. Readings were excluded by the system if they did
not fit the expected curve. A weekly blood pressure average
for each animal was obtained from a minimum of 8 recorded
cycles. Experiments were carried out by a researcher blinded
to genotype. Raw data was extracted from the operating
systems by a different researcher and processed.

Open Field and Elevated maze
Animals were handled prior to testing to minimize stress.
The protocol was carried out by an independent researcher,
who was blind to genotype to prevent experimenter bias.
Open field or elevated maze was set up directly above the
camera and AnyMaze software used to record when animals
entered the centre of the field and the time spent in the edges.
The animal was initially placed in the corner facing the wall
for open field and placed in middle of the elevated maze.
The open field test was run for 20 minutes, and the elevated
maze test for 5 minutes, with the researcher hidden.

Catwalk
Experiments were based on published methods with minor
modifications(46, 47). The automated gait analysis apparatus
(Noldus, Wageningen, Netherland) consists of a glass plate
walkway equipped with light-emitting diodes (LEDs). Light
from the LEDs is emitted inside the glass plate, internally
reflected, and refracted to the glass plate except in the area
where the animal’s paw makes contact with the plate. A
high-speed colour camera positioned underneath the glass
plate captures images of the illuminated area and sends the
imaging information to a computer that runs the analysis sys-
tem (CatWalk XT version 10.6 software; Noldus). Animals
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walked on the glass plate walkway 3 times on the day before
evaluation to habituate them. A satisfactory measured walk
was defined as an uninterrupted walk across the walkway
that left >3 footprints for each hind limb. Recordings were
repeated until three satisfactory walks were obtained.

Novel Object Recognition
Animals were handled prior to testing to minimize stress.
Protocol was carried out by an independent researcher,
who was blind to genotype to prevent experimenter bias.
Experiments were based on published methods with minor
modifications(48). The test area consisted of an open field
set up directly below the camera and AnyMaze software used
to record when animals entered areas surrounding objects.
After habituation to both the test area and familiarisation
to two identical objects (two lego towers), a new object
(lightbulb) replaced one of the original objects and the
animal was initially placed in the corner facing the wall of
the open field when recording was started. The percentage
time exploration preference was calculated as a ratio: time
spent exploring the novel object/time spent exploring the
familiar object.

Magnetic Resonance Imaging Acquisition and Processing
In vivo MRI data was acquired in a longitudinal way on
age-matched Atp11bKO and Sprague-Dawley rats at both 3-
4 months and at 9-10 months of age. Anaesthesia was in-
duced in an adapted chamber with 4% isoflurane and a 30:70
O2/N2O ratio. Animals were then transferred to the MRI
instrument cradle. A hot air blower was used to regulate
physiological temperature (37±1°C). The head was secured
laterally by conical ear rods and longitudinally by the nose
cone used for anaesthetic gas delivery. The animals breathed
spontaneously through a facemask, with isoflurane delivered
at a constant flow mixed with a 40:60 ratio of O2/N2O (1
L min-1). Isoflurane concentration varied (1.5-3%) to main-
tain stable respiration rates (40-100 bpm). Respiration was
monitored using a pressure sensor connected to an air-filled
balloon placed under the animal abdomen. On completion
of imaging, isoflurane delivery was stopped and animals ob-
served until full recovery.

Images were acquired in a 400-mT/m gradient set 7T
Bruker scanner (Bruker Medical GmbH, Germany) with an
86-mm ID quadrature radiofrequency coil for transmission
and a 4-channel phased array coil for reception. The acqui-
sition parameters are listed in the table below. A localizer
scan was performed to ensure correct positioning before T1-
weighted (T1W), T2-weighted (T2W), T2

*-weighted (T2*W)
and T2W with fluid attenuated inversion recovery (FLAIR)
images were acquired from the caudal to cranial cerebral cor-
tex. Images were uploaded to Carestream Vue PACS (Care-
stream Health, Onex, Canada) for quantitative and qualitative
image assessment.
Quantitative assessment was performed on T2W images
using the graphics line measurement tool. Corpus callo-
sum was measured in the coronal plane at three locations
of one slice rostral to the merging of the anterior parts

Protocol Parameters Resolution

T1W RARE FOV 30x30mm, Matrix 256x256x30,
SLT 0.5mm, TE 11.3ms, TR 1200ms 0.12x0.12x0.50mm

T2W RARE FOV 30x30mm, Matrix 256x256x30,
SLT 0.5mm, TE 45ms, TR 2500ms 0.12x0.12x0.50mm

T2*W FLASH FOV 30x30mm, Matrix 256x256x30,
SLT 0.5mm, TE 10ms, TR 700ms 0.12x0.12x0.50mm

T2W FLAIR
FOV 30x30mm, Matrix 192x192x15,
SLT 1.0mm, TE 45ms, TR 8000ms, TI
1860ms

0.16x0.16x1.0mm

FOV: field-of-view; SLT: slice thickness; TE: echo time; TR: repetition time;
RARE: rapid acquisition with relaxation enhancement; FLASH: fast low angle
shot; TI: inversion time

of the anterior commissure. Qualitative assessments for
ventriculomegaly and potential microbleeds were performed
using a combination of the four sequences acquired with
particular emphasis on T2*W for microbleeds and FLAIR
for ventriculomegaly. These methods were adapted from our
human-based methods(49).

Preparation of brain endothelial cells
As adapted from a previously published method(50). Brains
were extracted from rats aged postnatal day 5-7 and placed
in working buffer (Hank’s balanced salt solution (HBSS)
(Life Technologies) with 0.5% chromatographically purified
bovine serum albumin (BSA) (First Link UK), 0.5% HEPES
(Gibco), 0.5% pen/strep). Meninges and cerebellum were re-
moved and brains were homogenised in 5ml working buffer
with a Dounce tissue grinder. Homogenate was isolated from
the buffer by centrifugation for 5 minutes at 1800 revolutions
per minute (RPM) at 4oC. Blood vessel fragments were
pelleted from this homogenate by centrifugation in 22%
BSA for 15 minutes at 3000 RPM at 4oC. The pellet of blood
vessel fragments was kept on ice in working buffer while
the remainder was centrifuged again, for a total of 5 spins.
Blood vessel fragments were pipetted onto an upside down
70µm cell strainer to remove single cells then washed into
a pooled mixture with working buffer. This was spun down
(5 minutes at 1800 RMP, 4oC) and the pellet then digested
in 10ml collagenase/dispase (1mg/ml; Roche) and DNase I
type IV (40µg/ml; Sigma-Aldrich) for 45 minutes at 37oC
with regular agitation.

The resultant dissociated endothelial cells were washed
in working buffer and plated at 500,000 cells/well on colla-
gen IV and fibronectin (100µg/ml and 50µg/ml respectively;
Sigma-Aldrich; overnight, 4oC) coated coverslips in a
24-well plate in 1ml Endothelial Growth Media-2 Bullet
Kit (EGM-2; Lonza; Endothelial basal media-2 with 2%
Fetal Bovine Serum (FBS), 0.4% hFGF-beta, 0.1% hEGF,
0.1% VEGF, 0.1% R3-IGF-1, 0.1% Ascorbic acid, 0.1%
Gentamycin/Amphotericin-B, 0.1% puromycin (Sigma-
Aldrich; 5mg/ml in Dulbecco’s phosphate buffered saline
(DPBS; Sigma-Aldrich)) and 0.04% hydrocortisone). Cells
were grown in 7.5% carbon dioxide (CO2) and medium
was changed every 2-3 days. Cultures were used in experi-
ments once they had regions of confluence (before 10 days).
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Preparation of OPCs
As adapted from a previously published method(51). Brains
were extracted from rats aged postnatal day 0-2 and cortices
isolated in MEM. Meninges were removed then cortices
were minced with fine scissors and digested in MEM with
papain (1.2U/ml; Worthington), L-cysteine (0.24mg/ml;
Sigma-Aldrich) and DNase I type IV (40µg/ml) for 1 hour
at 37oC. Cells were diluted in culture medium (Dulbecco’s
modified Eagle medium (DMEM; Gibco) with 10% FBS
(Gibco), 1% pen/strep), spun down (5 minutes at 1000
RPM), then resuspended with a 1ml pipette. Cells were
resuspended in culture medium (1.5 brains in 10ml per flask)
and grown in vented T75 flasks coated with poly-D-lysine
(PDL; Sigma-Aldrich; 5µg/ml in water; minimum 1 hour
coating, 37oC) in 7.5% CO2.

10-14 days after dissection, the vented cap of the
flasks was sealed and the flasks were placed on an orbital
shaker at 240 RPM at 37oC. After 1 hour the medium
was removed (containing loosely attached microglia), fresh
medium added, and the flask returned to the shaker for
16-18 hours. This medium was removed and plated on
10cm plastic petri dishes for 20-25 minutes (to remove
remaining microglia) after which the cells were spun down
(5 minutes at 1000 RPM). Cells were resuspended in 5ml
culture medium, gently triturated through a 21 gauge needle,
counted, and plated at a density of 50,000 cells in a single
droplet of SATO medium (DMEM with 1% pen/strep.
1% ITS supplement (Sigma-Aldrich), 16µg/ml putrescine
(Sigma-Aldrich), 400ng/ml L-thyroxine (Sigma-Aldrich),
400ng/ml Tri-iodothyroxine (Sigma-Aldrich), 60ng/ml
progesterone (Sigma-Aldrich), 100µg/ml BSA (fraction V)
(Sigma-Aldrich)) per PDL coated coverslip in a 24 well
plate, topped up to 0.5ml SATO medium per well after 20
minutes at 37oC for cells to stick down. OPCs were grown
for 2 days and the medium was not changed during this time.

Conditioned media experiments
Endothelial cells (HUVECs and BMECs) were grown in
their normal culture medium until reaching confluence and
forming tight junctions (~10 days in vitro (DIV) for BMECs,
5 DIV for HUVECs). At this point the media was changed
and this was conditioned for 2-3 days. Media was then
removed and stored at -20oC until required. When defrosted,
conditioned media was mixed at a 1:1 ratio with SATO
media. Cells grown in conditioned media were prepared as
normal. Conditioned media was added to OPCs after the
step at which they were left for 20 minutes to stick down.
Cells were left for 3 days in conditioned media before being
fixed and analysed.

Immunofluorescence
Brains were extracted from animals after perfusion fixation
and incubated for no more than 4 hours in 4% PFA at 4oC.
PFA-fixed brains were then incubated first in 15% sucrose
(overnight, 4oC; Sigma-Aldrich) and then in 30% sucrose
(overnight, 4oC). Sections were cut at 10µm thickness using

a cryostat and collected in series so that each slide for
immunostaining had a spread of coronal sections of the deep
white matter.

Eyes were extracted following perfusion and fixation and
washed with PBS before storage in 30% w/v sucrose. Eyes
were dissected using an adapted version of a previously pub-
lished method(28). Immunofluorescence staining was per-
formed with the retina still attached to the sclera of the back
of the eye due to tissue fragility. Following staining, the
retina was quartered and the sclera discarded before flat-
mounting for imaging. These were imaged with a Zeiss wide-
field microscope.
For brain and cell immunofluorescence: Where necessary
for antibodies, antigen retrieval was carried out by boiling
sections for 10 minutes in a microwave in citrate buffer (Vec-
tor). Sections were then cooled for 20 minutes in running tap
water. Sections were blocked for at least 1.5 hours at room
temperature in blocking solution (10% heat inactivated horse
serum (HIHS), 0.5% triton (Fisher) in PBS). Primary anti-
bodies, diluted in blocking solution, were added and the sec-
tions were incubated at 4oC overnight in a humid chamber.
The sections were washed in PBS then incubated with sec-
ondary antibodies, diluted in blocking solution, for 1.5 hours
at room temperature. Sections were washed in PBS before
adding DAPI (VWR) for <1 minute. Sections were mounted
with Fluoromount (Southern Biotech). Fluorescent images
were captured using Leica SP8 confocal microscope system.
For retinal immunofluorescence: Dissected eyes were first
incubated with a blocking solution with 10% Serum and
0.05% Triton-X in PBS before overnight incubation with
biotinylated Griffonia simplicifolia isolectin B4 mixed at a
1:500 dilution in blocking solution. Samples were washed
three times for 5 minutes with PBS before incubation
with streptavidin with fluorescent tag (Alexa Fluor 647 –
Thermofisher) in blocking solution at 1:1000 dilution for
1.5hrs. Samples were washed again before incubation with
Hoechst for 1 minute. Samples were rinsed with PBS before
retinal removal and mounting. Retinal flat-mounts were
imaged with a Zeiss wide-field microscope, generating a
tiled scan of the retina.

Electron microscopy
Procedure carried out by an independent researcher who was
blind to genotypes. Rats were transcardially perfused; first
with PBS (< 2 min), then with fixative (4% paraformaldehyde
w/v, Sigma; 0.1-2 glutaraldehyde, v/v, Electron Microscopy
Sciences (EMS) or TAAB Laboratories Equipment Ltd.; in
0.1 M phosphate buffer, Sigma; 10 min). The brains were
extracted, post-fixed in the same fixative (24h at 4oC), and
vibratome-sectioned (50 µm thick). Sections were post-fixed
with 1% osmium tetroxide (EMS; in 0.1 M phosphate buffer;
30 min) then dehydrated in an ascending series of ethanol
dilutions [Sigma; 50%, 70% (with 1% uranyl acetate; w/v;
EMS), 95% and 100%] and acetone (EMS). Sections were
then lifted into resin (Durcupan ACM; EMS), left overnight
at room temperature, then placed on microscope slides, cov-
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ered with coverslips, and resin cured at 65oC for 3 days.
Subcortical white matter (internal capsule) was imaged

with brightfield light microscopy then cut from the slides,
mounted on plastic blocks (Ted Pella) and ultrathin sectioned
(70 nm thick) for electron microscopy. Serial sections were
collected on to single-slot, formvar-coated copper grids
(EMS), contrasted with lead citrate (EMS) and Uranyless
(EMS) and imaged with electron microscope (JOEL TEM-
1400 plus). Magnifications were chosen to visualise each
vessel with surrounding perivascular region for assessment.

Image processing and quantification
For brain images: Cell counting was carried out manually
using max projections of z-stacks of 10µm tissue at 20x gen-
erated with ImageJ and the Cell Counter plugin. For cultured
endothelial cell CLDN5 quantification, cells were classified
as CLDN5+ if the border with all neighbouring cells (delin-
eated with ZO-1 staining) had CLDN5 present.
For retinal images: In the plexus, regions of interest (ROIs)
were selected in ImageJ using the diameter of the optic disc
as a relative measurement. ROIs were taken from both
proximal and distal selections in each of the four cut sec-
tions of the retina. ROIs then underwent segmentation in
FIJI to generate a binary representation of the vasculature.
ROIs were inverted, contrast enhanced and segmented using
Phansalkar auto local thresholding to binarise the image(52),
images were then filtered(53) and staining abnormalities ac-
counted for(54). Binarised ROIs then underwent skeletoni-
sation via Voronoi tessellation as previously described(55).
Radius data for the skeleton was measured during skeletoni-
sation by defining pixels on the boundary of the binary mask
and measuring the distance erased to produce skeletons. Ves-
sel tortuosity and branching were measured using a Python
script which defines branching points as vertices in the skele-
ton with greater than 2 neighbouring vertices. This allows
quantification of tortuosity by measuring actual versus Eu-
clidean distances between these points. Branching index was
calculated as the number of branching points per µm2. Ma-
jor vessels were split into arterioles and venules for analysis
and average vessel diameter, tortuosity and branching indices
measured manually in ImageJ. Average vessel diameter was
measured by taking manual measurements across the vessel
at 200µm intervals from vessel origin to terminal bifurcation.
For PLP pixel count analysis: Vessels were manually
delineated using IsoB4 staining from max projections of
z-stacks of 10µm tissue at 20x generated with ImageJ, and
a concentric ring (10µm width) automatically generated
around each vessel, adjusted to ensure that no two areas are
analysed twice; a part of an outermost ring was subtracted if
it overlapped with another vessel’s innermost ring.

Statistics
Described within figure legends for each graph, all of
which show mean +/- SD. Graphs and statistical calcula-
tions were made using GraphPad Prism version 9.0.0 for
Windows, GraphPad Software, San Diego, California USA,
www.graphpad.com or RStudio Team (2021) (RStudio: In-

tegrated Development Environment for R. RStudio, PBC,
Boston, MA, www.rstudio.com). When comparing between
two groups, (typically WT and KO), t-tests (parametric data)
or Mann-Whitney U test (non-parametric) were used. When
comparing interactions of age as well as genotype, ANOVA
was used. For MRI analysis a Fisher’s exact test was per-
formed to analyse differences in ventriculomegaly and a
Mann Whitney-U test for differences in corpus callosum size.
Statistical analysis of ventriculomegaly proportions within
a genotype longitudinally was performed using a Wilcoxon
signed rank test. Significance codes were generated by
GraphPad to report three significant digits. p<0.05 was set
as criteria for statistical significance for all tests. P values
less than 0.001 are summarized with three asterisks, P values
less than 0.0001 summarized with four asterisks.

Acknowledgments
Thanks to Ross Lennen for MRI scanning, Tetiana Poliakova
for preliminary MRI analysis, Stephen Mitchell for help with
EM and James Ashmore for his input with the statistics.

Funding
UK Dementia Research Institute as UK DRI which was
funded by the MRC, Alzheimer’s Society and Alzheimer’s
Research UK (JW)
British Heart Foundation (AW)
Fondation Leducq (JW)
Centre for Cognitive Ageing and Cognitive Epidemiology pi-
lot fund (AW, JW)
Wellcome Trust Tissue Repair PhD fellowship (SQ)
Wellcome Trust Edinburgh Clinical Academic Trainee – Vet-
erinary Sciences (TP).

Author contributions
Most experiments: SQ, TP, JM
MRI experiments: AV, MJ
MR analysis: TP, AV, MJ, JW, ZT
Retinal analysis: AL, YG, MB.
PLP analysis: MW
Oligodendrocyte analysis: SB
Behavioural tests: MM
Blood pressure measurements: AO
Rat perfusion and care: AO, WM
Conceptualization and direction: JW and AW
Writing – original draft: SQ, AW
Writing – review & editing: all authors

Competing interests
Authors declare that they have no competing interests.

Data and materials availability
All data are available in the main text or the
supplementary materials. Code is available at
https://github.com/mobernabeu/normotensiveSVDrat for
retinal vessel analysis and PLP pixel count.

Quick et al. | An intrinsic endothelial dysfunction causes cerebral small vessel disease bioRχiv | 11

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 14, 2021. ; https://doi.org/10.1101/2021.12.13.472377doi: bioRxiv preprint 

https://github.com/mobernabeu/normotensiveSVDrat
https://doi.org/10.1101/2021.12.13.472377
http://creativecommons.org/licenses/by-nc-nd/4.0/


References and Notes
1. Caroline McHutchison, Gordon W. Blair, Jason P. Appleton, Francesca M. Chappell, Fergus

Doubal, Philip M. Bath, and Joanna M. Wardlaw. Cilostazol for Secondary Prevention of
Stroke and Cognitive Decline: Systematic Review and Meta-Analysis. Stroke, 51(8):2374–
2385, aug 2020. ISSN 15244628. doi: 10.1161/STROKEAHA.120.029454.

2. Vladimir Hachinski, Karl Einhäupl, Detlev Ganten, Suvarna Alladi, Carol Brayne, Blos-
som C.M. Stephan, Melanie D. Sweeney, Berislav Zlokovic, Yasser Iturria-Medina,
Costantino Iadecola, Nozomi Nishimura, Chris B. Schaffer, Shawn N. Whitehead, San-
dra E. Black, Leif Østergaard, Joanna Wardlaw, Steven Greenberg, Leif Friberg, Bo Nor-
rving, Brian Rowe, Yves Joanette, Werner Hacke, Lewis Kuller, Martin Dichgans, Matthias
Endres, and Zaven S. Khachaturian. Preventing dementia by preventing stroke: The Berlin
Manifesto, jul 2019. ISSN 15525279.

3. Joanna M. Wardlaw, Colin Smith, and Martin Dichgans. Small vessel disease: mechanisms
and clinical implications, jul 2019. ISSN 14744465.

4. Stéphanie Debette, Sabrina Schilling, Marie-Gabrielle Duperron, Susanna C. Larsson,
and Hugh S. Markus. Clinical Significance of Magnetic Resonance Imaging Markers of
Vascular Brain Injury. JAMA Neurology, 76(1):81, jan 2019. ISSN 2168-6149. doi:
10.1001/jamaneurol.2018.3122.

5. Marios K. Georgakis, Marco Duering, Joanna M. Wardlaw, and Martin Dichgans. WMH and
long-term outcomes in ischemic stroke: A systematic review and meta-analysis. Neurology,
92(12):E1298–E1308, mar 2019. ISSN 1526632X. doi: 10.1212/WNL.0000000000007142.

6. Niels D. Prins and Philip Scheltens. White matter hyperintensities, cognitive impairment and
dementia: An update, 2015. ISSN 17594766.

7. Niels D. Prins, Ewoud J. Van Dijk, Tom Den Heijer, Sarah E. Vermeer, Jellemer Jolles, Pe-
ter J. Koudstaal, Albert Hofman, and Monique M.B. Breteler. Cerebral small-vessel disease
and decline in information processing speed, executive function and memory. Brain, 128
(9):2034–2041, 2005. ISSN 00068950. doi: 10.1093/brain/awh553.

8. L. L. Herrmann, M. Le Masurier, and K. P. Ebmeier. White matter hyperintensities in late life
depression: A systematic review. Journal of Neurology, Neurosurgery and Psychiatry, 79
(6):619–624, oct 2008. ISSN 1468330X. doi: 10.1136/jnnp.2007.124651.

9. Karlijn F. De Laat, Anil M. Tuladhar, Anouk G.W. Van Norden, David G. Norris, Marcel P.
Zwiers, and Frank Erik De Leeuw. Loss of white matter integrity is associated with gait
disorders in cerebral small vessel disease. Brain, 134(1):73–83, 2011. ISSN 00068950.
doi: 10.1093/brain/awq343.

10. Eric E. Smith, Gustavo Saposnik, Geert Jan Biessels, Fergus N. Doubal, Myriam For-
nage, Philip B. Gorelick, Steven M. Greenberg, Randall T. Higashida, Scott E. Kasner,
and Sudha Seshadri. Prevention of Stroke in Patients with Silent Cerebrovascular Dis-
ease: A Scientific Statement for Healthcare Professionals from the American Heart Associ-
ation/American Stroke Association. Stroke, 48(2):e44–e71, feb 2017. ISSN 15244628. doi:
10.1161/STR.0000000000000116.

11. Gary A. Rosenberg, Anders Wallin, Joanna M. Wardlaw, Hugh S. Markus, Joan Montaner,
Leslie Wolfson, Costantino Iadecola, Berislav V. Zlokovic, Anne Joutel, Martin Dichgans,
Marco Duering, Reinhold Schmidt, Amos D. Korczyn, Lea T. Grinberg, Helena C. Chui, and
Vladimir Hachinski. Consensus statement for diagnosis of subcortical small vessel disease,
2016. ISSN 15597016.

12. Joanna M. Wardlaw, Stephanie Debette, Hanna Jokinen, Frank Erik De Leeuw, Leonardo
Pantoni, Hugues Chabriat, Julie Staals, Fergus Doubal, Salvatore Rudilosso, Sebastian
Eppinger, Sabrina Schilling, Raffaele Ornello, Christian Enzinger, Charlotte Cordonnier,
Martin Taylor-Rowan, and Arne G. Lindgren. ESO Guideline on covert cerebral small ves-
sel disease. European Stroke Journal, 6(2):CXI–CLXII, may 2021. ISSN 23969881. doi:
10.1177/23969873211012132.

13. G. Alistair Lammie, Frances Brannan, Jim Slattery, and Charles Warlow. Nonhypertensive
cerebral small-vessel disease: An autopsy study. Stroke, 28(11):2222–2229, 1997. ISSN
00392499. doi: 10.1161/01.STR.28.11.2222.

14. Joanna M. Wardlaw, Michael Allerhand, Fergus N. Doubal, Maria Valdes Hernandez, Zoe
Morris, Alan J. Gow, Mark Bastin, John M. Starr, Martin S. Dennis, and Ian J. Deary. Vascu-
lar risk factors, large-artery atheroma, and brain white matter hyperintensities. Neurology,
82(15):1331–1338, apr 2014. ISSN 1526632X. doi: 10.1212/WNL.0000000000000312.

15. Ellen V. Backhouse, Caroline A. McHutchison, Vera Cvoro, Susan D. Shenkin, and
Joanna M. Wardlaw. Early life risk factors for cerebrovascular disease: A systematic
review and meta-analysis. Neurology, 88(10):976–984, 2017. ISSN 1526632X. doi:
10.1212/WNL.0000000000003687.

16. Ellen V Backhouse, Susan D Shenkin, Andrew M McIntosh, Mark E Bastin, Heather C
Whalley, Maria Valdez Hernandez, Susana Muñoz Maniega, Mathew A Harris, Aleks Stoli-
cyn, Archie Campbell, Douglas Steele, Gordon D Waiter, Anca-Larisa Sandu, Jennifer M J
Waymont, Alison D Murray, Simon R Cox, Susanne R de Rooij, Tessa J Roseboom, and
Joanna M Wardlaw. Early life predictors of late life cerebral small vessel disease in four
prospective cohort studies. Brain, sep 2021. ISSN 0006-8950. doi: 10.1093/brain/awab331.

17. L. Penke, S. M. Maniega, M. E. Bastin, M. C. Valdés Hernández, C. Murray, N. A. Royle,
J. M. Starr, J. M. Wardlaw, and I. J. Deary. Brain white matter tract integrity as a neural foun-
dation for general intelligence. Molecular Psychiatry, 17(10):1026–1030, oct 2012. ISSN
13594184. doi: 10.1038/mp.2012.66.

18. Muralidharan Sargurupremraj and Suzuki et al. Cerebral small vessel disease genomics
and its implications across the lifespan. Nature Communications, 11(1):1–18, dec 2020.
ISSN 20411723. doi: 10.1038/s41467-020-19111-2.

19. Y. Yamori, A. Nagaoka, and K. Okamoto. Importance of genetic factors in stroke: an evi-
dence obtained by selective breeding of stroke prone and resistant SHR. Jap.Circulat.J., 38
(12):1095–1100, 1974. ISSN 0047-1828. doi: 10.1253/jcj.38.1095.

20. Yukio Yamori, Kazuhiko Tomimoto, Akira Ooshima, Fumitada Hazama, and Kozo Okamoto.
Developmental Course of Hypertension in the SHR-Substrains Susceptible to Hypertensive
Cerebrovascular Lesions. Japanese Heart Journal, 15(2):209–210, 1974. ISSN 1348673X.
doi: 10.1536/ihj.15.209.

21. Yukio Yamori, Ryoichi Horie, Hajimi Handa, Masayasu Sato, and Masaichi Fukase. Patho-
genetic similarity of strokes in stroke-prone spontaneously hypertensive rats and humans.
Stroke, 7(1):46–53, 1976. ISSN 15244628. doi: 10.1161/01.STR.7.1.46.

22. Rikesh M. Rajani, Sophie Quick, Silvie R. Ruigrok, Delyth Graham, Sarah E. Harris, Ben-
jamin F.J. Verhaaren, Myriam Fornage, Sudha Seshadri, Santosh S. Atanur, Anna F. Do-
miniczak, Colin Smith, Joanna M. Wardlaw, and Anna Williams. Reversal of endothelial
dysfunction reduces white matter vulnerability in cerebral small vessel disease in rats.
Science Translational Medicine, 10(448):eaam9507, jul 2018. ISSN 19466242. doi:
10.1126/scitranslmed.aam9507.

23. Ruben D. Buñag and Terttu Liisa Teräväinen. Tail-cuff detection of systolic hypertension in
different strains of ageing rats. Mechanisms of Ageing and Development, 59(1-2):197–213,
jun 1991. ISSN 00476374. doi: 10.1016/0047-6374(91)90085-E.

24. Jun Zhang, Albert F. Defelice, Joseph P. Hanig, and Thomas Colatsky. Biomarkers
of endothelial cell activation serve as potential surrogate markers for drug-induced vas-
cular injury. Toxicologic Pathology, 38(6):856–871, oct 2010. ISSN 01926233. doi:
10.1177/0192623310378866.

25. David G. Harrison. Cellular and molecular mechanisms of endothelial cell dysfunc-
tion. Journal of Clinical Investigation, 100(9):2153–2157, 1997. ISSN 00219738. doi:
10.1172/JCI119751.

26. E. L. Bailey, J. M. Wardlaw, D. Graham, A. F. Dominiczak, C. L.M. Sudlow, and C. Smith.
Cerebral small vessel endothelial structural changes predate hypertension in stroke-prone
spontaneously hypertensive rats: A blinded, controlled immunohistochemical study of 5- to
21-week-old rats. Neuropathology and Applied Neurobiology, 37(7):711–726, dec 2011.
ISSN 03051846. doi: 10.1111/j.1365-2990.2011.01170.x.

27. Catherine A. Humphreys, Colin Smith, and Joanna M. Wardlaw. Correlations in post-
mortem imaging-histopathology studies of sporadic human cerebral small vessel disease:
A systematic review. Neuropathology and Applied Neurobiology, 00:1–21, 2021. ISSN
13652990. doi: 10.1111/nan.12737.

28. Alison Claybon and Alexander J.R. Bishop. Dissection of a mouse eye for a whole mount
of the retinal pigment epithelium. Journal of Visualized Experiments, (48), 2010. ISSN
1940087X. doi: 10.3791/2563.

29. Sarah McGrory, Lucia Ballerini, Fergus N. Doubal, Julie Staals, Mike Allerhand, Maria del C.
Valdes-Hernandez, Xin Wang, Tom MacGillivray, Alex S.F. Doney, Baljean Dhillon, John M.
Starr, Mark E. Bastin, Emanuele Trucco, Ian J. Deary, and Joanna M. Wardlaw. Retinal
microvasculature and cerebral small vessel disease in the Lothian Birth Cohort 1936 and
Mild Stroke Study. Scientific Reports, 9(1), dec 2019. ISSN 20452322. doi: 10.1038/
s41598-019-42534-x.

30. Fergus N. Doubal, Rosemarie De Haan, Thomas J. MacGillivray, Petra E. Cohn-Hokke, Bal
Dhillon, Martin S. Dennis, and Joanna M. Wardlaw. Retinal arteriolar geometry is associated
with cerebral white matter hyperintensities on magnetic resonance imaging. International
Journal of Stroke, 5(6):434–439, dec 2010. ISSN 17474930. doi: 10.1111/j.1747-4949.
2010.00483.x.

31. Susana Muñoz Maniega, Francesca M. Chappell, Maria C. Valdés Hernández, Paul A. Ar-
mitage, Stephen D. Makin, Anna K. Heye, Michael J. Thrippleton, Eleni Sakka, Kirsten
Shuler, Martin S. Dennis, and Joanna M. Wardlaw. Integrity of normal-appearing white mat-
ter: Influence of age, visible lesion burden and hypertension in patients with small-vessel
disease. Journal of Cerebral Blood Flow and Metabolism, 37(2):644–656, 2017. ISSN
15597016. doi: 10.1177/0271678X16635657.

32. Ebru Baykara, Benno Gesierich, Ruth Adam, Anil Man Tuladhar, J. Matthijs Biesbroek,
Huiberdina L. Koek, Stefan Ropele, Eric Jouvent, Hugues Chabriat, Birgit Ertl-Wagner,
Michael Ewers, Reinhold Schmidt, Frank Erik de Leeuw, Geert Jan Biessels, Martin Dich-
gans, and Marco Duering. A Novel Imaging Marker for Small Vessel Disease Based on
Skeletonization of White Matter Tracts and Diffusion Histograms. Annals of Neurology, 80
(4):581–592, oct 2016. ISSN 15318249. doi: 10.1002/ana.24758.

33. ProteinAtlas. Tissue expression of RHOA. The Human Protein Atlas, 2020.
34. Makoto Nakajima, Thalia Field, and Oscar R. Benavente. Treatment approaches for lacunar

strokes. In Cerebral Small Vessel Disease, number May, pages 323–335. 2011. ISBN
9781139382694. doi: 10.1017/CBO9781139382694.027.

35. F. De Guio, M. Duering, F. Fazekas, F. E. De Leeuw, S. M. Greenberg, L. Pantoni,
A. Aghetti, E. E. Smith, J. Wardlaw, and E. Jouvent. Brain atrophy in cerebral small
vessel diseases: Extent, consequences, technical limitations and perspectives: The har-
ness initiative. J Cereb Blood Flow Metab, 40(2):231–245, 2020. ISSN 1559-7016. doi:
10.1177/0271678X19888967. De Guio, François Duering, Marco Fazekas, Franz De Leeuw,
Frank-Erik Greenberg, Steven M Pantoni, Leonardo Aghetti, Agnès Smith, Eric E Wardlaw,
Joanna Jouvent, Eric 2019/11/21.

36. Hamizah Shahirah Hamezah, Lina Wati Durani, Nor Faeizah Ibrahim, Daijiro Yanagisawa,
Tomoko Kato, Akihiko Shiino, Sachiko Tanaka, Hanafi Ahmad Damanhuri, Wan Zuri-
nah Wan Ngah, and Ikuo Tooyama. Volumetric changes in the aging rat brain and its
impact on cognitive and locomotor functions. Experimental Gerontology, 99:69–79, dec
2017. ISSN 18736815. doi: 10.1016/j.exger.2017.09.008.

37. Hiram Luna-Munguia, Deisy Gasca-Martinez, Luis Marquez-Bravo, and Luis Concha. Mem-
ory deficits in Sprague Dawley rats with spontaneous ventriculomegaly. Brain and Behavior,
10(8):e01711, aug 2020. ISSN 21623279. doi: 10.1002/brb3.1711.

38. Joanna M. Wardlaw, Eric E. Smith, Geert J. Biessels, Charlotte Cordonnier, Franz Fazekas,
Richard Frayne, Richard I. Lindley, John T. O’Brien, Frederik Barkhof, Oscar R. Benavente,
Sandra E. Black, Carol Brayne, Monique Breteler, Hugues Chabriat, Charles DeCarli,
Frank Erik de Leeuw, Fergus Doubal, Marco Duering, Nick C. Fox, Steven Greenberg,
Vladimir Hachinski, Ingo Kilimann, Vincent Mok, Robert van Oostenbrugge, Leonardo Pan-
toni, Oliver Speck, Blossom C.M. Stephan, Stefan Teipel, Anand Viswanathan, David Wer-
ring, Christopher Chen, Colin Smith, Mark van Buchem, Bo Norrving, Philip B. Gorelick,
and Martin Dichgans. Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. The Lancet Neurology, 12(8):822–838,
2013. ISSN 14744422. doi: 10.1016/S1474-4422(13)70124-8.

39. Una Clancy, Daniel Gilmartin, Angela C.C. Jochems, Lucy Knox, Fergus N. Doubal, and
Joanna M. Wardlaw. Neuropsychiatric symptoms associated with cerebral small vessel
disease: a systematic review and meta-analysis. The Lancet Psychiatry, 8(3):225–236,
mar 2021. ISSN 22150374. doi: 10.1016/S2215-0366(20)30431-4.

40. Sayuri Okamoto, Tomoki Naito, Ryo Shigetomi, Yusuke Kosugi, Kazuhisa Nakayama, Hi-
royuki Takatsu, and Hye Won Shin. The N- or C-terminal cytoplasmic regions of P4-ATPases

12 | bioRχiv Quick et al. | An intrinsic endothelial dysfunction causes cerebral small vessel disease

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 14, 2021. ; https://doi.org/10.1101/2021.12.13.472377doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.13.472377
http://creativecommons.org/licenses/by-nc-nd/4.0/


determine their cellular localization. Molecular Biology of the Cell, 31(19):2115–2124, sep
2020. ISSN 19394586. doi: 10.1091/mbc.E20-04-0225.

41. Mehri Bemani Naeini, Vanessa Bianconi, Matteo Pirro, and Amirhossein Sahebkar. The
role of phosphatidylserine recognition receptors in multiple biological functions, mar 2020.
ISSN 16891392.

42. Jiao Wang, Weihao Li, Fangfang Zhou, Ruili Feng, Fushuai Wang, Shibo Zhang, Jie Li, Qian
Li, Yajiang Wang, Jiang Xie, and Tieqiao Wen. ATP11B deficiency leads to impairment of
hippocampal synaptic plasticity. Journal of Molecular Cell Biology, 11(8):688–702, aug
2019. ISSN 17594685. doi: 10.1093/jmcb/mjz042.

43. Marianna Bugiani, Sietske H. Kevelam, Hannah S. Bakels, Quinten Waisfisz, Chan-
tal Ceuterick-De Groote, Hans W.M. Niessen, Truus E.M. Abbink, Saskia A.M.J. Lesnik
Oberstein, and Marjo S. Van Der Knaap. Cathepsin A-related arteriopathy with strokes
and leukoencephalopathy (CARASAL). Neurology, 87(17):1777–1786, oct 2016. ISSN
1526632X. doi: 10.1212/WNL.0000000000003251.

44. Ajmal Ahmad, Vanisha Patel, Jianfeng Xiao, and Mohammad Moshahid Khan. The Role
of Neurovascular System in Neurodegenerative Diseases. Molecular Neurobiology, 57(11):
4373–4393, nov 2020. ISSN 15591182. doi: 10.1007/s12035-020-02023-z.

45. Limor Raz, Janice Knoefel, and Kiran Bhaskar. The neuropathology and cerebrovascular
mechanisms of dementia. Journal of Cerebral Blood Flow and Metabolism, 36(1):172–186,
jan 2016. ISSN 15597016. doi: 10.1038/jcbfm.2015.164.

46. C. E. Ferland, S. Laverty, F. Beaudry, and P. Vachon. Gait analysis and pain response of two
rodent models of osteoarthritis. Pharmacology Biochemistry and Behavior, 97(3):603–610,
jan 2011. ISSN 00913057. doi: 10.1016/j.pbb.2010.11.003.

47. Joana Ferreira-Gomes, Sara Adães, Marcelo Mendonça, and José Manuel Castro-Lopes.
Analgesic effects of lidocaine, morphine and diclofenac on movement-induced nociception,
as assessed by the Knee-Bend and CatWalk tests in a rat model of osteoarthritis. Phar-
macology Biochemistry and Behavior, 101(4):617–624, jun 2012. ISSN 00913057. doi:
10.1016/j.pbb.2012.03.003.

48. Marianne Leger, Anne Quiedeville, Valentine Bouet, Benoît Haelewyn, Michel Boulouard,
Pascale Schumann-Bard, and Thomas Freret. Object recognition test in mice. Nature
Protocols, 8(12):2531–2537, 2013. ISSN 17502799. doi: 10.1038/nprot.2013.155.

49. Michael S. Stringer, Hedok Lee, Mikko T. Huuskonen, Bradley J. MacIntosh, Rosalind
Brown, Axel Montagne, Sarah Atwi, Joel Ramirez, Maurits A. Jansen, Ian Marshall, San-
dra E. Black, Berislav V. Zlokovic, Helene Benveniste, and Joanna M. Wardlaw. A Review
of Translational Magnetic Resonance Imaging in Human and Rodent Experimental Models
of Small Vessel Disease, 2021. ISSN 1868601X.

50. N. J. Abbott, C. C.W. Hughes, P. A. Revest, and J. Greenwood. Development and charac-
terisation of a rat brain capillary endothelial culture: Towards an in vitro blood-brain barrier.
Journal of Cell Science, 103(1):23–37, 1992. ISSN 00219533. doi: 10.1242/jcs.103.1.23.

51. Ken D. McCarthy and Jean De Vellis. Preparation of separate astroglial and oligodendroglial
cell cultures from rat cerebral tissue. Journal of Cell Biology, 85(3):890–902, jun 1980. ISSN
15408140. doi: 10.1083/jcb.85.3.890.

52. Shobha Phansalkar, A. Wright, G. J. Kuperman, A. J. Vaida, A. M. Bobb, R. A. Jen-
ders, T. H. Payne, J. Halamka, M. Bloomrosen, and D. W. Bates. Towards mean-
ingful medication-related clinical decision support: Recommendations for an initial im-
plementation. Applied Clinical Informatics, 2(1):50–62, 2011. ISSN 18690327. doi:
10.4338/ACI-2010-04-RA-0026.

53. Miguel O. Bernabeu, Yang Lu, Omar Abu-Qamar, Lloyd P. Aiello, and Jennifer K. Sun. Es-
timation of diabetic retinal microaneurysm perfusion parameters based on computational
fluid dynamics modeling of adaptive optics scanning laser ophthalmoscopy. Frontiers in
Physiology, 9(SEP), sep 2018. ISSN 1664042X. doi: 10.3389/fphys.2018.00989.

54. David Legland, Ignacio Arganda-Carreras, and Philippe Andrey. MorphoLibJ: Integrated
library and plugins for mathematical morphology with ImageJ. Bioinformatics, 32(22):3532–
3534, nov 2016. ISSN 14602059. doi: 10.1093/bioinformatics/btw413.

55. Miguel O. Bernabeu, Martin L. Jones, Rupert W. Nash, Anna Pezzarossa, Peter V. Coveney,
Holger Gerhardt, and Claudio A. Franco. PolNet: A Tool to Quantify Network-Level Cell
Polarity and Blood Flow in Vascular Remodeling. Biophysical Journal, 114(9):2052–2058,
may 2018. ISSN 15420086. doi: 10.1016/j.bpj.2018.03.032.

Quick et al. | An intrinsic endothelial dysfunction causes cerebral small vessel disease bioRχiv | 13

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 14, 2021. ; https://doi.org/10.1101/2021.12.13.472377doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.13.472377
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Figures

Fig. S1. Electron microscopy pathological grading system (A) Example of normal and abnormal images, with tables of descriptors (B,C). Additional features, not scored:
astrocytes, green; pericytes, purple; EC nuclei, grey.
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Fig. S2. Retinal image ROI selection and additional data (A) Representative image of tortuosity and diameter measurement in the major vessels. White arrows indicate
measurement of total vessel length, red arrow indicates measurement of the Euclidean distance between vessel endpoints, yellow arrows indicate diameter measurements.
(B) Representative image of ROI selection. Four proximal ROIs are located centrally, with three distal ROIs outside. A central ring is shown for measurement of the optic
disc diameter. (C) Workflow with representative images of a distal ROI at various stages of processing to prepare for analysis. (D) Retinal plexus density is not significantly
different between WT and KO animals at either juvenile age (t-test, p=0.929, t=0.089, df=37) or adult age (t-test, p=0.811, t=0.24, df=36). (E) Vein diameter is not significantly
different between WT and KO animals at either juvenile age (t-test, p=0.801, t=0.357, df=14) or adult age (t-test, p=0.359, t=0.93, df=26).
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Fig. S3. ATP11B expression in oligodendroglia in vitro (A) ATP11B is expressed by WT OPCs in culture by immunofluorescence, scale bar 20µm, nuclear OLIG2 in
green, MBP in red and ATP11B in grey. Loss of Atp11b does not have an effect on OPCs in vitro either in (B) number of Ki67+ proliferating cells (t-test, p=0.963, t=0.04888,
df=4) (C) number of immature NG2+ cells (t-test, p=0.614 t=0.5380, df=5) (D) number of mature MBP+ cells (t-test, p=0.745, t=0.3442, df=5) or (E) number of branched
MBP+ cells (t-test, p=0.775, t=0.3051, df=4).

Fig. S4. No change in ATP11BKO white matter size measurements by MRI (A) Diagram demonstrating corpus callosum measurements on T2-weighted images taken in
transverse section just prior to the anterior part of the anterior commissure merging (arrows). Three measurements were taken in positions i, ii and iii of the corpus callosum.
(B) No significant difference in corpus callosum thickness between WT and KO at position i) (3-4 months: Mann-Whitney U =15.50, p=0.636 9-10 months: Mann-Whitney U
=19, p=0.998; ii) (3- 4 months: Mann-Whitney U =15, p=0.470; 9-10 months: Mann-Whitney U =11.50, p=0.187); or iii) (3-4 months: Mann-Whitney U =18, p=0.825; 9-10
months: Mann-Whitney U =17, p=0.653).
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