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Age-related cerebral small-vessel disease (CSVD) is a major cause of stroke and dementia. Despite a
widespread acceptance of small-vessel arteriopathy, lacunar infarction, diffuse white matter injury, and
cognitive impairment as four cardinal features of CSVD, a unifying pathologic mechanism of CSVD
remains elusive. Herein, we introduce partial endothelial nitric oxide synthase (eNOS)edeﬁcient mice
as a model of age-dependent, spontaneous CSVD. These mice developed cerebral hypoperfusion and
blood-brain barrier leakage at a young age, which progressively worsened with advanced age. Their
brains exhibited elevated oxidative stress, astrogliosis, cerebral amyloid angiopathy, microbleeds,
microinfarction, and white matter pathology. Partial eNOS-deﬁcient mice developed gait disturbances
at middle age, and hippocampus-dependent memory deﬁcits at older ages. These mice also showed
enhanced expression of bone morphogenetic protein 4 (BMP4) in brain pericytes before myelin loss and
white matter pathology. Because BMP4 signaling not only promotes astrogliogenesis but also blocks
oligodendrocyte differentiation, we posit that paracrine actions of BMP4, localized within the neurovascular unit, promote white matter disorganization and neurodegeneration. These observations point
to BMP4 signaling pathway in the aging brain vasculature as a potential therapeutic target. Finally,
because studies in partial eNOS-deﬁcient mice corroborated recent clinical evidence that blood-brain
barrier disruption is a primary cause of white matter pathology, the mechanism of impaired nitric oxide
signaling-mediated CSVD warrants further investigation. (Am J Pathol 2021, 191: 1932e1945; https://
doi.org/10.1016/j.ajpath.2021.02.022)

Vascular cognitive impairment and dementia (VCID) is the
second most common form of dementia after Alzheimer
disease (AD).1 The prevalence of dementia with clinical and
pathological features of both VCID and AD has been

steadily increasing in the aging population, and overt cerebrovascular pathology is evident in at least half of all dementia cases.2 This comorbidity of VCID in sporadic AD is
thought to be a major driver of the overall clinical burden of
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dementia.3,4 Cerebral small-vessel disease (CSVD) refers to
diverse pathologic processes that affect small cerebral arteries, arterioles, capillaries, and small veins; CSVD is a
major cause of stroke and dementia in elderly people.5
Evidently, at least 50% of cognitive impairment and dementia may be attributable to CSVD. Patients with relatively normal neuroimaging results may not be classiﬁed as
having CSVD, but may have invisible pathologies, such as
microinfarcts, only detectable at the microscopic level. Individuals with multiple cortical microinfarcts are at a higher
risk for CSVD and stroke.6e9 CSVD is categorized into two
main types: the amyloidal form, which includes amyloid
angiopathy; and nonamyloidal form, commonly associated
with old age, hypertension, diabetes, and metabolic syndrome.10 Pathologically, CSVD is characterized by white
matter hyperintensities, lacunae, perivascular space, cerebral
microbleed, cerebral microinfarcts, blood-brain barrier
(BBB) disruption, and brain atrophy.11e14
Despite recent advances in neuroimaging techniques and the
discovery of potential biomarkers,15 the precise mechanistic
underpinnings of the pathogenesis of CSVD have remained
elusive. Damage to the BBB has been postulated to be a common feature of varied forms of CSVD.16e20 An association
between BBB leakage and changes in white matter and
cognition has also been demonstrated by neuroimaging in patients with a diagnosis of CSVD, as well as in apparently normal
aging brains.21,22 White matter tracts are particularly susceptible to vascular damage,23,24 which is thought to be caused by
chronic hypoperfusion, cerebrospinal ﬂuid disturbance, BBB
breakdown, and oxidative stresseinduced inﬂammation.25e27
A pivotal role of BBB breakdown in cerebral white matter lesions has gained the most support from the examinations of the
aging brains,22 in the brains of patients with acute and chronic
CSVD,17e20 and in early AD patients.28e30 There is compelling
evidence to indicate that pericytes play a crucial role in CSVD;
pericytes are involved in maintaining normal cerebral blood
ﬂow, functional integrity of BBB, and white matter health.31e33
At present, the precise sequence of cellular and biochemical
reactions that drive white matter pathology remain largely
undeﬁned.

NO Is a Key Regulator of Cardiovascular and
Cerebrovascular Functions
Soon after its discovery as the endothelium-derived relaxing
factor three decades ago,34 endothelium-derived relaxing
factor and nitric oxide (NO) were shown to be indistinguishable from each other.35,36 A few years later,37 NO was
characterized as a novel second messenger that activated
guanyl cyclaseecoupled receptors in the central nervous
system, where it was shown to be involved in the autoregulation of cerebral blood ﬂow,38 as well as a regulator of
presynaptic plasticity of neurons.39 In mammals, NO is
synthesized from L-arginine by three distinct calciumcalmodulin-controlled NO synthases (NOSs), named
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endothelial NO synthase (eNOS), neuronal NO synthase
(nNOS), and inducible NOS (iNOS), each encoded by a
unique gene. Although iNOS and nNOS are soluble proteins
predominantly located in the cytosol, eNOS is a membranebound enzyme, and a major source of NO in the blood
vessels.40 Because expression of eNOS, nNOS, and iNOS
does not occur in a strictly tissue-speciﬁc manner, determining individual pathophysiological functions of the three
NOS isozymes posed a major challenge further exacerbated
by the fact that most tissues contain innervation and
vasculature. Fortuitously, over the years, these conceptual
hurdles have been steadily mitigated with the generation of
transgenic mice engineered with deletions of functional
NOS1, NOS2, or NOS3 genes from their genomes, which
encode nNOS, iNOS, and eNOS, respectively. Detailed
analyses of several lines of such transgenic mice unraveled
not only how the lack of a particular NOS isozyme affects
the basal phenotype of the mice but also their responses to
varied experimental manipulations.41
eNOS-deﬁcient mice were generated by three independent laboratories.42e44 Initially, these mice were used to
elucidate a role of eNOS in cardiovascular pathophysiology.
Their propensity to develop spontaneous hypertension and
exacerbated stroke outcomes was reported in two independent lines of eNOS knockout mice.42,43 eNOS knockout
mice have defects in systemic circulation, as indicated by
increased myocardial infarctions, and other hematologic
abnormalities such as renal thrombotic microangiopathy,
atherosclerosis, and thrombosis.44 eNOS knockout male
mice have increased mortality attributable to cardiovascular
defects,45 suggesting potential sex differences in certain
phenotypes in these mice. Although, in the original study,
no gross anatomic and histologic changes were reported in
the brain vasculature,42 it was later discovered that these
mice displayed vascular hypertrophy and increased vascular
tone.46,47 A critical role of eNOS in the brain was indicated
by the eNOS-deﬁcient mice developing increased ischemic
infarctions and impaired arteriogenesis after stroke.48
In humans, endothelium-derived NO plays a key role in
the regulation of basal cerebral blood ﬂow via vasodilation
of cerebral vessels, and aberrant biogenesis of NO is associated with CSVD, cerebral hypoperfusion, and the
impairment of the BBB. Genetic studies in humans have
lent strong support to observations made in laboratory animals by demonstrating a positive link between eNOS gene
polymorphisms and increased risk of CSVD in patients,
including silent brain infarction.49,50 Signiﬁcantly, some
eNOS polymorphisms were also shown to be associated
with metabolic syndrome,51 an umbrella term encompassing
conditions such as obesity, dyslipidemia, hyperglycemia,
hypertension, and arterial stiffness. Almost all systemic aspects of metabolic syndrome are manifested by mice with
eNOS deﬁciency. These include insulin resistance, hyperlipidemia,52,53 and impaired mitochondrial b-oxidation.54
Similarly, in humans, metabolic syndrome is associated
with eNOS polymorphisms.55,56 A converging role of
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metabolic disorders in both major forms of dementia (ie, AD
and VCID) has been well recognized.57 Several eNOS
polymorphisms appear to interact with a genetic polymorphism associated with enhanced homocysteine levels;
these dual polymorphisms are thought to worsen cognitive
decline in patients with AD or dementia.58 Although eNOS
genetic variants are not exclusively associated with AD,
reduced eNOS mRNA and protein expression levels in
capillaries have been reported in the brains of AD patients
and were positively correlated with apolipoprotein E4 genotype.59 A comparative study between AD with a large
subset of cases with superimposed vascular lesions (AD þ
VCID) revealed decreased expression of eNOS in cerebral
vessels in both AD and AD þ VCID subjects. This study
also indicated that reduced eNOS expression was associated
with increased vascular lesions and reduced AD pathology
in AD þ VCID brains.60 Given the compelling clinical and
experimental evidence presented herein, we therefore
speculated whether eNOS deﬁciency might represent a
common mechanism of CSVD and cognitive impairment,
both stemming from metabolic syndrome. In this study, the
age-dependent structural and functional changes in the
brains of eNOS-deﬁcient mice were re-examined.

Brains of Partial eNOS-Deﬁcient Mice Display
AD-Like Pathology
Sporadic cerebral amyloid angiopathy (CAA) is a cerebrovascular disorder that is characterized by b-amyloid
(Ab) deposits in the walls of small- to medium-sized blood
vessels of the brain and leptomeninges. CAA is a major
cause of lobar intracerebral hemorrhage and cognitive
impairment in the elderly and is associated with a high
prevalence of white matter hyperintensities and cerebral
microbleeds, the two hallmarks of CSVD.61 Because
varying degrees of CAA are present in nearly all brains
with sporadic AD, it is reasonable to posit that a common
Ab-based pathogenesis and comorbidity underlie both
VCID and AD.
eNOS-derived NO signaling plays an important role in
regulating the processing of amyloid precursor protein into
amyloid peptides.62 On the basis of these observations, we
speculated that some form of amyloid pathology may be
directly linked to vascular dyshomeostasis seen in mice
with insufﬁcient eNOS gene expression. Consistent with
this notion, increased amyloid load in eNOS-deﬁcient
mouse brains has been observed.63,64 Since eNOSþ/
mice were assumed to better mimic patients with eNOS
polymorphisms, age-dependent changes in the brains of
eNOSþ/ mice were compared with the brains of wild-type
and eNOS/ mice. Key central nervous system anomalies
seen in eNOS knockout mice also developed in the brains of
mice with eNOS haploinsufﬁciency. However, the pathologic changes in the brains of eNOSþ/ mice were delayed
by several months and were signiﬁcantly milder, especially
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during the ﬁrst 12 months of their life span; the phenotypes
were often not signiﬁcantly different between eNOSþ/ and
eNOS/ after 18 months of age.
A myloid pathology was detected with diffused b-amyloid deposits in and around the cerebral vasculature in
eNOSþ/ mice (Figure 1, A-C). To our knowledge, this is
the ﬁrst report of spontaneous development of amyloid
pathology in mice that do not overexpress a mutant amyloid precursor protein or presenilin gene. Ab aggregation, as detected by thioﬂavin S staining, revealed only a
diffusive signal, predominantly in the parietal region of
eNOSþ mouse brains. This pattern of Ab aggregation is
in stark contrast to the development of focal plaques seen
in the brains of 5XFAD mice.65 This diffusive nature of
the CAA in eNOSþ/ mice seems to reﬂect a distinctly
mild form of CAA in the majority of AD; advanced CAA
is only detected in 25% of AD cases in humans.63
Moreover, brains of AD þ VCID patients display diffusive amyloid pathology instead of dense and focal amyloid parenchymal plaques seen in the brains of typical AD
cases.60 In addition to CAA, microbleeds and microinfarctions are detected in multiple brain regions of
eNOSþ/ mice.65 Using ﬂuorescein isothiocyanate (FITC)
angiography, multiple hypoperfused or nonperfused areas
were detected in young eNOSþ/ mice (Figure 1D), and
with markedly increased frequency of similar lesions in
the brains of aged eNOSþ/ mice (Figure 1F). These lesions/occlusions were typically small (ranging from 100
to 500 mm in diameter) and were frequently found bilaterally in the parietal association cortex (Figure 1E). This
pathologic pattern is highly reminiscent of the bilateral
temporoparietal hypoperfusion characteristic of AD patients. Occlusions were not uniformly located throughout
the eNOSþ/ brain, but rather in deﬁned areas, listed in
order of higher to lower frequency: parietal association,
temporal association, and retrosplenial granular cortices,
hippocampus, and thalamus. No such lesions were
detected in the wild-type eNOS littermates up to 24
months of age. As reported earlier,65 the CAA pathology
in eNOSþ/ mice displayed striking colocalization with
hypoperfused areas of the brain, primarily in the parietal
cortex. Of note, the predominant distribution of colocalized clusters in temporal-parietal cortex seen in the
brains of eNOSþ/ mice precisely match the most
vulnerable areas of hypoperfusion (detected by neuroimaging in early AD patients).66e68
Despite colocalization of the occluded vessels and CAA,
its contribution to the process of neurodegeneration in our
eNOSþ/ model remains elusive. This mechanistic quandary is further highlighted by the fact that endogenous
murine Ab species are less aggregable and thus less toxic
than their human counterparts. It is also noteworthy that
focal Ab plaques or neuroﬁbrillary tangles were not
observed, despite the occurrence of tau hyperphosphorylation, even at 24 to 32 months of age in partial
eNOS-deﬁcient or knockout mice. This is even more
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Figure 1 Evidence of cerebral hypoperfusion, microinfarction, and amyloid pathology in endothelial nitric oxide synthase (eNOS) model. A and B:
Representative section of 18-montheold eNOSþ/ mice doubly immunostained with either antie b-amyloid (Ab; 4G8; A) and glucose transporter-1 (GLUT1; B)
plus DAPI or 4G8 and CD31 antibodies. C: Quantiﬁcation of Ab-positive arterioles in hippocampal ﬁssure. D and E: Representative images of ﬂuorescein
isothiocyanateedextran (2000 kDa) angiography performed in eNOSþ/ mice at young (6 months old; D) and old (18 months old; bilateral section; E) ages, as
described previously.65 White double arrows indicate bilateral nonperfused lesions located in parietal association cortex (asterisks), retrosplenial granular
cortex (daggers), and temporal association cortex (arrowheads). F: Quantiﬁcation of the number of cerebral nonperfusion lesions per mouse. GeI: Representative images of hematoxylin and eosin staining (6 mm thick coronal sections). Blue arrow line indicates magniﬁed fresh infarct lesion, and blue arrows
indicate old lesions reminiscent of infarct scars. Notes: Figure is modiﬁed from the published ﬁgures used in Tan et al,65 used with permission from Springer
Nature and BMC. Data represent means  SEM (F). n Z 5 to 6 mice for each genotype (C); n Z 4 to 6 mice for each genotype (F). *P < 0.05, **P < 0.01.
Scale bars: 300 mm (A); 50 mm (B); 100 mm (D and H, right panel); 500 mm (E, G, H, left panel, and I).

signiﬁcant in light of the ﬁnding that the brains of aged
eNOSþ/ mice show obvious cortical thinning and atrophy,
clear signs of neurodegeneration.65 Because of the lack of
these two major pathologic manifestations of terminal AD,
other cerebrovascular features commonly shared by AD and
VCID, especially a putative involvement of CSVD in the
brains of eNOSþ/ mice, were explored.
Current knowledge of the pathophysiological roles of
eNOS-derived NO in vascular functions is primarily based on
studies in young eNOS knockout mice. Therefore, older mice
(eNOSþ/ and eNOS/) were investigatedin the curernt
study. As previously reported,65 18-montheold eNOSþ/
mice displayed severe learning and memory deﬁcits, as
assessed by the water maze test, while no signiﬁcant
difference
was
observed
between
older
eNOSþ/ and eNOS/ mice (F.-F.L., unpublished data).
These behavioral data are consistent with the report63
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showing that late middle-aged eNOS knockout animals
(14 to 15 months old) commit more errors than their
wild-type littermates in an eight-arm radial maze test. In
addition, there were no differences in locomotor activity
between all three genotypes of eNOS mice, regardless of
their ages. Interestingly, younger eNOS heterozygous and
knockout mice (<12 months of age) displayed slightly
increased anxiety. On the basis of the well-established
crucial roles of NO/eNOS in mediating various forms of
neocortical and hippocampal long-term potentiation,39 it is
generally believed that impaired long-term potentiation
would be paralleled by memory impairments measured by
the water maze learning test. An independent group reported seemingly contradictory results where young adult
eNOS knockout mice showed superior place learning and
performance in water maze but unaltered performance in
radial arm maze.69,70 Moreover, these eNOS knockout

1935

Liao et al
mice showed increased anxiety in the elevated plus maze
and the open ﬁeld test of anxiety. The learning tasks in
these testing paradigms were speculated to depend on
different neurotransmitters. eNOS knockout mice used in
the aforementioned studies were generated by disrupting
the exons 24 and 25,44 whereas the eNOS knockout mice
were used in prior studies63,65 were generated by disrupting the exon 12 (42, B6.129P2-Nos3tm1Unc/J on a pure
C57bl/6 background; JAX stock 002684). It is unclear
why NOS3 gene ablation, achieved by targeting different
exons, would lead to different cognitive behavioral phenotypes. This is somewhat puzzling because all three lines
of eNOS knockout mice display similar phenotypes in
terms of synaptic or cardiovascular dysfunctions.42e44
These seemingly inconsistent behavioral data underline
the importance of age, sex, and strain differences with
respect to evaluating a role of eNOS in learning and
memory.

Partial eNOS-Deﬁcient Mice Display Key
Features of CSVD
Alteration of the arteriosclerosis-dependent brain perfusion is
considered to be a major determinant of CSVD. Because cerebral hypoperfusion and cerebrovascular pathology occur
before the emergence of functional deﬁcits in the brain, as
deduced by neuroimaging and other experimental techniques,71 a more detailed characterization of younger eNOSdeﬁcient mice was performed. Regions of hypoperfused brain
and microvascular occlusion appear in eNOSþ/ mice by 3 to
6 months of age.65 Hematoxylin and eosin staining of brain
sections revealed lesions with markedly reduced cellularity
and necrosis in the core in eNOSþ/ mice (Figure 1H), as
compared to littermate control mice (Figure 1G). These lesions met all criteria required by the accepted deﬁnition of
microinfarcts: sharply delineated microscopic regions of
cellular death or tissue necrosis, often with cavitation.72
Moreover, different stages of microinfarcts based on hematoxylin and eosin histology were detected in eNOSþ/ brain at
various ages; the multiple pale lesions detected in older mice
most likely corresponded to chronic or late-stage infarcts
(Figure 1I), presumably with damaged tissue phagocytized.
No similar lesions at any stage were detected in eNOSþ/þ
mice up to 24 months of age.
To determine the cause(s) of vascular obstruction, of
ﬁbrinogen/ﬁbrin immunohistochemistry was used to detect
the presence of intravascular microthrombi in multiple
cortical and subcortical regions, blocking the vessels in aged
eNOSþ/ mice (Figure 2, A and B) and, to a lesser degree,
in young eNOSþ/ mice. Most of the intravascular thrombi
were much smaller than the lumen of the arterioles and were
not washed out by transcardial perfusion used for the
preparation of tissues before histochemistry. Thus, the in
situ mural thrombi most likely represent thrombosis rather
than thromboembolism.
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BBB Leakage Is One of the Earliest Pathologies
Detected in Partial eNOS-Deﬁcient Mice
BBB leakage was observed in eNOSþ/ mice in agedependent manner based on FITCedextran angiography
as well as quantitative mouse IgG extravasation (Figure 2,
CeE).65 Due to the sensitivity of FITCedextran (150 kDa),
the onlyquantiﬁable leakage detected in eNOSþ/ brain was
at <6 months of age. Use of FITCedextran of a lower
molecular weight range (3 to 30 kDa) as a tracer failed to
indicate ﬂuorescence in the brain, presumably due to rapid
systemic clearance. Evans blue dye was subsequently used
to determine the youngest age at which BBB leakage occurs
in the brains of eNOS-deﬁcient mice. Evans blue (980 Da)
is an azo dye that has a high afﬁnity for serum albumin (67
kDa). Because serum albumin cannot cross the BBB and
virtually all Evans blue is bound to albumin, in case of
compromised BBB, albumin-bound Evans blue enters the
parenchymal tissue in central nervous system. Because
Evans blue ﬂuoresces with excitation peaks at 470 and 540
nm and an emission peak at 680 nm, it can be detected in
brain sections under ﬂuorescent microscope using the
rhodamine ﬁlter.
BBB leakage was detected as early as 4 months of age in
eNOSþ/ mice (Figure 2F), and in even younger eNOS
knockout mice (Figure 2G, H), while no leakage was
detected in WT control mice at 26 months of age
(Figure 2I). BBB leakage primarily occurred in the frontal
and parietal cortex (ie, 2.0 to 2.0 mm as to bregma) of the
eNOS-deﬁcient mice; as mice aged, BBB leakage expanded
to deeper brain areas (eg, temporal-parietal cortex and hippocampus). Of note, the areas of BBB leakage correlated
spatially with hypoperfused tissues and CAA clusters in
parietal cortex of young eNOSþ/ mice. Because of the
well-recognized roles of eNOS-mediated signaling in
angiogenesis and vasculogenesis during development as
well as in vascular permeability (eg, modulating vascular
endothelial growth factor signaling), it is not surprising to
observe hypoperfusion and compromised BBB integrity at
this young age. However, whether the BBB damage is a
result of the intrinsic hypoperfusion in eNOS model remains
to be determined.

Middle-Aged eNOS-Deﬁcient Mice Elicit Severe
White Matter Pathology, Neurodegeneration in
Cortical Layers II/III and V, and Gait
Disturbances
In contrast to the extensively studied gray matter, which
contains the cell bodies of neurons (somata), the relatively
understudied white matter consists mostly of glial cells and
myelinated axons encompassing the largest and deepest
parts of the brain. Long-range myelinated axons are crucial
for transmitting electrical nerve signals among distant brain
nuclei and are thus required for the formation of proper
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Figure 2 Evidence of age-dependent blood-brain barrier leakage and thrombosis in endothelial nitric oxide synthase (eNOS) model. A: Evidence of
thrombosis. Representative images of ﬁbrinogen/ﬁbrin (red) and/or CD31 (green) immunohistochemistry in the brain sections of 18-montheold eNOSþ/
mice. Boxed areas: White arrows indicate individual ﬁbrinogen clots inside the arterioles. B: Western blot of eNOS forebrain lysate probed with antiﬁbrinogen antibody. Quantiﬁcation was done on the basis of three mice per genotype, run three times. P value obtained by unpaired t-test. C: Representative images of anti-mouse IgG immunohistochemistry with DAPI counterstaining show parietotemporal cortical vascular extravasations of mouse serum IgG
(green) in old eNOSþ/ mice. Mice were perfused transcardially, vibratome sectioned (60 mm thick), followed by immunostaining with Alexa 488egoat antimouse IgG antibody. White arrows in the right panel indicate leaky vascular areas. D: Quantiﬁcation of extravasated mouse IgG based on anti-mouse IgG
immunoblot analysis from mice after perfusion. Note less expression of b-actin in hippocampus (Hipp) than in cortex (Cort). Values are normalized to b-actin
of 20 mg total proteins. E: Representative image of FITCedextran angiography taken from 18-montheold eNOSþ/ mice. Angiography taken 60 minutes after
injection of FITC-dextran (150 kDa), showing diffusive ﬂuorescent signal as an indication of leaky vessels surrounding the occluded area located in parietal
association cortex. FeI: Representative images of Evans blue angiography taken in young eNOSþ/ mice taken at 1.85 to 2.0 mm bregma. Evans blue was
injected in 200-mL volume through mouse tail vein. Mice were euthanized 5 minutes later without perfusion, and whole brains were removed and vibratome
processed to 100-mm serial sections for ﬂuorescent imaging using rhodamine ﬁlter. Notes: Figures in A and C through E are modiﬁed from the published ﬁgures
used in Tan et al,65 used with permission from Springer Nature and BMC. Data are expressed as means  SEM (D). n Z 4 animals for each genotype (D).
*P < 0.05. Scale bars: 500 mm (A, left panel); 50 mm (A, right panels); 100 mm (C, left panel); 20 mm (C, right panel); 200 mm (E); 300 mm (FeI).

neuronal circuits and their function.73 White matter has
received increasing attention as a locus of heightened injury
in dementia over the last decade. White matter hyperintensities are an invariant pathologic feature of
CSVD,23e27 and manifest as loci of demyelination and
vascular degeneration at the histopathologic level. As the
specialized myelin-producing cells in the central nervous
system, oligodendrocytes have also received much attention
in recent years as a new player in neuroglial vascular unit.74
Cells at different stages of oligodendrocyte lineage have
been differentiated by distinct molecular markers detectable
by ﬂow cytometry analysis.75
White matter pathology was examined in eNOS-deﬁcient
mice at various ages. While Luxol fast blue staining
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indicated myelin loss in eNOSþ/ brains at 12 months of
age (Figure 3, A and D), more severe loss was detected in
eNOS/ brain at the same age. Quantiﬁcation of immunostaining with an antibody against myelin-binding protein
indicated signiﬁcant myelin loss in the cortex (Figure 3,
GeI) and corpus callosum (CC) (Figure 3, JeL), but not in
the striatum in eNOSþ/ mice (data not shown). Thinning of
the CC, the largest white matter tract in the mouse brain,
was found at the older age of 24 months. Reduced numbers
of mature oligodendrocytes (GalCþ/O4þ/MOGþ)75 were
detected by both immunohistochemistry and ﬂow cytometry. Concomitantly, signiﬁcantly enhanced expression of
oligodendrocyte progenitors (A2B5þ/PDGFRaþ)75 was
seen at the onset of disease (12 months of age), suggesting
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an attempt by the degenerating oligodendrocytes to repair
myelin. Moreover, reduced immunostaining of both oligodendrocyte transcription factor 1 (oligo1) and the mature
somatic marker CC1, which label immature and functionally
mature oligodendrocytes (the neuroglial cell type responsible for myelin production), respectively, was also indicated. No signiﬁcant changes were observed in the number
of endothelial cells, astrocytes, or microglia (F.-F.L., unpublished data).
Luxol fast blueeNissl double staining also revealed
disorganized cortical structure with signs of severe neurodegeneration in cortical pyramidal neuronal layers II/III
and V, as evident from the presence of an empty vacuole
(Figure 3E and F, as compared to Figure 3B, C), suggestive of loss of myelin sheath. Of note, similar neurodegenerative pathology is detected in superﬁcial cortical
layers II/III and V in clinical specimens of both early
demented AD76 and post-stroke brains.77 Markedly
elevated levels of not only oxidative stress (reactive oxygen species) by dihydroethidium staining, most prominently in the parietal cortical region, but also astrogliosis
(glial ﬁbrillary acidic protein) were observed, speciﬁcally
around the degenerating neurons in the cortical layers II/III
and V. However, there was no signiﬁcant increase in Iba1epositive microglia in the brains of 12-montheold
eNOSþ/ mice. In addition, gait deﬁciencies were detected
in eNOS-deﬁcient mice (both eNOSþ/ and eNOS/) at
this age, determined by signiﬁcantly impaired performance
during the catwalk testing. We posit that these motor
deﬁcits may be caused by loss of sensory neuronal function in cortical layer V. No hippocampus-dependent spatial
memory deﬁcits were detected by 12 months of age, as
determined by cross maze and water maze tests (F.-F.L.,
unpublished data). Because the corticohippocampal circuits have long been established to be crucial for memory,78 the demyelinated axons in white matter at early age
was expected to negatively impact the cortical, and ultimately, hippocampal neurodegeneration. This hypothesis
is being tested by in vitro and in vivo electrophysiology in
eNOS model. Furthermore, disrupted axonal integrity has
been reported by cerebral hypoperfusion79; it remains to be
determined if impaired cortical impulse axonal conduction
is present in eNOSþ/ mice at a young age. Impaired
axonal impulse conduction is likely to occur in these animals based on the presence of obvious demyelination in
their brains. In light of the recent seminal studies that have
demonstrated crucial roles of pericyte/BBB in white matter
health33 and in neuronal circuit regulation,80 pericyte-

mediated events seen in the brains of eNOSþ/ mice
were explored.

Potential Molecular Mechanisms Linking
Hypoperfusion and BBB Leakage with White
Matter Pathology
Members of transforming growth factor-b superfamily,
which include bone morphogenetic proteins (BMPs), are
implicated in aging and cardiovascular diseases,81 as well as
in the AD,82 and various forms of CSVD.83 A mutation in
HtrA1 gene, encoding a serine protease that represses
signaling by transforming growth factor-b family members,
has been associated with a major cause of an inherited form
of CSVDecerebral autosomal recessive arteriopathy with
subcortical infarcts and leukoencephalopathy.84 The BMPs,
the largest subfamily of the transforming growth factor-b
superfamily, have recently been postulated to be involved in
CSVD pathogenesis.85 BMP4 signaling has been widely
reported as a key negative regulator of neurogenesis and
brain development, adult hippocampal neurogenesis, astrogliogenesis,86 and oligodendrocyte differentiation.87
Expression of BMP4, BMP6, and BMP7 is up-regulated
after acute injury in areas of white matter damage in
experimental autoimmune encephalomyelitis models.88
Blocking BMP signaling by the pan-inhibitor Noggin or
other compounds promotes remyelination in various
experimental models. This strategy is currently considered a
promising treatment in multiple sclerosis.89 It remains unclear whether this strategy will also beneﬁt BBB integrity
and restore white matter functions in the eNOSþ/ mouse
model.
BMP4 is up-regulated in the brains of patients with
vascular dementia as well as in the hypoperfused brain of
mice undergoing bilateral common carotid artery stenosis.83
Pericytes are proposed to be the source of up-regulated
BMP4. Interestingly, up-regulated BMP4 gene expression
was detected on the isolated microvessels from eNOSþ/
mouse brain at young age (7 months of age) (F.-F.L., unpublished data). More importantly, no signiﬁcant white
matter changes were detected at this young age; loss of
CC1-positive mature myelin-producing oligodendrocytes
occurred only around 12 months of age. Unfortunately, the
immunohistochemistry signals of BMP4 could not be optimized inspite of using multiple commercial antibodies. As
an alternative approach, BMP4 reporter mice with fusion of
the cyan ﬂuorescent protein gene (CFP) under mouse BMP4

Figure 3 Myelin loss in endothelial nitric oxide synthase (eNOS) model at 12 months of age. AeF: Representative images of Luxol fast blue (LFB) and Nissl
double-stained sections (coronal; 16 mm thick) of brains of eNOSþ/ and control littermates in whole brain (A and D) and frontal cortical regions (B, C, E, and
F). B: Red double arrows and the corresponding Roman numerals indicate cortical layers I through V. G and H: Double-staining immunohistochemistry on
myelin-binding protein (MBP; red) and NFP-200 (green). I: Quantiﬁcation of MBP immunoﬂuorescence signals in the cortical region based on three pairs of
eNOSþ/ and control mice. J and K: Representative images of MBP immunohistochemistry. The dashed white lines (upper left) delineate the cortical surface.
L: Quantiﬁcation of MBP immunoﬂuorescence signals in the corpus callosum region based on three pairs of eNOSþ/ and control mice. *P < 0.05, **P < 0.01.
Scale bars: 1 mm (A and D); 150 mm (B and E); 40 mm (C and F); 50 mm (G and H); 500 mm (J and K).
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Figure 4

Mechanistic hypothesis and supporting evidence. AeC: Up-regulated bone morphogenetic protein 4 (BMP4) distribution on blood-brain barrier
(BBB) predominantly on descending arterioles in frontal-parietal cortex of endothelial nitric oxide synthase (eNOS)edeﬁcient mice at young age. A: Microscopic
image of BMP4-CFP reporter mice on eNOSþ/þ and eNOSþ/ background (5 to 6 months of age) using wide DAPI ﬁlter. B and C: Quantiﬁcation graphs are based on
the BMP4-CFPepositive cells (B) and on the ﬂuorescent intensity of the positive cells (C). D: Approximate locations of the occluded lesions and cerebral amyloid
angiopathy (CAA; white clouds) and BBB leakage (yellow staggers) in young eNOSþ/ brain; ﬂuorescent image of hemispheric cerebrovasculature shown was taken
from young mouse brain with Pdgfrb-positive cells labeled in tdTomato; PDGFRb-tdTomato mice were derived from crossing between Pdgfrb-Cre with Ai14 (JAX
stock number 007914). Pdgfrb: Platelet-derived growth factor receptor beta. E: Schematic diagram depicts the multiple pathologic events occurring along the life
span of eNOSþ/ mice. P0: postnatal day 0. We hypothesize that the up-regulated BMP4 is an initial critical pathologic factor derived from BBB, leading to BBB
leakage/pericyte degeneration, elevated generation of reactive oxygen species (ROS), astrogliosis, and oligodendrocyte lineage changes that underpin the white
matter pathology; these pathologic sequelae are followed by subcortical and ultimately hippocampal neurodegeneration in aging eNOSþ/ mice. n Z 3 each for
genotype (A). **P < 0.01, ***P < 0.001. Scale bar Z 100 mm (A). Amyg, amygdala; Hippo, hippocampus.

promoter90 were used to image BMP4 changes under conditions of acute and chronic hypoperfusion. In BMP4-CFP
reporter mice crossed with eNOS knockout mice, upregulated CFP signal was detected in young mice with
partial eNOS deﬁciency: Figure 4A shows ﬂuorescent
pattern of a string of beads, possibly along the descending
arterioles in frontal-parietal cortex. Because the CFP
expression was under the BMP4 promoter, which was
restricted to cell nuclei, it made it convenient to count the
number of BMP4-CFPepositive cells (Figure 4B). BMP4CFPepositive cell number increased by severalfold in
young eNOSþ/ mice (Figure 4C). Similarly, microinjection
of L-NIO (a selective eNOS inhibitor) into the subcortical
region (CC) also induced BMP4 signals locally 24 hours
later (F.-F.L., unpublished data), suggesting a link between
impaired NO signaling and BMP expression. Microinjection
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of L-NIO into the subcortical region has been reported to
induce white matter demyelination.91 The identity of the cell
type(s) with up-regulated BMP4 expression on hypoperfusion is currently under investigation. Nevertheless, in
most experimental cases studied, BMP4 signaling is known
to act in a nonecell-autonomous and paracrine manner.
Because both the BBB leakage and the up-regulated
BMP4 in microvessels occur at young age in eNOSþ/
mice, it is unclear whether the up-regulated BMP4 is
directly involved in BBB breakdown (Figure 4D). As
summarized in Figure 4E, we hypothesize that up-regulation
of BMP4 is an early molecular event that triggers BBB
dysfunction in the brains of eNOSþ/ mice, before demyelination. Advanced mouse imaging tools (ie, BMP4 and
pericyte reporter mice) are anticipated to help unambiguously determine the spatial and temporal events of BMP4
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up-regulation, including the responsible cell type(s), in
relation to BBB leakage and pericytic changes in the eNOS
model. We also speculate that the impaired NO signaling is
the key factor underlying early pathologic events in the
eNOSþ/ mouse model, and have compelling data supporting this theory. Feeding eNOS-deﬁcient mice sodium
nitrate in drinking water for 6 to 8 weeks to restore NO
signaling and vascular homeostasis,92,93 not only rescued
BBB leakage and prevented BMP4 up-regulation, it also
restored myelin levels in white matter (F.-F.L., unpublished
data). On the basis of these observations, we posit that
regardless of the cellular source for BMP4, its known
paracrine actions could directly trigger white matter
degeneration via promoting astrogliosis and interfering with
oligodendrocyte differentiation.84,85 Although pericyte loss/
BBB disruption has emerged as an early biomarker of
cognitive deﬁcits in patients, strategies to repair the
dysfunctional BBB are limited.94 Further characterization of
BMP4 signaling cross talk between microvessels and neurovascular units and the elucidation of gene networks
involved in these interactions in our eNOS model are likely
to unravel novel therapeutic interventions that will preserve
integrity of BBB and optimal functionality of the white
matter.

Comparison with Other Models of Chronic
Hypoperfusion
Currently, there are more than a dozen rodent models that
develop major features of human CSVD.95 Systematic reviews of these models reveal ﬁve major categories: i)
embolic injuries; ii) hypoperfusion-based injuries (bilateral
common carotid occlusion/stenosis, subcortical injection of
L-NIO, or striatal injection of endothelin-1); iii)
hypertension-based injuries; iv) blood vessel damage-based
injuries; and v) diet-induced hemorrhage/microbleed (eg,
hyperhomocysteinemia). None of these experimental
models elicits all features of the human disease. The optimal
choice of a model depends on the aspect of pathophysiology
being studied.
Over the last decade, bilateral common carotid occlusion/
stenosis has been the most widely used model of chronic
hypoperfusion. This bilateral common carotid occlusion/
stenosis surgery in both rats and mice recapitulates several
major white matter changes, including reduced parenchymal
cerebral blood ﬂow, oligodendrocyte loss and glial activation, disrupted clearance of intracerebral ﬂuid and BBB, and
cognitive impairment.96,97 However, there are two shortcomings of bilateral common carotid occlusion/stenosis
models: large intrinsic variance in cerebral hypoperfusion
for each animal and a sudden and severe blood ﬂow
reduction; all pathologic events occur relatively quickly
(within 2 to 3 months after the induction of hypoperfusion).
Although none of the bilateral common carotid occlusion/
stenosis studies went beyond age of 12 months, likely
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because of higher mortality in older animals, it is difﬁcult to
identify the earliest causative events using these models.
Chronic hypertensive rodent models display several key
features of CSVD seen in hypertensive patients who
develop SVD with age. The stroke-prone spontaneously
hypertensive rat is the most widely used model. Evidently,
these rats are genetically susceptible to stroke independent
of severe hypertension. Studies on these rats may therefore
provide useful information about the genetic underpinnings
of particular types of cerebrovascular disease, such as
lacunar infarction and intracerebral hemorrhage.98 In our
opinion, heterozygous eNOS-deﬁcient mice brains more
closely mimic the sequalae of silent infarcts. To our
knowledge, this is the ﬁrst age-dependent spontaneous
model linking chronic hypoperfusion and demyelination
directly to neurodegeneration and thus represents an ideal
model for studying mechanisms underlying degeneration of
BBB and white matter. However, because of the sporadic
nature of microinfarctions in this model, it is difﬁcult to
determine the degrees of hypoperfusion; magnetic resonance imaging did not detect signiﬁcant cortical microinfarctions, possibly because microinfarcts in mice become
more difﬁcult to discern by structural/diffusion imaging in
the subacute to chronic stage of injury.99 It remains to be
determined if chronic and potentially mild hypoperfusion
can be detected with more advanced imaging module, such
as the arterial spin labeling magnetic resonance perfusion
technique.

Concluding Remarks and Perspective
A unique age-dependent spontaneous mouse model with
aspects of VCID pathology. Mice deﬁcient in eNOS
expression, both partially (eNOSþ/) or completely
(eNOS/), represent a unique spontaneous model for
studying pathologic mechanisms induced by chronic hypoperfusion. The heterozygous eNOS mice develop all phenotypes identiﬁed in knockout mice, but at an older age
(3 to 4 months older). Moreover, studies examining eNOS
mice of various ages led to the identiﬁcation of early molecular and cellular mechanisms involved in cerebrovascular
pathology of these animals. Of note, several early pathologic events we identiﬁed (eg, nonperfusion, BBB leakage,
and BMP4 up-regulation on descending arterioles) were all
ﬁrst detected in frontal cortex, which subsequently progressed to parietal and temporal cortices as mice age. This
pattern appears to mirror to a large degree the patterns
detected in AD patients,66e68 presumably because of
intrinsic vessel architecture (eg, watershed areas).
An ideal model for studying CSVD in both gray and
white matter. Partially eNOS-deﬁcient mice spontaneously
developed chronic cerebral hypoperfusion in multiple
areas that precisely matched the most vulnerable areas of
hypoperfusion seen in early dementia patients. These areas
also demonstrated elevated reactive oxygen species and
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neuroinﬂammation, microbleeds, CAA in middle-aged
mice, followed by hippocampal neurodegeneration in
older mice. Moreover, BBB leakage and striking demyelination and oligodendrocyte loss in parietal cortical areas
of these mice occur at young-middle age; these pathologic
manifestations are also accompanied by marked astrogliosis and selective loss of pyramidal neurons in cortical
layers II/III and V. Interestingly, in this mouse model,
neurodegeneration was ﬁrst observed in the cortical pyramidal neurons, before the deeper hippocampal neuronal
change. This is consistent with the sequence of the pathologic changes in dementia patients with AD and vascular
dementia (eg, after stroke).
Limitations of studying mechanisms of white matter pathology in rodents. Despite the fact that rodent models are
widely used in dementia research, there are two main
shortcomings of using brains of rodents as proxies of human
brains (ie, the white matter content of rodent brains is
considerably smaller, and there are signiﬁcant differences in
the cortical microvasculature between rodents and humans).
While there are more penetrating arterioles than penetrating
venules in the human cortex, it is the opposite in rodents.100
The microvascular architecture that supports white matter
likely also differs between humans and rodents but remains
to be investigated in detail. Finally, there are major differences in the white matter tracts that are commonly studied in
rodents and humans. Although most studies in mice focus
on the corpus callosum or external capsule, the equivalent
juxtacortical tracts in the human brain correspond to
superﬁcial white matter ﬁbers.
Mechanistic hypothesis: Given an increasingly appreciated role of pericytes in maintaining the functional integrity
of the BBB and the neurovascular unit, and in the regulation
of capillary blood ﬂow, up-regulated BMP4 is proposed to
be the initial critical pathologic factor acting on other cell
types within the neurovascular unit. We theorize that this
aberrant BMP4 signaling leads to BBB leakage, elevated
generation of reactive oxygen species, astrogliosis, and
oligodendrocyte lineage changes that underpin white matter
pathology; these pathologic sequelae are followed by
subcortical and ultimately hippocampal neurodegeneration
in aging eNOSþ/ mice. Therefore, normalization of BMP4
signaling may be a potential therapeutic strategy for preventing age-dependent white matter pathology and
neurodegeneration.

Acknowledgments
We thank the former members of Dr. Liao’s laboratory (Drs.
Lubin Lan, Yuejiang Xue, JingJing Li, and Mahesh C.
Kodali) for contributing unpublished data cited in this review; Dr. Richard Behringer (MD Anderson Cancer Center)
for the use of BMP4eCFP mice; Dr. Max Tischﬁeld
(RutgerseState University of New Jersey) for providing the
mouse breeders; and Dr. Volkhard Lindner Center (Maine

1942

Medical Center Research Institute) for providing the PdgfrbCre breeder mice.

Author Contributions
R.R., F.-M.Z., and A.Y.S. contributed to the framework of
this review. F.-F.L. wrote and R.R. and A.Y.S. edited the
review. X.-L.T., G.L., X.C., L.C., and W.Z. performed most
of the experiments. All authors read and approved the ﬁnal
manuscript.

References
1. Snyder HM, Corriveau RA, Craft S, Faber JE, Greenberg S,
Knopman D, Lamb BT, Montine T, Nedergaard M, Schaffer CB,
Schneider JA, Wellington C, Wilcock DM, Zipfel GJ, Zlokovic B,
Bain LJ, Bosetti F, Galis ZS, Koroshetz W, Carrillo MC: Vascular
contributions to cognitive impairment and dementia including Alzheimer’s disease. Alzheimers Dement 2015, 11:710e717
2. Schneider JA, Arvanitakis Z, Bang W, Bennett DA: Mixed brain
pathologies account for most dementia cases in community-dwelling
older persons. Neurology 2007, 69:2197e2204
3. Iadecola C: The pathobiology of vascular dementia. Neuron 2013, 80:
10
4. Attems J, Jellinger KA: The overlap between vascular disease and
Alzheimer’s disease - lessons from pathology. BMC Med 2014, 12:
206
5. Pantoni L: Cerebral small vessel disease: from pathogenesis and
clinical characteristics to therapeutic challenges. Lancet Neurol 2010,
9:689e701
6. Bernick C, Kuller L, Dulberg C, Longstreth W Jr, Manolio T,
Beauchamp N, Price T: Silent MRI infarcts and the risk of future
stroke: the cardiovascular health study. Neurology 2001, 57:
1222e1229
7. Vermeer SE, Longstreth WT, Koudstaal PJ: Silent brain infarcts: a
systematic review. Lancet Neurol 2007, 6:611e619
8. Arvanitakis Z, Leurgans SE, Barnes LL, Bennett DA, Schneider JA:
Microinfarct pathology, dementia, and cognitive systems. Stroke
2011, 42:722e727
9. Smith EE, Schneider JA, Wardlaw JM, Greenberg SM: Cerebral
microinfarcts: the invisible lesions. Lancet Neurol 2012, 11:272e282
10. Abraham HM, Wolfson L, Moscufo, Guttmann CRG, Kaplan RF,
White WB: Cardiovascular risk factors and small vessel disease of the
brain: blood pressure, white matter lesions, and functional decline in
older persons. J Cereb Blood Flow Metab 2016, 36:132e142
11. Fisher CM: Lacunar infarcts: a review. Cerebrovasc Dis 1991, 1:
311e320
12. Khan U, Porteous L, Hassan A, Markus H: Risk factor proﬁle of
cerebral small vessel disease and its subtypes. J Neurol Neurosurg
Psychiatry 2007, 78:702e706
13. Markus HS, Lythgoe DJ, Ostegaard L, O’Sullivan M, Williams SCR:
Reduced white matter CBF in ischaemic leukoaraiosis demonstrated
using quantitative exogenous contrast based perfusion MRI. J Neurol
Psychiat Neurosurg 2000, 69:48e53
14. Brown R, Benveniste H, Black SE, Serge Charpak S, Dichgans M,
Joutel A, Nedergaard M, Smith KJ, Zlokovic BV, Wardlaw JM:
Understanding the role of the perivascular space in cerebral small
vessel disease. Cardiovasc Res 2018, 114:1462e1473
15. Wardlaw JM, Smith C, Dichgans M: Mechanisms underlying sporadic cerebral small vessel disease: insights from neuroimaging.
Lancet Neurol 2013, 12:483e497
16. Wardlaw JM, Sandercock PA, Dennis MS, Starr J: Is breakdown of
the blood-brain barrier responsible for lacunar stroke, leukoaraiosis,
and dementia? Stroke 2003, 34:806e812

ajp.amjpathol.org

-

The American Journal of Pathology

Insufﬁcient NO and CSVD
17. Wardlaw JM, Doubal F, Armitage P, Chappell F, Carpenter T,
Maniega SM: Lacunar stroke is associated with diffuse blood-brain
barrier dysfunction. Ann Neurol 2009, 65:194e202
18. Farrall AJ, Wardlaw JM: Blood-brain barrier: ageing and microvascular disease: systematic review and meta-analysis. Neurobiol Aging
2009, 30:337e352
19. Yang Y, Rosenberg GA: Bloodebrain barrier breakdown in acute and
chronic cerebrovascular disease. Stroke 2011, 42:3323e3328
20. Wardlaw JM, Doubal FN, Valdes-Hernandez M, Wang X,
Chappell FM, Shuler K, Armitage PA, Carpenter TC, Dennis MS:
Blood-brain-barrier permeability and long-term clinical and imaging
outcomes in cerebral small vessel disease. Stroke 2013, 44:525e527
21. Wardlaw JM, Markin SJ, Valdes Hernandez MC, Armitage PA,
Heye AK, Chappell FM, Munoz-Maniega S, Sakka E, Shuler K,
Dennis MS, Thrippleton MJ: Blood-brain barrier failure as a core
mechanism in cerebral small vessel disease and dementia: evidence
from a cohort study. Alzheimers Dement 2017, 13:634e643
22. Simpson JE, Wharton SB, Cooper J, Gelsthorpe C, Baxter L,
Forster G, Shaw PJ, Savva G, Matthews FE, Brayne C, Ince PG:
Alterations of the blood-brain barrier in cerebral white matter lesions
in the ageing brain. Neurosci Lett 2010, 486:246e521
23. Zhang EC, Wong SW, Uiterwijk R, Backes WH, Jansen JFA,
Jeukens CRLPN, Oostenbrugge RJ, Staals J: Blood-brain barrier
leakage in relation to white matter hyperintensity volume and
cognition in small vessel disease and normal aging. Brain Imaging
Behav 2019, 13:389e395
24. Longstreth WT Jr, Manolio TA, Arnold A, Burke GL, Bryan N,
Jungreis CA, Enright PL, O’Leary D, Fried L: Clinical correlates of
white matter ﬁndings on cranial magnetic resonance imaging of 3301
elderly people: the cardiovascular health study. Stroke 1996, 27:
1274e1282
25. The LADIS Study Group, Poggesi A, Pantoni L, Inzitari D,
Fazekas F, Ferro J, O’Brien J, Hennerici M, Scheltens P,
Erkinjuntti T, Visser M, Langhorne P, Chabriat H, Waldemar G,
Wallin A, Wahlund A: 2001-2011: A decade of the LADIS (Leukoaraiosis And DISability) study: what have we learned about white
matter changes and small-vessel disease? Cerebrovasc Dis 2011, 32:
577e588
26. Fernando MS, Simpson JE, Matthews F, Brayne C, Lewis CE,
Barber R, Kalaria RN, Forster G, Esteves F, Wharton SB, Shaw PJ,
O’Brien JT, Ince PG: White matter lesions in an unselected cohort of
the elderly: molecular pathology suggests origin from chronic
hypoperfusion injury. Stroke 2006, 37:1391e1398
27. Hase Y, Horsburgh K, Ihara M, Kalaria RN: White matter degeneration in vascular and other ageing-related dementias. J Neurochem
2018, 144:617e633
28. Van de Haar HJ, Burgmans S, Jansen JFA, van Osch MJP, van
Buchem MA, Muller M, Hofman PAM, Verhey FRJ, Backes WH:
Blood-brain barrier leakage in patients with early Alzheimer disease.
Radiology 2016, 281:527e535
29. Nation DA, Sweeney MD, Montagne A, Sagare AP, D’Orazio LM,
Pachicano M, Sepehrband F, Nelson AR, Buennagel DP,
Harrington MG, Benzinger TLS, Fagan AM, Ringman JM,
Schneider LS, Morris JC, Chui HC, Law M, Toga AW, Zlokovic BV:
Blood-brain barrier breakdown is an early biomarker of human
cognitive dysfunction. Nat Med 2019, 25:270e276
30. Montagne A, Nation DA, Sagare AP, Barisano G,
Sweeney MD, Chakhoyan A, Pachicano M, Joe E, Nelson AR,
D’Orazio LM, Buennagel DP, Harrington MG, Benzinger TLS,
Fagan AM, Ringman JM, Schneider LS, Morris JC,
Reiman EM, Caselli RJ, Chui HC, Tcw J, Chen Y, Pa J,
Conti PS, Law M, Toga AW, Zlokovic BV: APOE4 leads to
blood-brain barrier dysfunction predicting cognitive decline.
Nature 2020, 581:71e76
31. Armulik A, Genove G, MaeM, Nisancioglu MH, Wallgard E,
Niaudet C, He L, Norlin J, Lindblom P, Strittmatter K, Johansson BR,

The American Journal of Pathology

-

ajp.amjpathol.org

32.

33.

34.

35.

36.

37.

38.
39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Betsholtz C: Pericytes regulate the blood-brain barrier. Nature 2010,
468:557e561
Sweeney M, Zhao Z, Montagne A, Nelson AR, Zlokovic BV: Bloodbrain barrier: from physiology to disease and back. Physiol Rev 2019,
99:21e78
Montagne A, Nikolakopoulou AM, Zhao Z, Sagare AP, Si G,
Lazic D, Barnes SR, Daianu M, Ramanathan A, Go A, Lawson EJ,
Wang Y, Mack WJ, Thompson PM, Schneider JA, Varkey J,
Langen R, Mullins E, Jacobs RE, Zlokovic BV: Pericyte degeneration
causes white matter dysfunction in the mouse central nervous system.
Nat Med 2018, 24:326e337
Furchgott RF, Zawadzki JV: The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetylcholine. Nature
1980, 288:373e376
Ignarro LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G: Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proc Natl Acad Sci U S A 1987, 84:9265e9269
Palmer RM, Ferrige AG, Moncada S: Nitric oxide release accounts
for the biological activity of endothelium-derived relaxing factor.
Nature 1987, 327:524e526
Garthwaite J, Charles SL, Chess-Williams R: Endothelium-derived
relaxing factor release on activation of NMDA receptors suggests role
as intercellular messenger in the brain. Nature 1988, 336:385e388
Faraci F, Brian JE: Nitric oxide and the cerebral circulation. Am J
Pathol 1994, 25:703
Hardingham N, Dachtler J, Fox K: The role of nitric oxide in presynaptic plasticity and homeostasis. Front Cell Neurosci 2013, 7:190
Garcia V, Sessa WC: Endothelial NOS: perspective and recent developments. Br J Pharmacol 2019, 176:189e196
Liu VWT, Huang PL: Cardiovascular roles of nitric oxide: a review
of insights from nitric oxide synthase gene disrupted mice. Cardiovasc Res 2008, 77:19e29
Shesely EG, Maeda N, Kim HS, Desai KM, Krege JH, Laubach VE,
Sherman PA, Sessa WC, Smithies O: Elevated blood pressures in
mice lacking endothelial nitric oxide synthase. Proc Natl Acad Sci U
S A 1996, 93:13176e13181
Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA,
Bevan JA, Fishman MC: Hypertension in mice lacking the gene for
endothelial nitric oxide synthase. Nature 1995, 377:239e242
Gödecke A, Decking UKM, Ding Z, Hirchenhain J, Bidmon HJ,
Gödecke S, Schrader J: Coronary hemodynamics in endothelial NO
synthase knockout mice. Circ Res 1998, 82:186e194
Li W, Mital S, Ojaimi C, Csiszar A, Kaley G, Hintze TH: Premature
death and age-related cardiac dysfunction in male eNOS-knockout
mice. J Mol Cell Cardiol 2004, 37:671e680
Baumbach GL, Sigmund CD, Faraci FM: Structure of cerebral arterioles in mice deﬁcient in expression of the gene for endothelial nitric
oxide synthase. Circ Res 2004, 95:822e829
Dai X, Faber JE: Endothelial nitric oxide synthase deﬁciency
causes collateral vessel rarefaction and impairs activation of a cell
cycle gene network during arteriogenesis. Circ Res 2010, 106:
1870e1881
Cui X, Chopp M, Zacharek A, Zhang C, Roberts C, Chen J: Role of
endothelial nitric oxide synthase in arteriogenesis after stroke in mice.
Neuroscience 2009, 159:744e750
Hassan A, Gormley K, O’Sullivan M, Knight J, Sham P,
Vallance P, Bamford J, Markus H: Endothelial nitric oxide gene
haplotypes and risk of cerebral small-vessel disease. Stroke 2004,
35:654e659
Song J, Kim OJ, Kim HS, Bae SJ, Hong SP, Oh D, Kim NK:
Endothelial nitric oxide synthase gene polymorphisms and the risk of
silent brain infarction. Int J Mol Med 2010, 25:819e823
Huang PL: eNOS, metabolic syndrome and cardiovascular disease.
Trends Endocrinol Metab 2009, 20:295e302
Duplain H, Burcelin R, Sartori C, Cook S, Egli M, Lepori M,
Vollenweider P, Pedrazzini T, Nicod P, Thorens B, Scherrer U:

1943

Liao et al

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

Insulin resistance, hyperlipidemia, and hypertension in mice lacking
endothelial nitric oxide synthase. Circulation 2001, 104:342e345
Cook S, Hugli O, Egli M, Vollenweider P, Burcelin R, Nicod P,
Thorens B, Scherrer U: Clustering of cardiovascular risk factors
mimicking the human metabolic syndrome X in eNOS null mice.
Swiss Med Wkly 2003, 133:360e363
Gouill EL, Jimenez M, Binnert C, Jayet P-Y, Thalmann S, Nicod P,
Scherrer U, Vollenweider P: Endothelial nitric oxide synthase (eNOS)
knockout mice have defective mitochondrial beta-oxidation. Diabetes
2007, 56:2690e2696
Imamura A, Takahashi R, Murakami R, Kataoka H, Cheng XW,
Numaguchi Y, Murohara T, Okumura K: The effects of endothelial nitric oxide synthase gene polymorphisms on endothelial
function and metabolic risk factors in healthy subjects: the signiﬁcance of plasma adiponectin levels. Eur J Endocrinol 2000,
58:189e195
Zintzaras E, Kitsios G, Stefanidis I: Endothelial NO synthase gene
polymorphisms and hypertension: a meta-analysis. Hypertension
2006, 48:700e710.i
Craft S: The role of metabolic disorders in Alzheimer disease and
vascular dementia: two roads converged. Arch Neurol 2009, 66:
300e305
Ferlazzo N, Gorgone G, Caccamo D, Currò M, Condello S, Pisani F,
Vernieri F, Rossini PM, Lentile R: The 894G > T (Glu298Asp)
variant in the endothelial NOS gene and MTHFR polymorphisms
inﬂuence homocysteine levels in patients with cognitive decline.
Neuromol Med 2011, 13:167e174
Jeynes B, Provias J: Signiﬁcant negative correlations between capillary expressed eNOS and Alzheimer lesion burden. Neurosci Lett
2009, 463:244e248
de la Monte SM, Lu B-X, Sohn Y-K, Etienne D, Kraft J, Wands GJR:
Aberrant expression of nitric oxide synthase III in Alzheimer’s disease: relevance to cerebral vasculopathy and neurodegeneration.
Neurobiol Aging 2000, 21:309e319
Viswanathan A, Greenberg SM: Cerebral amyloid angiopathy in the
elderly. Ann Neurol 2011, 70:871e880
Kwak YD, Wang R, Li JJ, Zhang YW, Xu H, Liao FF: Differential
regulation of BACE1 expression by oxidative and nitrosative signals.
Mol Neurodegener 2011, 6:17
Austin SA, Santhanam AV, Hinton DJ, Choi DS, Katusic ZS:
Endothelial nitric oxide deﬁciency promotes Alzheimer’s disease
pathology. J Neurochem 2013, 127:691e700
Wang R, Li JJ, Diao S, Kwak YD, Liu L, Zhi L, Bueler H, Bhat NR,
Williams RW, Park EA, Liao FF: Metabolic stress modulates Alzheimer’s b-secretase gene transcription via SIRT1-PPARg-PGC-1 in
neurons. Cell Metab 2013, 17:685e694
Tan XL, Xue YQ, Ma T, Wang X, Li JJ, Lan L, Malik KU,
McDonald MP, Dopico AM, Liao FF: Partial eNOS deﬁciency causes
spontaneous thrombotic cerebral infarction, amyloid angiopathy and
cognitive impairment. Mol Neurodegener 2015, 10:24
Hu WT, Wang Z, Lee VM, Trojanowski JQ, Detre JA, Grossman M:
Distinct cerebral perfusion patterns in FTLD and AD. Neurology
2010, 75:881
Austin BP, Nair VA, Meier TB, Xu G, Rowley HA, Carlsson CM,
Johnson SC, Prabhakaran V: Effects of hypoperfusion in Alzheimer’s
disease. J Alzheimers Dis 2011, 26(Suppl 3):123e133
Huang CW, Hsu SW, Chang YT, Huang SH, Huang YC, Lee CC,
Chang WN, Lui CC, Chen NC, Chang CC: Cerebral perfusion
insufﬁciency and relationships with cognitive deﬁcits in Alzheimer’s disease: a multiparametric neuroimaging study. Sci Rep
2018, 8:1541
Frisch C, Dere E, De Souza Silva MA, Go«decke A, Schrader J,
Huston JP: Superior water maze learning and increase in fear
related behavior in the eNOS3/3 mouse together with monoamine
changes in cerebellum and ventral striatum. J Neurosci 2000, 20:
6684e6700

1944

70. Dere E, Frisch C, De Souza Silva MA, Godecke A, Schrader J,
Huston JP: Unaltered radial maze performance and brain acetylcholine of the endothelial nitric oxide synthase knockout mouse.
Neuroscience 2001, 107:561e570
71. Klohs J, Rudin M, Shimshek DR, Beckmann N: Imaging of cerebrovascular pathology in animal models of Alzheimer’s disease.
Front Aging Neurosci 2014, 6:32
72. Shih AY, Hyacinth HI, Hartmann DA, van Veluw SJ: Rodent models of
cerebral microinfarct and microhemorrhage. Stroke 2018, 49:803e810
73. Almeida RG, Lyons DA: On myelinated axon plasticity and neuronal
circuit formation and function. J Neurosci 2017, 37:10023e10034
74. Pepper RE, Pitman KA, Cullen CL, Young KM: How do cells of the
oligodendrocyte lineage affect neuronal circuits to inﬂuence motor
function, memory and mood? Front Cell Neurosci 2018, 12:399
75. Miron VE, Kuhlmann T, Antel JP: Cells of the oligodendroglial
lineage, myelination, and remyelination. Biochim Biophys Acta
2011, 1812:184e193
76. Hof PR, Morrison JH: Quantitative analysis of a vulnerable subset of
pyramidal neurons in Alzheimer’s disease, II: primary and secondary
visual cortex. J Comp Neurol 1990, 301:55e64
77. Foster V, Oakley AE, Slade JY, Hall R, Polvikoski TM, Burke M,
Thomas AJ, Khundakar A, Allan LM, Kalaria RN: Pyramidal neurons of the prefrontal cortex in post-stroke, vascular and other ageingrelated dementias. Brain 2014, 137:2509e2521
78. Basu J, Siegelbaum SA: The corticohippocampal circuit, synaptic plasticity, and memory. Cold Spring Harb Perspect Biol 2015, 7:a021733
79. Reimer MM, McQueen J, Searcy L, Scullion G, Zonta B,
Desmazieres A, Philip R, Holland PR, Smith J, Gliddon C, Wood ER,
Herzyk P, Brophy PJ, McCulloch J, Horsburgh K: Rapid disruption
of axoneglial integrity in response to cerebral hypoperfusion. J
Neurosci 2011, 31:18185e18194
80. Nikolakopoulou AM, Montagne A, Kisler K, Dai Z, Wang Y,
Huuskonen MT, Sagare AP, Lazic D, Sweeney MD, Kong P,
Wang M, Owens NC, Lawson E, Xie X, Zhao Z, Zlokovic BV:
Pericyte loss leads to circulatory failure and pleiotrophin depletion
causing neuron loss. Nat Neurosci 2019, 22:1089e1098
81. Gordon KJ, Blobe GC: Role of transforming growth factor-b superfamily signaling pathways in human disease. Biochim Biophys Acta
2008, 1782:197e228
82. Wyss-Coray T, Lin C, Sanan DA, Mucke L, Masliah E: Chronic
overproduction of transforming growth factor-b1 by astrocytes promotes Alzheimer’s disease-like microvascular degeneration in transgenic mice. Am J Pathol 2000, 156:139e150
83. Kitazawa K, Tada T: Elevation of transforming growth factor-beta 1
level in cerebrospinal ﬂuid of patients with communicating hydrocephalus after subarachnoid hemorrhage. Stroke 1994, 25:
1400e1404
84. Verdura E, Herve D, Scharrer E, Del Mar Amador M, GuyantMarechal L, Philippi A, Corlobe A, Bergametti F, Gazal S, PrietoMorin C, Beaufort N, Bail B, Viakhireva I, Dichgans M, Chabriat H,
Haffner C, Tournier-Lasserve E: Heterozygous HTRA1 mutations are
associated with autosomal dominant cerebral small vessel disease.
Brain 2015, 138:2347e2358
85. Uemura MT, Ihara M, Maki T, Nakagomi T, Kaji S, Uemura K,
Matsuyama T, Kalaria RN, Kinoshita A, Takahashi R: Pericytederived bone morphogenetic protein 4 underlies white matter damage
after chronic hypoperfusion. Brain Pathol 2018, 28:521e535
86. Gomes WA, Mehler MF, Kessler JA: Transgenic overexpression of
BMP4 increases astroglial and decreases oligodendroglial lineage
commitment. Dev Biol 2003, 255:164e177
87. Grinspan JB: Bone morphogenetic proteins: inhibitors of myelination
in development and disease. Vitam Horm 2015, 99:195e222
88. Ara J, See J, Mamontov P, Hahn A, Bannerman P, Pleasure D,
Grinspan JB: Bone morphogenetic proteins 4, 6, and 7 are upregulated in mouse spinal cord during experimental autoimmune
encephalomyelitis. J Neurosci Res 2008, 6:125e135

ajp.amjpathol.org

-

The American Journal of Pathology

Insufﬁcient NO and CSVD
89. Harnisch K, Teuber-Hanselmann S, Macha N, Mairinger F,
Fritsche L, Soub D, Meinl E, Junker A: Myelination in multiple
sclerosis lesions is associated with regulation of bone morphogenetic
protein 4 and its antagonist Noggin. Int J Mol Sci 2019, 20:154
90. Jang CW, Gao L, Dickinson ME, Behringer RR: Bmp4-directed
nuclear cyan ﬂuorescent protein provides a tool for live imaging
and reveals cellular resolution of Bmp4 expression patterns during
embryogenesis. Int J Dev Biol 2010, 54:931e938
91. Nunez S, Doroudchi MM, Gleichman AJ, Ng KL, Llorente I,
Sozmen EG, Carmichael ST, Hinman JD: A versatile murine model
of subcortical white matter stroke for the study of axonal degeneration
and white matter neurobiology. J Vis Exp 2016, 109:53404
92. Carlström M, Larsen FJ, Nystrom T, Hezel M, Borniquel S,
Weitzberg E, Lunberg JO: Dietary inorganic nitrate reverses features
of metabolic syndrome in endothelial nitric oxide synthase-deﬁcient
mice. Proc Natl Acad Sci U S A 2010, 107:17716e17720
93. Tenopoulou M, Doulias P-T, Nakamoto K, Berrios K, Zura G, Li C,
Faust M, Yakovishina V, Evans P, Tan L, Bennett MJ, Snyder NW,
Quinn WJ III, Baur JA, Atochin DN, Huang PL, Ischiropoulos H:
Oral nitrite restores age-dependent phenotypes in eNOS-null mice.
JCI Insight 2018, 3:e122156
94. Cheng J, Korte N, Nortley R, Sethi H, Tang Y, Attwell D: Targeting
pericytes for therapeutic approaches to neurological disorders. Acta
Neuropathol 2018, 136:507e523

The American Journal of Pathology

-

ajp.amjpathol.org

95. Mustapha M, Nassir CMNCM, Aminuddin N, Safri AA,
Ghazali MM: Cerebral small vessel disease (CSVD) - lessons from
the animal models. Front Physiol 2019, 10:1317
96. Duncombe J, Kitamura A, Hase Y, Ihara M, Kalaria RN,
Horsburgh K: Chronic cerebral hypoperfusion: a key mechanism
leading to vascular cognitive impairment and dementia: closing the
translational gap between rodent models and human vascular
cognitive impairment and dementia. Clin Sci (Lond) 2017, 131:
2451e2468
97. Hainsworth A, Allan SM, Boltze J, Cunningham C, Farris C, Head E,
Ihara M, Issacs JD, Kalaria RN, Lesnik Oberstein SAMJ, Moss MB,
Nitzsche B, Rosenberg GA, Rutten JW, Salkovic-Petrisic M,
Troen AM: Translational models for vascular cognitive impairment: a
review including larger species. BMC Med 2017, 15:16
98. Nabika T, Cui Z, Masuda J: The stroke-prone spontaneously hypertensive rat: how good is it as a model for cerebrovascular diseases?
Cell Mol Neurobiol 2004, 24:639e646
99. Summers PM, Hartmann DA, Hui ES, Nie X, Deardorff RL,
McKinnon ET, Helpern JA, Jensen JH, Shih AY: Functional deﬁcits
induced by cortical microinfarct. J Cereb Blood Flow Metab 2017,
37:3599e3614
100. Hartmann DA, Hyacinth HI, Liao FF, Shih AY: Does pathology of
small venules contribute to cerebral microinfarcts and dementia? J
Neurochem 2018, 144:517e526

1945

