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Editorial on the Research Topic
 Intramural Vascular Cells: Key Therapeutic Targets for Vascular Cognitive Impairment



Alzheimer's disease is the most common type of dementia characterized by neuropathological changes such as intracellular tau tangles and extracellular deposition of β-amyloid (Aβ) as plaques and cerebral amyloid angiopathy (CAA). As the important contribution of cerebrovascular dysfunction to Alzheimer's disease has been recently uncovered, research priorities have been gradually set for basic mechanisms and clinical evidence for the role of vascular factors in the pathogenesis of dementia (Sweeney et al., 2019). The main aim of the current Research Topic was to provide a comprehensive review of cerebrovascular mural cells as a novel therapeutic target for vascular cognitive impairment.

The mural cells include pericytes within the walls of capillaries and vascular smooth muscle cells (SMCs) in the tunica media of the cerebral arterioles and leptomeningeal arteries. SMCs are observed not only in the arteries but also in the veins. The ultrastructural characteristics of the arterial and venous SMCs are described in detail by Sharp et al.. The mural cells have been known as a contributor to architectural maintenance and contraction of vessels. Recent evidence further points to their critical roles in controlling brain homeostasis such as the management of cerebral blood flow (CBF) and the clearance of waste products from the brain.

CBF is critical for the delivery of oxygen and nutrients essential for neuronal and synaptic functioning and is constantly controlled by the mural cells in response to changes in transient neuronal activity, namely neurovascular coupling. Nevertheless, whether capillary pericytes or arterial SMCs initiate the regulation is controversial. This debate mainly stems from the different definitions of the pericytes. The mural cells on the proximal branches coming off penetrating arterioles are sometimes described as pericytes, but the same cells are named as SMCs in other reports, demonstrating the heterogeneity of this cell population (Grant et al., 2019). These cells are positioned at the transition between arterioles and capillaries and have shared some characteristics with pericytes and SMCs (Uemura et al.). In this topic, Zhou et al. showed the regional and large network cerebral dysfunction in a cohort of cerebral small vessel disease with gait disturbance by using functional MRI. Considering the crucial impact of neurovascular coupling on functional MRI, the pathogenic mechanism may be represented by degenerated mural cells in small vessel disease. Nelson et al. examined contractility of brain pericytes by employing a new optogenetic model developed by crossing pericyte-specific CreER mouse line with mice expressing channelrhodopsin-2. Excitation of channelrhodopsin-2 by 488 nm light resulted in pericyte contraction followed by constriction of the capillary leading to the reduction of regional blood flow. These results clearly demonstrate the pivotal roles of pericytes in the regulation of capillary blood flow.

Apart from their role in cerebral perfusion mural cells also contribute to the clearance of waste products from the brain. Small molecules are internalized by pericytes through receptor-mediated endocytosis or non-specific pinocytosis. In addition, mural cells are involved in the lymphatic drainage system of the brain. The central nervous system is devoid of classical lymph vessels. Instead, waste products from neurons and glia are cleared through the intramural periarterial drainage (IPAD) (Albargothy et al., 2018). Piotrowska et al. injected a fluorescent tracer into the entorhinal cortex of living and sacrificed rats and found that the tracer accumulated in the vascular outer and inner basement membrane in living rats, while it appeared to diffuse along the ventricles and hippocampal fibre tracts in sacrificed animals. The tracer was also observed in the cervical lymph nodes in living rats, but not in sacrificed, suggesting IPAD is an active clearance system driven by vital functions.

Soluble Aβ secreted from neurons diffuse and enter IPAD pathways within the basement membranes of capillaries continuing with the basement membranes surrounding SMCs of intracerebral arteries. Accumulating lines of evidence have shown that impaired IPAD is one of the potential mechanisms for the pathogenesis of Alzheimer's disease and CAA. IPAD flow rapidly moves toward the leptomeningeal arteries where the deposition of Aβ is prominent in CAA (Keable et al., 2016). Cerebrovascular Aβ accumulation eventually induce cerebral microbleeds as well as fatal ICH as shown by Saito et al.. Interestingly, Tsuji et al. reported that cilostazol, a phosphodiesterase 3 inhibitor, improved cognitive function in the Ts65Dn mouse, a model of Down syndrome. Patients with Down syndrome exhibit Aβ plaques and CAA, which is presumably due to the triplication of genes on human chromosome 21. Increased expression of the amyloid precursor protein gene would play a major role in the pathogenesis of CAA in Down syndrome, due to the overproduction of Aβ. Considering that cilostazol can facilitate IPAD (Maki et al., 2014), promotion of IPAD can be a therapeutic approach for Down syndrome as well as Alzheimer's disease.

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) and cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) are two of the representative hereditary small vessel diseases accompanied by degeneration of mural cells (Uemura et al., 2020). Both CADASIL and CARASIL are characterized by lacunar infarcts, cerebral microbleeds, white matter injury, and enlarged perivascular spaces. These changes are similar to the findings in patients with sporadic small vessel disease (Shindo, Ishikawa et al.), suggesting that understanding the pathogenesis of CADASIL and CARASIL is important for analysing sporadic small vessel disease (Mizuno et al.).

Within this series of papers, Panahi et al. demonstrated that gene and protein expression of GLUT2 and GLUT4 were altered in a cellular model and post-mortem brains of CADASIL patients, which was consistent with decreased CBF and glucose uptake in CADASIL patients. CADASIL has been considered a rare disease caused by the mutation of NOTCH3 gene. Shindo, Tabei et al. estimated the prevalence rate as 1.20 to 3.58 per 100,000 adults based on the result of a nationwide survey in Japan. Nevertheless, Okada et al. reported 3.5% of Japanese patients presenting lacunar infarction had a NOTCH3 mutation in genetic screening. The clinical phenotype of CADASIL is diverse, ranging from asymptomatic to severe; thus, NOTCH3 mutations would be underdiagnosed, especially in patients who are currently diagnosed with sporadic small vessel disease.

Apart from proposing several pathogenic mechanisms for small vessel disease, this topic looks to the future with several therapeutic possibilities for vascular cognitive impairment. Levit et al. described the importance of antihypertensive treatment in Alzheimer's disease. They reported that white matter perivascular astrocytes had a central role in neurological vulnerability to hypertension by using transgenic rats overexpressing a pathogenic human amyloid precursor protein. Furthermore, Kato et al. proposed that transforming growth factor β signaling is a therapeutic target for protecting mural cell degeneration, as transgenic mice overexpressing transforming growth factor β1 exhibited decreased pericyte coverage and increased diameter of the capillaries. It is becoming apparent that mural cell degeneration contributes to the pathogenic processes of dementia including Alzheimer's disease. The pericytes and SMCs have become increasingly important as a therapeutic target and thus research on this topic is likely to accelerate in the future.
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There are very few reliable methods in the literature to discern with certainty between cerebral arterioles and venules. Smooth muscle cells (SMC) and pericytes are present in both arterioles and venules, so immunocytochemistry for markers specific to intramural cells (IMC) is unreliable. This study employed transmission electron microscopy (TEM) and a canine brain to produce robust criteria for the correct identification of cerebral arterioles and venules based on lumen:vessel wall area, tested against the less accurate lumen diameter:vessel wall thickness. We first used morphology of IMC to identify two distinct groups of vessels; group 1 with morphology akin to venules and group 2 with morphology akin to arterioles. We then quantitatively assessed these vessels for lumen:vessel wall area ratio and lumen diameter:wall thickness ratio. After assessing 112 vessels, we show two distinct groups of vessels that can be separated using lumen:vessel wall area (group 1, 1.89 −10.96 vs. group 2, 0.27–1.57; p < 0.001) but not using lumen diameter:vessel wall thickness where a substantial overlap in ranges between groups occurred (group 1, 1.58–22.66 vs. group 2, 1.40–11.63). We, therefore, conclude that lumen:vessel wall area is a more sensitive and preferred method for distinguishing cerebral arterioles from venules. The significance of this study is wide, as cerebral small vessel disease is a key feature of vascular dementia and understanding the pathogenesis relies on correct identification of vessels.

Keywords: venules, arterioles, intramural cell, transmission electron microscopy, morphology


INTRODUCTION

Throughout the literature on anatomical and pathological features of the cerebral circulation, there is a lack of consistent criteria for differentiating cerebral venules from arterioles. Most studies identify arterioles by ratio of lumen diameter to vessel wall thickness and/or the presence of vascular smooth muscle cells (SMC), either immunohistochemically, such as with α-smooth muscle actin stain, or microscopically by identifying a thick tunica media containing multiple SMC layers (Scharrer, 1940; Skalli et al., 1989; Albargothy et al., 2017). While this method allows for identification of larger leptomeningeal vessels that possess multiple SMC layers, its accuracy for identifying the smaller arterioles and venules found in brain parenchyma is questionable. These smaller vessels, derived from the neural crest of the ectoderm, both possess a form of tunica media containing a single layer of SMC and/or pericytes [both classed as intramural cells (IMC)] embedded within the same endothelial basement membrane (Rhodin, 1968; Roggendorf and Cervós-Navarro, 1983) and so could potentially have very similar ratios of lumen diameter to vessel wall thickness. Cerebral arterioles for example have been shown to be much thinner-walled than their larger counterparts (Rhodin, 1967; Dahl, 1973). Venules also traditionally have thinner walls and larger lumina, although to our knowledge, no study has provided quantification of the respective ratios for each vessel type. To confuse matters further, SMCs and pericytes both express α-smooth muscle actin and share many functional characteristics, particularly at post-capillary level (Rhodin, 1962, 1968, 1980; Krisch et al., 1984; Krisch, 1988; Skalli et al., 1989; Zhang et al., 1990; Owens et al., 2008; Díaz-Flores et al., 2009; Armulik et al., 2011). Several key differences in morphology and distribution have been observed using transmission electron microscopy (TEM) but these have been separately described and not directly compared for each vessel type (see Table 1 for summary of key differences; Rhodin, 1962, 1967, 1968, 1980; Dahl, 1973; Motta, 1990; Armulik et al., 2011).

TABLE 1. Characteristics of the intramural cells found within the walls of intracerebral arterioles and venules, as seen in transverse sections though the vessels with transmission electron microscopy.

[image: image]

Currently, to correctly distinguish cerebral venules and arterioles a combination of immunohistochemistry for α-smooth muscle actin expression and ultrastructural examination by TEM (particularly for IMC morphology) is required. Several studies claiming to just use ratio of lumen diameter to vessel wall thickness fail to recognize that vessels are rarely smoothly circumscribed or fully circular and that vessel wall thickness can be dramatically altered depending on the plane of section through the tissue (Weller et al., 1998, 2009; Mendel et al., 2013). Ultimately, this has made distinguishing small venules from arterioles challenging and studies have fundamentally confused the two (Scharrer, 1940; Roggendorf et al., 1978; Roggendorf and Cervós-Navarro, 1983). This is particularly relevant to cerebral small vessel disease in which both arterioles and venules can be affected by pathological changes such as arteriolar hyalinosis (collagenosis/fibrosis), fibrinoid necrosis or venous collagenosis. Correct identification of the type of vessel involved may help to facilitate more targeted treatment strategies.

In this study, we use TEM to ascertain if the ratio of lumen to vessel wall area is more accurate than the ratio of lumen diameter to vessel wall thickness in correctly differentiating the small arterioles and venules found in brain parenchyma. We chose to use TEM as the resolution of normal light microscopy does not allow for clear identification of the vessel wall and its components. We first differentiate vessel types based on morphology and arrangement of IMCs from published literature that have utilized TEM (Rhodin, 1962, 1968, 1980; Krisch et al., 1984; Krisch, 1988; Skalli et al., 1989; Zhang et al., 1990; Owens et al., 2008; Díaz-Flores et al., 2009; Armulik et al., 2011). We then analyze these vessels for both ratio of lumen to vessel wall area and ratio of lumen diameter to vessel wall thickness. Image analysis was performed using a beagle dog brain but the TEM methods described here are easily transferrable to any mammalian tissue to produce a robust criterion to differentiate cerebral arterioles from venules.



MATERIALS AND METHODS


Animals

The 12-year-old beagle brain tissue used in this study was supplied and intracardially perfused by the Lawson Health Sciences Research Institute, London, ON, Canada. Euthanasia was performed respecting ethical governance rules at the site.



Tissue Preparation for Transmission Electron Microscopy

Under routine general anesthesia a 12-year-old Beagle dog was perfused intracardially with 0.1 M piperazine-N, N′-bis(2-ethanesulfonic acid) buffer (PIPES, PH 7.2) followed by 4% formaldehyde plus 3% glutaraldehyde in 0.1 M PIPES buffer at PH 7.2. The brain was removed, post-fixed overnight in fresh fixative and then sectioned into 10 mm coronal slices. 60 μm coronal slices of left frontal, parietal and occipital lobes were cut using a Leica VT1000 vibratome. Representative sections of white matter and cortical gray matter were microdissected and processed for TEM according to our own optimized protocols (Sharp et al., 2017).

Tissue blocks were trimmed and 80 nm ultrathin sections cut using an Ultracut E microtome. The sections were transferred onto copper grids and counter-stained with lead citrate. Grids were examined using a Hitachi H7000 TEM operating a EMSIS MegaView III digital camera and EMSIS image capture software (formerly iTEM software, Universal TEM Imaging platform, Soft Imaging System, Münster, Germany).



Image Acquisition

Grids were examined in a sequential manner from top left to bottom right. Vessels sectioned in transverse plane were first imaged at a higher magnification for IMC analysis and then lower magnification for lumen:wall ratio analysis. We identified vessels to be in transverse plane if all components of the vessel wall could be clearly resolved.

To avoid imaging capillaries and post-capillary venules, we excluded vessels with a surface area of less than 70 μm2. We also did not include vessels that showed artifact or vessel altering pathology such as dilated perivascular spaces, extensive perivascular lipofuscin cuffs or perivenous collagenosis which would often exceed the entire vessel surface area (Black, 2011) (Figure 1).
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FIGURE 1. Representative electron micrographs showing pathology that affects the vessel wall (red arrows). Vessels showing perivascular lipofuscin cuffs (A), perivenous collagenosis (B) or dilated perivascular spaces (C) were excluded from the study.





Image Analysis

Higher power images of each vessel were used to qualitatively asses the morphology of IMC based on the ultrastructural features listed in Table 1. Low power images of the same vessels were then used to calculate both vessel lumen:wall ratio and ratio of lumen diameter to vessel wall thickness. Briefly, the vessel lumen and vessel wall were outlined in Adobe Photoshop CS6 using two distinct colors, exported as a TIFF file and then imported into ImageJ (National Institutes of Health developed imaging processing program). Image size metrics and an ImageJ threshold function was used to measure both the surface area and width of each demarcated feature to create either a lumen:wall or lumen diameter:wall thickness ratio (Figure 2). Statistical analysis was performed using SPSS and a Mann–Whitney U-test (significance set at P < 0.05).
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FIGURE 2. Representative diagram of two vessels (A,C) and how they appear once segmented into lumen (red) and vessel wall (blue; B,D). The endothelium (en), basement membrane (bm), intramural cells (IMC; sm) and leptomeninges (lm) are all included as part of the vessel wall.






RESULTS

In total, 112 vessels were analyzed. We first assessed the vessels for the morphology and arrangement of IMCs. We found that the vessels could be separated into two distinct groups that we have labeled group 1 (81 vessels) and group 2 (31 vessels). Group 1 vessels consisted of IMCs that formed a discontinuous layer and appeared spindle-like with few caveolae and electron-dense myosin bands. Group 2 vessels formed a continuous single layer and appeared block-like with multiple caveolae and electron-dense myosin bands (Figure 3). These results agree with previous findings (Table 1).
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FIGURE 3. Differences in the morphology and distribution of IMC. Vessels classified into group 1 (A–C) have spindle-like IMC (purple) with few caveolae and electron-dense myosin bands. Vessels classified into group 2 (D–F) have block-like IMC (red) with multiple caveolae and electron-dense myosin bands.



In group 1 vessels, the area of the lumen was on average 3.9489 times bigger than that of the vessel wall (range 1.89–10.96). The diameter of the lumen was on average 7.3199 times bigger than the thickness of the vessel wall (range 1.58–22.66). The large range of group 1 vessels was partly due to an exponential increase in ratio with the largest vessels analyzed. In group 2 vessels, the area of the lumen was on average 0.9317 times smaller than that of the vessel wall (range 0.27–1.57) but the diameter of the lumen was on average 4.348 times bigger than the thickness of the vessel wall (range 1.40–11.63).

There was a significant difference in lumen:wall area ratio between group 1 and group 2 vessels (Mann–Whitney test, p = 0.000) with no overlap in the range of lumen:wall area ratio (Figure 4). There was also a significant difference in the lumen diameter:wall thickness ratio between group 1 and group 2 vessels (Mann–Whitney test, p = 0.000; Figure 5A). However, we found a substantial overlap in ranges between groups and were unable to distinguish between any vessels below the average lumen diameter:wall thickness ratio seen in group 2 vessels (4.97, Mann–Whitney test, p = 0.817; Figure 5B).
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FIGURE 4. There are significant differences in the lumen:wall area ratio between vessels classified into group 1 and those classified into group 2 (p = 0.000).
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FIGURE 5. (A) There is a substantial overlap in ranges between group 1 and group 2 vessels despite the overall significant difference in the lumen diameter:wall thickness ratio (p = 0.000). (B) There is no significant difference between any vessels below the average lumen diameter:wall thickness ratio seen in group 2 vessels (4.97, Mann–Whitney test, p = 0.817).





DISCUSSION

Early research into the ultrastructure of intracerebral blood vessels was hindered by issues with the correct identification of vessel types (Pfeiffer, 1930; Scharrer, 1940; Roggendorf et al., 1978; Roggendorf and Cervós-Navarro, 1983). These studies were based on a classification system established using dermal veins in rabbits (Rhodin, 1968). However, the ultrastructure of venules differs considerably across different organs and thus a criterion based on dermal veins cannot be used as a means of classification in the brain (Rhodin, 1968; Duvernoy et al., 1981; Roggendorf and Cervós-Navarro, 1983). Duvernoy et al. (1981) used resin casts to trace the pathway of intracortical vessels to the large surface pial vessels which were easier to identify. Even this seminal study was not able to clearly differentiate between intraparenchymal vessels concluding that this was difficult using a single plane of section (Duvernoy et al., 1981). Here, we describe a method that utilizes TEM to produce a robust criterion to differentiate parenchymal vessels based on lumen:wall area ratio. It is possible that this criterion may then be applied to other imaging techniques such as standard light microscopy but further work would be required to confirm this.

In the brain of a large mammal (beagle dog), we were able to differentiate parenchymal vessels into two groups based on the widely accepted criteria related to intramural cell morphology and distribution (Rhodin, 1962, 1967, 1968, 1980; Dahl, 1973; Motta, 1990; Armulik et al., 2011). We found that these two groups could be separated by differences in lumen:wall area ratio far more effectively than by using lumen diameter:vessel wall thickness which did not allow for the differentiation of venules that were a similar size to arterioles. As far as we are aware, combining intramural cell morphology with lumen:wall area ratio has not been done before. We found that vessels with a lumen:wall area ratio from 1.89 to 10.96 have discontinuous spindle-like IMC that in the literature have been applicable to venules. However, the larger range of lumen:wall area ratio in these vessels suggests that some ascending venules may have been included. Conversely, we found that vessels with a lumen:wall area ratio from 0.27 to 1.57 have continuous block-like IMC that also in the literature have been applicable to arterioles. We, therefore, conclude that the vessels that we have classified into group 1 are venules and group 2 are arterioles.

Emerging studies have highlighted the previously unrecognized role of venules (Moody et al., 1995, 1997; Brown et al., 2002; Pantoni, 2010; Joutel and Faraci, 2014; Kalaria, 2016) in vascular pathology such as small vessel disease. This has exposed the absence of robust criteria for accurately differentiating between small intracerebral arterioles and venules. In this study, we have shown that intracerebral venules can be successfully differentiated from intracerebral arterioles by simple vessel lumen:wall area ratios. The significance of this is wide and one application is to better understand the types of vessels affected in small vessel disease. The major pathological features of small vessel disease are the changes in small arteries and arterioles in white and gray matter that include arteriolar hyalinosis (collagenosis/fibrosis), fibrinoid necrosis and venous collagenosis. Such changes result in loss of elasticity in the vessel walls and disruption of vessel functions. A reliable system for differentiating between the types of vessels forms the basis for improving the understanding of the pathogenesis and identifying suitable therapeutic targets.

This study was limited to one beagle dog brain and only included vessels that were in transverse section. However, the methods described here could possibly be used to incorporate vessels in obliques section, assuming that all parts of the vessel wall and the lumen are affected by the same degree of distortion caused by oblique sectioning. Similarly, further work is required to ascertain if our method can be utilized in other species.
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Vital Functions Contribute to the Spread of Extracellular Fluids in the Brain: Comparison Between Life and Death
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Vascular pulsations, contractions of vascular smooth muscle cells and breathing have been reported to foster movement and clearance of interstitial and cerebrospinal fluids from the brain. The aim of this study was to estimate the contribution of these vital functions. We compared the spread of an injected hydrophilic tracer (Fluoro-Emerald, a 10 kDa fluorescein-coupled dextran amine) in the brains of live anesthetized and sacrificed rats at 30 and 90 min after injection. To determine the overall pattern of distribution of tracers, we created 3D-reconstructions of the horizontal transections of the whole brain. Immunofluorescence staining with laminin and collagen IV was performed to determine the pattern of distribution of tracer in relation to the cerebrovascular basement membranes. We found that diffusion was widely restricted to the periventricular region in sacrificed rats with no spread to the contralateral hemisphere, while the bulk flow occurred along the vasculature and reached the surface and the contralateral hemisphere as soon as 30 min after injection in live anesthetized animals. The tracer appeared to be localized along the vascular basement membranes and along fiber tracts as reported previously. Thus, our data indicate that vital functions are essential for the remote movement of extracellular fluids within the cerebral parenchyma.
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INTRODUCTION

The immune responses of the brain are restricted by the presence of a blood-brain barrier and the lack of traditional lymphatic vessels (Bechmann et al., 2007; Galea et al., 2007; Abbott et al., 2018), but homeostasis of extracellular fluids is crucial for synaptic transmission (Ivens et al., 2007). While it is clear that IFS and soluble antigens drain into cervical lymph nodes (Schwalbe, 1869; el-Gindi et al., 1973; Rosenberg et al., 1980; Cserr and Knopf, 1992; Kida et al., 1993; de Vos et al., 2002; Koh et al., 2005; Goldmann et al., 2006; Kaminski et al., 2012; Locatelli et al., 2012; Ma et al., 2017, 2019), the driving forces for extracellular movements and the respective pathways have only been identified and are still under debate (Cserr et al., 1977; Rosenberg et al., 1980; Abbott et al., 2018; Gakuba et al., 2018; Plog and Nedergaard, 2018; Ma et al., 2019). One highly discussed pathway is the “glymphatic system” consisting of a convective influx system of the CSF into the brain (Iliff et al., 2012; Abbott et al., 2018). According to the “glymphatic” hypothesis CSF and ISF exchange takes place from the subarachnoid space via periarterial Robin-Virchow spaces, through the brain parenchyma toward perivenous spaces (Iliff and Nedergaard, 2013; Iliff et al., 2013; Nedergaard, 2013). Tracers in the CSF are thought to enter the parenchyma as convective flow along Virchow-Robin spaces of arteries, where AQP4 expressed on astrocytic endfeet of the glia limitans perivascularis is supposed to play a major role (Iliff et al., 2012), and return to the CSF via the walls of veins but this process has been extensively debated (Hladky and Barrand, 2014; Asgari et al., 2016; Bakker et al., 2016; Holter et al., 2017; Abbott et al., 2018; Faghih and Sharp, 2018; Gakuba et al., 2018; Ma et al., 2019). The anatomical route of entry of the CSF into the brain is along the basement membranes of the cerebral arterioles (pial-glial basement membranes) and the efflux of ISF is along the basement membranes surrounding arterial smooth muscle cells, the IPAD pathway (Albargothy et al., 2018). The convective influx/glymphatic network can be seen as a low resistance network and is believed to play a major role in spreading of large molecules such as 150 kDa IgG (Pizzo et al., 2018) and smaller molecules such as 40kDa peroxidase (Cserr and Ostrach, 1974; Cserr et al., 1977). CSF including different waste products experimentally tested using intracisternally injected tracers drain to cervical lymph nodes via several pathways along cranial nerves as well as spinal cord roots (Bradbury et al., 1981; McComb, 1983; Kida et al., 1993; Koh et al., 2005; Ma et al., 2017). Direct drainage to the blood via arachnoid villi has been postulated for a long time, but its contribution to CSF outflow is currently under discussion (Ma et al., 2017). As driving forces, vascular pulsations (Harrison et al., 2018) have been shown to contribute to perivascular movement within the perivascular channel system, as unilateral ligation of one carotid artery reduced vascular pulsatility and spread of a tracer (Iliff et al., 2013; Asgari et al., 2016). Moreover, sleep (Di Rocco et al., 1975; Nilsson et al., 1992; Xie et al., 2013), breathing (Dreha-Kulaczewski et al., 2015), anesthesia and death (Ma et al., 2019) have also been accounted for the movement and clearance of intrathecal fluids, but direct visualization of the latter is still missing. Commonly used imaging techniques such as MRI (Harrison et al., 2018) and CT (Murtha et al., 2014) scans offer a low resolution compared to microscopic studies whereas most microscopic approach lack a 3D view with a satisfactory depth. The aim of this study was to visualize the net effect of vital functions on the movement and distribution of extracellular fluids within the brain after intraparenchymal injections. To this end, we monitored bulk flow of soluble Fluoro-Emerald of 10.000 molecular weight at 30 and 90 min after intraparenchymal injection in living compared to sacrificed rats.



MATERIALS AND METHODS


Animals

Twenty-four, 3-month-old Sprague Dawley rats were used in this study. Animal husbandry was performed in the animal facilities of the Faculty of Medicine, University of Leipzig according to European (Council Directive 86/609/EEC) and German (“Tierschutzgesetz”) guidelines for the welfare of experimental animals and approved by the local authorities (Landesdirektion Sachsen; TV03/13). Rats were housed in the central breeding facility of the Medical Faculty of the University of Leipzig under standard conditions with food and water ad libitum.



Stereotactic Tracer Application

Figure 1 shows the experimental setup. Animals were split into two groups. The first group was euthanized with an overdose of isoflurane, before stereotactic surgery. Consequently a 15% concentration of isoflurane was infused in a cylindrical glass box. The animal was placed in the box until it stopped breathing. Isoflurane exposure continued for one more minute subsequently. Death was verified manually by missing cardiac pulsation and missing blood flow during the following surgery. The injection was performed 20 min (±2 min) after death depending on the quickness of the surgical procedure described below. Animals of the second group were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine diluted 50% in NaCl 0.9% injected intraperitoneally. All animals were put into a stereotactic frame (Narishige – Type ST-7 No106002, Tokyo, Japan) and received an injection of 3 μl of 10 mM FlouroEmerald using a 26 gauge Hamilton syringe (SYR 10 μL, #701, ga26s/51mm/pst2, P/N: 80300/00, WO 1002554, Hamilton company, Reno, Nevada). The surgery was performed as reported previously (Bechmann and Nitsch, 1997). Briefly, eyes were protected and after exposing the skull, a burr hole was drilled at antero-posterior (AP) 1, 3 mm, lateral (L) 4.5 mm from Lambda, and the syringe inserted vertically (V) for 5.5 mm, aiming for the entorhinal cortex. The tracer was applied over 5 min at a rate of 0.6 μl/min, the needle was then removed after 1 min to prevent backflow. Injection rate and volume were chosen accordingly to prevent raise in ICP (Yang et al., 2013). After the injection, the hole was sealed using bone wax (Ethicon, Johnson and Johnson International) to avert artifacts from ICP loss. In both groups, body temperature was measured using a rectal probe and adjusted to 37°C using a heat pad (TR-200, FST) on which the animals were placed. Animals of the second group were sacrificed with an overdose of isoflurane at 30 and 90 min after tracer injection.
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FIGURE 1. Experimental setup: 3 μl of tracer was injected into the entorhinal cortex of sacrificed and living rats over 5 min. Body temperature was constantly monitored and kept steady until brains and lymph nodes were removed after 30 or 90 min. (n = 7 for 30 min per group, n = 3 for 90 min per group).




Tissue Preparation

The rats were dissected either 30 or 90 min after the injection, the brain was immersion fixed in 4% PFA and 1% GAD, since transcardial perfusion was impossible to perform due to coagulation in the sacrificed animals. N = 4 animals received transcardial perfusion and were therefore excluded from the final analysis. Lymph nodes were dissected and divided into four groups according to Takahashi and Patrick (1987): right and left DCLN, SCLN, and ILN, and also immersion fixed in 4% PFA. After 24 h the brains of n = 20 animals were cut horizontally into 70 μm thick slices using a vibratome (Leica VT1200). The slices were stored in 0.09% sodium azide until they were washed and stained with DAPI for 5 min. Consecutive slices of the whole brain were prepared for n = 10 animals: n = 6 for 90 min PI (n = 3 for sacrificed (S90) and n = 3 for living (L90) animals) as well as n = 4 for 30 min PI (n = 2 for sacrificed (S30) and n = 2 for living (L30) animals). For n = 10 animals at time point 30 min (n = 5 sacrificed and n = 5 living) several slices were stored in the same well and the brains could therefore not be used for the complete 3D reconstruction. Lymph nodes were frozen in Tissue-Tek O.C.T. CompoundTM at −80°C, cut into 16 μm thick slices using a cryostat (Leica CM3050 S) and stored at −80°C until they were washed, stained with DAPI for 5 min and covered with mounting medium.



3D Reconstruction

Each slice was put on a separate microscope slide and covered using (Dako Fluorescence Mounting Medium, Code S3023) mounting medium and a cover glass. The slides were then fully digitized using a digital slide scanner (Pannoramic Scan II, 3D HISTECH Ltd., Budapest, Hungary) at 20× magnification (pixel dimensions: 0.325 μm) and automatically stitched. The scanner is equipped with a quad band (DAPI/FITC/TRITC/Cy5) filter set, two filters (DAPI: nuclei for brain morphology, blue, 40 ms exposure time; FITC: fluorescent marker, green, 20 ms exposure time) were used for image acquisition. Due to the thickness of the slides they were digitized in extended focus mode with 30 focus layers and an axial layer distance of 2 μm.

Images containing whole brain slices were exported from slide scanner data sets (Pannoramic Viewer, Version 1.15.4, 3D HISTECH Ldt., Budapest, Hungary) as PNG images with pixel dimensions of 10.4 μm. Subsequently, all images were coarsely cropped and aligned by hand (Adobe Photoshop CS6, Adobe Systems Inc., San Jose, CA, United States). The cerebellum was excluded due to massive artifacts from slide mounting. Slice images of each brain were converted to image stacks and underwent rigid registration using the “StackReg” plugin for ImageJ (Version 1.51n1). Only rigid registration was performed since results of elastic registration were heavily influenced by occurring tissue deformations/overlaps and missing or severed tissue portions. Further image analysis was performed with Mathematica (Version 11.1, Wolfram Research, Inc., Champaign, IL, United States). Registered image stacks were transformed into volumetric data sets and maximum projections along coronal, sagittal and horizontal axes were generated (Figure 2). Injection site was identified and marked within these projections, a separation line between the two hemispheres was also drawn (Adobe Photoshop CS6). Subsequently, all volumetric data sets were split into blue and green channels. Image slices of the blue channels were adjusted for brightness to retain consistent morphology. The green channel was binarized to detect tracer positive voxels. Binarized green channels were subsequently submitted to distance analysis. For this purpose, the distance of every non-positive voxel within the brains to the closest positive voxel was calculated with an average of 3450 voxel per brain. Distance values of individual brains were summarized according to the groups L30, L90, S30, and S90 (Figure 3). Shorter distances equal higher tracer spread. Distance values of all 10 3D reconstructed brains were shown as boxplots (Figure 3A). Based on the manually drawn separation lines the volumetric data sets of the green channels were split into ipsi- and contralateral hemispheres and all positive voxels were counted and plotted in a point chart (Figure 3B). Statistical analysis was performed using Mathematica. Shapiro Wilk test for normal distribution and Wilcoxon Signed Rank test for paired data were used to test data from the segmented voxel count analysis. Kolmogorov Smirnov test for normal distribution and Kruskal Wallis test for unpaired data were applied to test data from distance analysis. Dunn-Bonferroni post hoc correction after multiple pair comparisons was performed. P-values less than 0.05 were regarded as statistically significant. Volumetric data sets were visualized and animated (Supplementary Movies S1–S4) using Vaa3d (3D Visualization-Assisted Analysis, Version 3.202). Injection site was interpolated and highlighted in the red image channel based on the marked position, and transparency of all three-color channels was adapted for best viewing experience.
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FIGURE 2. Comparison of the spread of the injected tracer in living and sacrificed rats at 30 min and 90 min after tracer injection. Images show maximum projections of horizontal sections (a–d) which were reconstructed coronally (a’–d’) of one animal per group. Evidently, the tracer reaches the contralateral hemisphere, spreads along the vasculature, fiber tracts and disseminates further within both hemispheres in living animals, while it diffuses mostly along ipsilateral hippocampal fiber tracts surrounding the ventricles in non-vital brains.
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FIGURE 3. (A) Boxplots of calculated distances of every none-positive voxel within the brains to the closest positive voxel. Distance values of all 3D reconstructed individual brains (approximately 3450 voxels per brain) were summarized according to the groups L30 = living animals, 30 min PI, n = 2; L90 = living animals 90 min PI, n = 3; S30 = sacrificed animals 30 min PI, n = 2; S90 = sacrificed 90 min PI, n = 3. Shorter distances equal higher tracer spread. When comparing living to sacrificed groups tracer spread is significantly higher in living animals at both time points (***p ≤ 0.001). Tracer spread is significantly higher 30 min PI compared to 90 min PI in living animals, while there is statistically significant difference in sacrificed animals over time. (B) This subfigure shows the total number of segmented voxels per hemisphere. Within each group, identical symbols represent the corresponding hemispheres of one brain. A line is depicting the mean value. “c” the contralateral and “i” indicates the ipsilateral hemisphere of the injection site. Due to the very small group sizes a reliable statistical analysis could not be performed. Nevertheless, a trend of higher spread to the contralateral hemisphere in living animals is visible.


Lymph node slides were also fully digitized using a digital slide scanner at 20× magnification following the procedure mentioned above except for an additional red channel to detect autofluorescent material. Exposure times were 100 ms for DAPI (lymph node morphology, blue), 150 ms for FITC (fluorescent marker, green) and 70 ms for TRITC (autofluorescent material, red). Images containing lymph nodes were exported from slide scanner data sets (Pannoramic Viewer, Version 1.15.4, 3D HISTECH Ldt., Budapest, Hungary) as PNG images with pixel dimensions of 0.65 μm.

Image analysis was performed with Mathematica. Fluorescence images were imported and split into separate color channels. After brightness equalization the red (autofluorescent material) channel was subtracted from the green (marker) channel to obtain autofluorescence corrected images. The remaining green channel was subsequently binarized using Otsu’s (cluster variance maximization) thresholding method (Otsu, 1979) and the number of segmented pixels representing detected fluorescence marker were counted. Statistical analysis was performed using Mathematica and boxplots were generated. Kolmogorov Smirnov test was applied to test data for normal distribution and Kruskal Wallis test with subsequent Dunn-Bonferroni post hoc correction after multiple pair comparisons was performed. P-values less than 0.05 were regarded as statistically significant.



Immunofluorescent Stainings

After performing the 3D scanning for the 3D reconstruction, 20 representative brain sections were selected, uncovered and blocked in 3% DKS, 0.8% Triton, and 96.2% PBS. After washing with PBS, slides were covered with rabbit anti laminin antibody (Polyclonal rabbit Anti laminin; LOT: 00051761; ON: Z0097 Dako) diluted 1:200 and goat anti collagen IV (GtX Collagen Type IV; LOT: 2716603; ON: AB 769 Millipore) diluted 1:100 in 0.8% Triton, 0.5% DKS and 97.2% PBS overnight. The next day the slides were stained for 1 h with Alexa 647 donkey anti rabbit (Alexa Fluor 647 donkey anti rabbit; LOT: 1786284; ON: A31573 life technologies) (1:1 in Glycerol) and Alexa 568 donkey anti goat (Alexa Fluor 568 donkey anti goat IgG; LOT: 1235787; ON: A11057 life technologies) (1:1 in Glycerol) each diluted 1:250 in 0.08% Triton, 0.5% DKS and 97.1% PBS. Before covering the slides with mounting medium, they were stained for 5 min in DAPI.

Images of vessels and surrounding tissue close to as well as distant from the injection site were taken using Olympus microscope (Olympus BX 40) with a digital camera (Olympus XM10) At higher magnifications focus stacking of maximum 2 z-stacks per slide was used for better viewing experience. Images were manually masked (vessels, surrounding tissue, artifacts) using Photoshop. Subsequently, original images and manually generated masks were imported into Mathematica and intensity values for vessels and surrounding tissue regions were extracted. Total intensity for the two regions was added up and normalized by dividing the total intensity value by the area of the respective regions. Statistical analysis was performed using Mathematica and box plots were generated. Shapiro Wilk was applied to test data for normal distribution and T-test for paired data was used for group comparisons. P-values less than 0.05 were regarded as statistically significant.



RESULTS

In order to visualize the contribution of vital functions to the intraparenchymal spread of fluids, we injected 3 μl of a saturated solution of the fluorescein-coupled dextran amine Fluoro-Emerald into the entorhinal cortex of living and sacrificed rats and removed the brains 30 and 90 min afterward (n = 7 for 30 min per group and n = 3 for 90 min per group). The experimental setup is shown in Figure 1. Images of consecutive whole horizontal sections were taken at 20 times magnification and reconstructed three-dimensionally. Evidently, the tracer was transported along the vasculature and fiber tracts to remote areas including the contralateral hemisphere in living rats, while it appeared to diffuse along the ventricles and hippocampal fiber tracts in sacrificed animals, both at 30 and 90 min after injection (Figure 2 and Supplementary Movies S1–S4).

This is highlighted in the calculated 3D reconstructions where fluorescent voxels can be seen throughout both hemispheres. For each volumetric data set distance values of every non-positive voxel to the next positive voxel were calculated and summarized according to the groups L30, L90, S30, and S90 (Figure 3A). Shorter distances equal higher tracer spread. Kolmogorov Smirnov test revealed non-normal distribution of data from distance analysis. Kruskal Wallis test shows a highly significant increased tracer spread in living compared to sacrificed animals (p ≤ 0.001; with approximately 3450 voxels per brain) (Figure 3A). Furthermore, there is a significantly higher spread in living animals compared to sacrificed at 30 (110 vs. 181 μm) and 90 min (114 vs. 180 μm) PI (p ≤ 0.001). There is also a slightly higher spread in living animals 30 min (110 μm) PI compared to 90 min (114 μm) PI (p ≤ 0.001) (Figure 3A).

Quantification of the tracer distribution shows a notable spread to the contralateral hemispheres of the injection site in all animals (Figure 3B). In living animals spread to the contralateral hemisphere seems higher compared to sacrificed ones. No statistically significant difference was found when comparing this rough division using a relatively small number of animals (Figure 3B).

The rotating volumetric reconstructions exhibit the strong difference in tracer spread in both hemispheres between living and sacrificed brains for both time points. The 3D reconstructions make it more apparent that the tracer largely remains close to the injection site in the sacrificed brain. In contrast, the tracer in the living brain spreads along the fiber tracts such as the hippocampal fimbria/fornix complex (Supplementary Figure S1) and the vasculature to remote areas further away from the injection site. For better orientation the approximate injection site has been marked (Supplementary Movies S1–S4).

We then used antibodies against collagen type IV and laminin to label the basement membranes of the neurovascular unit (Sixt et al., 2001; Bechmann et al., 2007; Engelhardt et al., 2016) and investigated the localization of the tracer within the vascular wall in sections counterstained with DAPI. Except for the immediate injection site where tissue was damaged, the tracer did not spread into the surrounding parenchyma (Figures 4m–r). In sacrificed animals the tracer was mainly located around the injection site. It spread within the closest ventricles as well as near fiber tracts, mainly remaining in the parenchyma, and reached the abluminal/external side of the vascular wall (Figures 4r–y). Shapiro Wilk test shows normal distribution. The T-test for paired data was performed and showed a highly significant difference for L90 (p ≤ 0.001) and significant difference for S90 (p = 0.003). The tracer amount outside of vessels in living animals is highly significant lower compared to sacrificed ones (p ≤ 0.001). Mean differences between intensity inside and outside of vessels was higher for living animals (L90 = 0.251) than for sacrificed animals (S90 = 0.114) (Figure 4y). In living animals, the tracer was found in the vascular outer and inner basement membrane (Figure 5). Tracer is also found along capillaries in the hemisphere contralateral to the injection site in living animals (Figure 6).


[image: image]

FIGURE 4. Stained sections of living (a–l) rats and a sacrificed rat (m–x) 90 min post injection. Representative sections were stained with antibodies against collagen IV (a,g,m,s), laminin (d,j,p,v), DAPI (c,I,o,u), tracer (b,h,n,t), magnification 20× (a–e,g–k, m–q,s–w). The corresponding scanned horizontal section at magnification 0.2× provides the exact location of the taken pictures (f,l,r,w). In living animals the tracer is clearly transported along the vascular wall not diffusing through the outer lamina. These vessels can be identified as arterioles by their size and the orientation of the two layers of nuclei. In sacrificed animals some of the tracer spreads along the vascular wall, but also provides a background staining of the neuropil (m–q). The tracer accumulates in the parenchyma surrounding vessels/the perivascular space. (s–w). Subfigure (y) shows normalized tracer intensity inside and outside of vessels. There is a highly significant difference for L90 (***p ≤ 0.001) and significant difference for S90 (**p = 0.003). The tracer amount outside of vessels in living animals is highly significant lower compared to sacrificed ones.



[image: image]

FIGURE 5. Stained section of a living rat 90 min post injection with antibodies against collagen IV (d), laminin (a), DAPI (b), tracer (c), magnification 40× (a–e). The corresponding scanned horizontal section at magnification 0.2× provides the exact location of the taken picture (f). Tracer accumulates within the inner and outer basement membrane ipsilateral to the injection site.



[image: image]

FIGURE 6. Scanned horizontal section of a living rat 30 min post injection with DAPI and tracer with increasing magnifications (a) 0.2×, (b) 2.0×, (c) 20×, (d) 40×. Tracer accumulation in the contralateral hemisphere occurs at the level of capillaries which are identified by their size.


At 30 and 90 min, we also studied right and left deep cervical, superficial cervical and ILN, and searched for the tracer within them. In sacrificed rats, no tracer could be detected. However, at 90 min after tracer injection into living animals, ipsilateral deep cervical and SCLN nodes exhibited tracer signals in cells at the marginal and intermediate sinus (Figure 7a). Mann-Whitney test for paired data shows significantly higher tracer levels in living compared to sacrificed animals 90 min PI in right and left DCLN as well as SCLN (all p ≤ 0.001) with no difference for ILN and all lymph nodes 30 min PI.


[image: image]

FIGURE 7. Deep cervical lymph nodes (DCLN) of rats 90 min post injection. Autofluorescent material was eliminated by subtracting the red channel from the pictures. In DCLN (a,b) of a living rat tracer is found within cells along the medullary trabecula, while no tracer could be detected within any dissected lymph node of sacrificed rats (c,d). Box plot shows numbers of segmented voxels depicting fluorescent tracer within LN groups (e). Tracer amounts in living compared to sacrificed animals 90 min post injection are significantly higher in right and left DCLN as well as SCLN (all ***p ≤ 0.001).




DISCUSSION

In this study, we aimed at visualizing the impact of vital functions on the spread of a hydrophilic tracer within the brain’s neuropil. To this end, we compared maximum projections of three-dimensionally reconstructed brains from living and sacrificed rats 30 and 90 min after tracer injection into the entorhinal cortex. Our data show that the spread of extracellular fluids indeed is clearly enhanced in the presence of vital functions, suggesting that in living animals a fluid transport system contributes to tracer spread along the perivascular channel system. In contrast, in sacrificed animals diffusion mainly occurs either transparenchymal or across the vascular wall.

We found a highly significant increased tracer spread in living animals compared to sacrificed animals indicated by shorter distances between tracer positive and non-positive voxels in the volumetric reconstructions of the brain (Figures 3A,C). This includes perimortem changes which have been shown to play a crucial role in tracer spread (Ma et al., 2019). In the mentioned study tracer spread is detected in PVS of surface blood vessels after tracer injection into the lateral ventricle through the intact skull while life imaging, with an increase in perivascular tracer spread when the animal is sacrificed. The authors conclude that tracer spread to penetrating blood vessels only occurs under these conditions. We agree that perimortem changes/artifacts may contribute to the pattern of perivascular spread. With the shown top view and limited low resolution, it is not clear to us that penetrating blood vessels are excluded from tracer spread in living conditions. The infused tracer reaches the contralateral hemisphere and spreads along the vasculature and along fiber tracts in living animals, while it diffuses mostly along the ventricles and hippocampal fiber tracts in non-vital brains with less dissemination compared to living animals (Figures 2, 3B). Tracer spread is significantly lower in living animals 90 min compared to 30 min post injection (Figures 2, 3B). This could be explained by continues tracer clearance toward the cervical lymph nodes (Figure 7). At the moment it is unclear whether tracer penetrates into the ventricles or spreads along the subependymal space. Furthermore, the contribution of the changing perfusion pressure after death needs to be considered. In the sacrificed group it begins approximately 20 min before tracer injection. Since in both groups, the brains were immersion fixed, changing perfusion pressure before fixation occurs in both until the distribution of the PFA is complete. Tracer spread along fiber tracts has been described previously (Cserr et al., 1977; Rosenberg et al., 1980; Geer and Grossman, 1997). In contrast to the findings from Geer-Grossmann where frontal and temporal lobe injections were performed and the tracer remained within the same hemisphere, our study shows that dissemination of the tracer also occurs along the vasculature and fiber tracts in the contralateral hemisphere (Figures 2–6, Supplementary Movies S1–S4, and Supplementary Figure S1). Possible explanations could be faster needle removement after the injection, shorter infusion time, different injection sites, different tracers used or better tracer detection in our study. Cserr et al. (1977) used 0.5 μl whereas Geer-Grossmann infused 20 μl compared to 3 μl in our study. Thus, artifacts due to overflow must be considered but are difficult to predict and identify. Especially, as they would occur in both groups, living and sacrificed. In counterstained sections of living rats with laminin and collagen IV, the tracer is transported along the vascular wall of arterioles (Figures 4a–l, 5 and Supplementary Figure S2) and capillaries (Figure 6) as described previously (Carare et al., 2008; Morris et al., 2016) not spreading into the surrounding parenchyma, except for the immediate injection site where a degree of brain damage occurred. Possible leakage to the peripheral circulation cannot be excluded but seems to play a minor role since tracer spread has not occured in the shape of venous drainage. Contradicting, in sacrificed animals tracer is continuously detected after transparenchymal or transvascular diffusion. A limiting fact is that in the present study, vessels were only identified as arterioles by their size and the orientation of the two layers of nuclei. Similar studies using detailed characterization of the distribution of tracers demonstrate that they enter the parenchyma along arterial pial-glial basement membranes and tracers within the parenchyma enter the basement membranes surrounding smooth muscle cells, as IPD (Morris et al., 2016; Albargothy et al., 2018). In sacrificed rats the tracer was also observed to spread along fiber tracts and to accumulate within vessel walls, but the driving force is unclear at present. Non-physiological changes in vital processes concerning the cessation of the sacrificed group as well as postmortem changes need to be considered besides diffusion. It certainly would be interesting to perform further experiments comparing intracisternally applied tracer in living vs. sacrificed vs. sacrificed immediately after tracer injection to study the perimortem changes in greater detail. Furthermore, intraparenchymal injections in animals that were sacrificed after the stereotactic placement of the syringe right before tracer injection would help to reduce postmortem artifacts in the sacrificed group. To avoid blood clotting in the sacrificed group, transcardial perfusion with heparinized animals would minimize artifacts from the immersion fixation. Another possible limitation is the use of a saturated tracer solution, which might interfere with physiological processes differently than a more diluted tracer, as well as the intraparenchymal injected amount of 3 μl which may lead to localized pressure changes and therefore possibly affects tracer distribution in sacrificed and living animals differently. Corresponding with previous findings (Bradbury et al., 1981; Szentistványi et al., 1984; Ma et al., 2019) tracer is found within deep cervical and SCLN, specifically within cells along the medullary trabecular and not in ILN or sacrificed animals after intracerebral injection. The tracer could microscopically not be displayed in contralateral DCLN. This discrepancy could for one be explained with the shorter time points after intracerebral injection (90 min vs. 5–7 h), meaning that tracer did not yet reach the contralateral side in our study. Additionally, different animals were used (mice (Ma et al., 2019) vs. rabbit (Bradbury et al., 1981) vs. rat), different injections sites (intracisternal (Ma et al., 2019) vs. intraparenchymal (Bradbury et al., 1981) and our study), different tracer sizes 10kDa (our study) vs. 40 kDa (Ma et al., 2019) and different imaging techniques. Recognizing the previously described drainage via lymphatic vessels in dural sinuses (Louveau et al., 2015) in the present study we did not analyze the sagittal sinus for tracer spread. Statistical analysis of the highly sensitive image segmentation showed significantly higher tracer levels in living compared to sacrificed animals 90 min post injection in right and left DCLN as well as SCLN even though microscopically no tracer could be seen contralaterally. The tracer may have begun to appear contralateral to the injection side but has not shown the same distribution pattern as in ipsilateral LN yet. In agreement with former findings (Bradbury et al., 1981; Koh et al., 2005; Ma et al., 2017, 2019), where intracisternally and intraventricular applied tracer first reached cervical lymph nodes and then concentration increased in the blood, we hypothesize that clearance from the brain and extracellular fluid occurred via ISF and CSF into cervical lymph nodes in living animals. We cannot exclude spillage into the CSF compartment of our tracer, although we took every precaution possible to prevent this.

Further studies are needed to characterize the tracer-fluorescent cells at the marginal and intermediate sinus to investigate if they phagocytosed the tracer after it reached the lymph nodes, if they internalized tracer before (e.g., intracranially and then drained to the lymph nodes) or if the tracer only adhered to the surface of these cells.



CONCLUSION

The spread of extracellular fluids depends on and increases in the presence of vital functions. In vital brains an intraparenchymal injected tracer is transported along the vasculature and fiber tracts to remote areas including the contralateral hemisphere. The tracer remained within the wall of the vasculature, almost solely found within the outer and inner basement membrane of the vessels, not spreading into the surrounding parenchyma. In contrast, in sacrificed animals, the tracer spread along ventricles and fiber tracts (predominantly the fornix), aligned with the outer vascular border close to the injection site. Thus, the presence of an active clearance system driven by vital functions is supported by the different patterns of distribution of the tracers in living and sacrificed animals. Furthermore, the intracerebrally injected tracer was only found in the cervical lymph nodes of living animals, suggesting that the drainage of ISF/CSF to the cervical lymph nodes is an active process.



DATA AVAILABILITY STATEMENT

The datasets used and analyzed during the current study are available from the corresponding author on reasonable request.



ETHICS STATEMENT

The animal study was reviewed and approved by the Landesdirektion Sachsen, Germany; TV03/13.



AUTHOR CONTRIBUTIONS

AP performed the experiment, tissue processing, histological examination of the slides and prepared the scanned sections for further processing, writing the manuscript. KW digitized all microscopic slides, performed all image processing (3D reconstructions, maximum projections, segmentation of 2D/3D image data, etc.) and statistical analysis. IB supervised the project, was involved in the conception and design. AP and IB were the major contributors in writing the manuscript. RC revised it critically for intellectual content. All authors read and approved the final manuscript.



FUNDING

This study was supported the collaborative research center DFG-1052. AP was a Scholar of the Studienstiftung des Deutschen Volkes.


ACKNOWLEDGMENTS

We thank PD Dr. Marcin Nowicki for assistance with the animal experiments, furthermore Angela Ehrlich, Jana Brendler and all medical laboratory assistants of the Institute of Anatomy, Leipzig who were involved in processing and staining of the tissue samples. We acknowledge support from the German Research Foundation (DFG) and Universität Leipzig within the program of Open Access Publishing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2020.00015/full#supplementary-material


ABBREVIATIONS

° C, degree Celsius; μ l, microliter; μ m, micrometer; 3D, three-dimensional; AQP4, aquaporin 4; CSF, cerebrospinal fluid; DAPI, 4 ′6-Diamidin-2-phenylindol; DCLN, deep cervical lymph nodes; DKS, donkey serum; GAD, glutaraldehyde; ICP, intracranial pressure; IgG, immunoglobulin G; ILN, inguinal lymph nodes; IPAD, intramural periarterial drainage; ISF, interstitial fluid; kDa, kilodalton; min, minute; mm, millimeter; mM, millimolar; ms, millisecond; NaCl, sodium chloride; PBS, phosphate buffered saline; PFA, paraformaldehyde; PI, post injection; PVS, perivascular space; SCLN, superficial cervical lymph nodes.

FOOTNOTES

1
http://imagej.nih.gov/ij

2
http://vaa3d.org

REFERENCES

Abbott, N., Joan Pizzo, M. E., Preston, J. E., Janigro, D., and Thorne, R. G. (2018). The role of brain barriers in fluid movement in the CNS: is there a ‘glymphatic’ system? Acta Neuropathol. 135, 387–407. doi: 10.1007/s00401-018-1812-4

Albargothy, N. J., Johnston, D. A., MacGregor-Sharp, M., Weller, R. O., and Verma, A. (2018). Convective influx/glymphatic system: tracers injected into the CSF enter and leave the brain along separate periarterial basement membrane pathways. Acta Neuropathol. 136, 139–152. doi: 10.1007/s00401-018-1862-7

Asgari, M., de Zélicourt, D., and Kurtcuoglu, V. (2016). Glymphatic solute transport does not require bulk flow. Sci. Rep. 6:38635. doi: 10.1038/srep38635

Bakker, E. N. T. P., Bacskai, B. J., Arbel-Ornath, M., and Aldea, R. (2016). Lymphatic clearance of the brain: perivascular, paravascular and significance for neurodegenerative diseases. Cell. Mol. Neurobiol. 36, 181–194. doi: 10.1007/s10571-015-0273-8

Bechmann, I., Galea, I., and Perry, V. H. (2007). What is the blood-brain barrier (not)? Trends Immunol. 28, 5–11. doi: 10.1016/j.it.2006.11.007

Bechmann, I., and Nitsch, R. (1997). Identification of phagocytic glial cells after lesion-induced anterograde degeneration using double-fluorescence labeling: combination of axonal tracing and lectin or immunostaining. Histochem. Cell Biol. 107, 391–397. doi: 10.1007/s004180050125

Bradbury, M. W., Cserr, H. F., and Westrop, R. J. (1981). Drainage of cerebral interstitial fluid into deep cervical lymph of the rabbit. Am. J. Physiol. 240, F329–F336. doi: 10.1152/ajprenal.1981.240.4.F329

Carare, R. O., Bernardes-Silva, M., Newman, T. A., Page, A. M., Nicoll, J. A. R., Perry, V. H., et al. (2008). Solutes, but not cells, drain from the brain parenchyma along basement membranes of capillaries and arteries: significance for cerebral amyloid angiopathy and neuroimmunology. Neuropathol. Appl. Neurobiol. 34, 131–144. doi: 10.1111/j.1365-2990.2007.00926.x

Cserr, H. F., Cooper, D. N., and Milhorat, T. H. (1977). Flow of cerebral interstitial fluid as indicated by the removal of extracellular markers from rat caudate nucleus. Exp. Eye Res. 25(Suppl.), 461–473. doi: 10.1016/s0014-4835(77)80041-9

Cserr, H. F., and Knopf, P. M. (1992). Cervical lymphatics, the blood-brain barrier and the immunoreactivity of the brain: a new view. Immunol. Today 13, 507–512. doi: 10.1016/0167-5699(92)90027-5

Cserr, H. F., and Ostrach, L. H. (1974). Bulk flow of interstitial fluid after intracranial injection of Blue Dextran 2000. Exp. Neurol. 45, 50–60. doi: 10.1016/0014-4886(74)90099-5

de Vos, A. F., Meurs, M. V., Brok, H. P., Boven, L. A., Hintzen, R. Q., Valk, P. V. D., et al. (2002). Transfer of central nervous system autoantigens and presentation in secondary lymphoid organs. J. Immunol. 169, 5415–5423. doi: 10.4049/jimmunol.169.10.5415

Di Rocco, C., McLone, D. G., Shimoji, T., and Raimondi, A. J. (1975). Continuous intraventricular cerebrospinal fluid pressure recording in hydrocephalic children during wakefulness and sleep. J. Neurosurg. 42, 683–689. doi: 10.3171/jns.1975.42.6.0683

Dreha-Kulaczewski, S., Joseph, A. A., Merboldt, K.-D., Ludwig, H.-C., Gärtner, J., and Frahm, J. (2015). Inspiration is the major regulator of human CSF flow. J. Neurosci. 35, 2485–2491. doi: 10.1523/JNEUROSCI.3246-14.2015

el-Gindi, S., Salama, M., and el-Farag, S. (1973). Metastases of glioblastoma multiforme to cervical lymph nodes. Report of two cases. J. Neurosurg. 38, 631–634. doi: 10.3171/jns.1973.38.5.0631

Engelhardt, B., Carare, R. O., Bechmann, I., Flügel, A., Laman, J. D., and Weller, R. O. (2016). Vascular, glial, and lymphatic immune gateways of the central nervous system. Acta Neuropathol. 132, 317–338. doi: 10.1007/s00401-016-1606-5

Faghih, M. M., and Sharp, M. K. (2018). Is bulk flow plausible in perivascular, paravascular and paravenous channels? Fluids Barriers CNS 15:17. doi: 10.1186/s12987-018-0103-8

Gakuba, C., Gaberel, T., Goursaud, S., Bourges, J., Palma, C. D., Quenault, A., et al. (2018). General anesthesia inhibits the activity of the “glymphatic system.”. Theranostics 8, 710–722. doi: 10.7150/thno.19154

Galea, I., Bernardes-Silva, M., Forse, P. A., Rooijen, N. V., Liblau, R. S., and Perry, V. H. (2007). An antigen-specific pathway for CD8 T cells across the blood-brain barrier. J. Exp. Med. 204, 2023–2030. doi: 10.1084/jem.20070064

Geer, C. P., and Grossman, S. A. (1997). Interstitial fluid flow along white matter tracts: a potentially important mechanism for the dissemination of primary brain tumors. J. Neurooncol. 32, 193–201.

Goldmann, J., Kwidzinski, E., Brandt, C., Mahlo, J., Richter, D., and Bechmann, I. (2006). T cells traffic from brain to cervical lymph nodes via the cribroid plate and the nasal mucosa. J. Leukoc. Biol. 80, 797–801. doi: 10.1189/jlb.0306176

Harrison, F., Siow, B., Akilo, A. B., Evans, P. G., Ismail, O., Ohene, Y., et al. (2018). Non-Invasive Imaging of CSF-mediated brain clearance pathways via assessment of perivascular fluid movement with diffusion tensor MRI. eLife 7:e34028. doi: 10.7554/eLife.34028

Hladky, S. B., and Barrand, M. A. (2014). Mechanisms of fluid movement into, through and out of the brain: evaluation of the evidence. Fluids Barriers CNS 11:26. doi: 10.1186/2045-8118-11-26

Holter, K. E., Kehlet, B., Devor, A., Sejnowski, T. J., Dale, A. M., Omholt, S. W., et al. (2017). Interstitial solute transport in 3D reconstructed neuropil occurs by diffusion rather than bulk flow. Proc. Natl. Acad. Sci. U.S.A. 114, 9894–9899. doi: 10.1073/pnas.1706942114

Iliff, J. J., and Nedergaard, M. (2013). Is there a cerebral lymphatic system? Stroke 44(6 Suppl. 1), S93–S95. doi: 10.1161/STROKEAHA.112.678698

Iliff, J. J., Wang, M., Liao, T., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012). A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al. (2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/JNEUROSCI.1592-13.2013

Ivens, S., Kaufer, D., Flores, L. P., Bechmann, I., Zumsteg, D., Tomkins, O., et al. (2007). TGF-beta receptor-mediated albumin uptake into astrocytes is involved in neocortical epileptogenesis. Brain 130(Pt 2), 535–547. doi: 10.1093/brain/awl317

Kaminski, M., Bechmann, I., Pohland, M., Kiwit, J., Nitsch, R., and Glumm, J. (2012). Migration of monocytes after intracerebral injection at entorhinal cortex lesion site. J. Leukoc. Biol. 92, 31–39. doi: 10.1189/jlb.0511241

Kida, S., Pantazis, A., and Weller, R. O. (1993). CSF drains directly from the subarachnoid space into nasal lymphatics in the rat. Anatomy, histology and immunological significance. Neuropathol. Appl. Neurobiol. 19, 480–488. doi: 10.1111/j.1365-2990.1993.tb00476.x

Koh, L., Zakharov, A., and Johnston, M. (2005). Integration of the subarachnoid space and lymphatics: is it time to embrace a new concept of cerebrospinal fluid absorption? Cerebrospinal Fluid Res. 2:6. doi: 10.1186/1743-8454-2-6

Locatelli, G., Wörtge, S., Buch, T., Ingold, B., Frommer, F., Sobottka, B., et al. (2012). Primary oligodendrocyte death does not elicit anti-CNS immunity. Nat. Neurosci. 15, 543–550. doi: 10.1038/nn.3062

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. (2015). Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341. doi: 10.1038/nature14432

Ma, Q., Ineichen, B. V., Detmar, M., and Proulx, S. T. (2017). Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and is reduced in aged mice. Nat. Commun. 8:1434. doi: 10.1038/s41467-017-01484-6

Ma, Q., Ries, M., Decker, Y., Müller, A., Riner, C., Bücker, A., et al. (2019). Rapid lymphatic efflux limits cerebrospinal fluid flow to the brain. Acta Neuropathol. 137, 151–165. doi: 10.1007/s00401-018-1916-x

McComb, J. G. (1983). Recent research into the nature of cerebrospinal fluid formation and absorption. J. Neurosurg. 59, 369–383. doi: 10.3171/jns.1983.59.3.0369

Morris, A. W. J., MacGregor Sharp, M., Albargothy, N. J., Fernandes, R., Hawkes, C. A., Verma, A., et al. (2016). Vascular basement membranes as pathways for the passage of fluid into and out of the brain. Acta Neuropathol. 131, 725–736. doi: 10.1007/s00401-016-1555-z

Murtha, L. A., Yang, Q., Parsons, M. W., Levi, C. R., and Beard, D. J. (2014). Cerebrospinal fluid is drained primarily via the spinal canal and olfactory route in young and aged spontaneously hypertensive rats. Fluids Barriers CNS 11:12. doi: 10.1186/2045-8118-11-12

Nedergaard, M. (2013). Neuroscience. Garbage truck of the brain. Science 340, 1529–1530. doi: 10.1126/science.1240514

Nilsson, C., Ståhlberg, F., Thomsen, C., Henriksen, O., Herning, M., and Owman, C. (1992). Circadian variation in human cerebrospinal fluid production measured by magnetic resonance imaging. Am. J. Physiol. 262(1 Pt 2), R20–R24. doi: 10.1152/ajpregu.1992.262.1.R20

Otsu, N. (1979). A threshold selection method from gray-level histograms. IEEE Trans. Syst. Man Cybern. 9, 62–66. doi: 10.1109/tsmc.1979.4310076

Pizzo, M. E., Wolak, D. J., Kumar, N. N., Brunette, E., Brunnquell, C. L., Hannocks, M.-J., et al. (2018). Intrathecal antibody distribution in the rat brain: surface diffusion, perivascular transport and osmotic enhancement of delivery. J. Physiol. 596, 445–475. doi: 10.1113/JP275105

Plog, B. A., and Nedergaard, M. (2018). The glymphatic system in central nervous system health and disease: past, present, and future. Annu. Rev. Pathol. 13, 379–394. doi: 10.1146/annurev-pathol-051217-111018

Rosenberg, G. A., Kyner, W. T., and Estrada, E. (1980). Bulk flow of brain interstitial fluid under normal and hyperosmolar conditions. Am. J. Physiol. 238, F42–F49. doi: 10.1152/ajprenal.1980.238.1.F42

Schwalbe, G. (1869). Der Arachnoidalraum Ein Lymphraum Und Sein Zusammenhang Mit Dem Perichorioidalraum. Zentralbl. Med. Wiss. 7, 465–467.

Sixt, M., Engelhardt, B., Pausch, F., Hallmann, R., Wendler, O., and Sorokin, L. M. (2001). Endothelial cell laminin isoforms, laminins 8 and 10, play decisive roles in T cell recruitment across the blood-brain barrier in experimental autoimmune encephalomyelitis. J. Cell Biol. 153, 933–946. doi: 10.1083/jcb.153.5.933

Szentistványi, I., Patlak, C. S., Ellis, R. A., and Cserr, H. F. (1984). Drainage of interstitial fluid from different regions of rat brain. Am. J. Physiol. 246(6 Pt 2), F835–F844. doi: 10.1152/ajprenal.1984.246.6.F835

Takahashi, S., and Patrick, G. (1987). Patterns of lymphatic drainage to individual thoracic and cervical lymph nodes in the rat. Lab. Anim. 21, 31–34. doi: 10.1258/002367787780740671

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013). Sleep drives metabolite clearance from the adult brain. Science 342, 373–377. doi: 10.1126/science.1241224

Yang, L., Kress, B. T., Weber, H. J., Thiyagarajan, M., Wang, B., Deane, R., et al. (2013). Evaluating glymphatic pathway function utilizing clinically relevant intrathecal infusion of CSF tracer. J. Transl. Med. 11:107. doi: 10.1186/1479-5876-11-107


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Piotrowska, Winter, Carare and Bechmann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 14 April 2020
doi: 10.3389/fnagi.2020.00080





[image: image]

Brain Microvascular Pericytes in Vascular Cognitive Impairment and Dementia

Maiko T. Uemura1,2*, Takakuni Maki3, Masafumi Ihara4, Virginia M. Y. Lee1 and John Q. Trojanowski1

1Institute on Aging and Center for Neurodegenerative Disease Research, Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

2JSPS Overseas Research Fellowship Program, Japan Society for the Promotion of Science, Tokyo, Japan

3Department of Neurology, Kyoto University Graduate School of Medicine, Kyoto, Japan

4Department of Neurology, National Cerebral and Cardiovascular Center, Osaka, Japan

Edited by:
Roxana Octavia Carare, University of Southampton, United Kingdom

Reviewed by:
David Attwell, University College London, United Kingdom
Kassandra Kisler, University of Southern California, United States

*Correspondence: Maiko T. Uemura, maikohs@kuhp.kyoto-u.ac.jp

Received: 02 December 2019
Accepted: 04 March 2020
Published: 14 April 2020

Citation: Uemura MT, Maki T, Ihara M, Lee VMY and Trojanowski JQ (2020) Brain Microvascular Pericytes in Vascular Cognitive Impairment and Dementia. Front. Aging Neurosci. 12:80. doi: 10.3389/fnagi.2020.00080

Pericytes are unique, multi-functional mural cells localized at the abluminal side of the perivascular space in microvessels. Originally discovered in 19th century, pericytes had drawn less attention until decades ago mainly due to lack of specific markers. Recently, however, a growing body of evidence has revealed that pericytes play various important roles: development and maintenance of blood–brain barrier (BBB), regulation of the neurovascular system (e.g., vascular stability, vessel formation, cerebral blood flow, etc.), trafficking of inflammatory cells, clearance of toxic waste products from the brain, and acquisition of stem cell-like properties. In the neurovascular unit, pericytes perform these functions through coordinated crosstalk with neighboring cells including endothelial, glial, and neuronal cells. Dysfunction of pericytes contribute to a wide variety of diseases that lead to cognitive impairments such as cerebral small vessel disease (SVD), acute stroke, Alzheimer’s disease (AD), and other neurological disorders. For instance, in SVDs, pericyte degeneration leads to microvessel instability and demyelination while in stroke, pericyte constriction after ischemia causes a no-reflow phenomenon in brain capillaries. In AD, which shares some common risk factors with vascular dementia, reduction in pericyte coverage and subsequent microvascular impairments are observed in association with white matter attenuation and contribute to impaired cognition. Pericyte loss causes BBB-breakdown, which stagnates amyloid β clearance and the leakage of neurotoxic molecules into the brain parenchyma. In this review, we first summarize the characteristics of brain microvessel pericytes, and their roles in the central nervous system. Then, we focus on how dysfunctional pericytes contribute to the pathogenesis of vascular cognitive impairment including cerebral ‘small vessel’ and ‘large vessel’ diseases, as well as AD. Finally, we discuss therapeutic implications for these disorders by targeting pericytes.

Keywords: pericytes, mural cells, small vessel disease, vascular cognitive impairment and dementia, Alzheimer’s disease (AD), stroke, neurovascular coupling (NVC), blood–brain barrier (BBB)


INTRODUCTION

Pericytes are mural cells, embedded within the basement membrane, and surrounding microvessels as illustrated in Figures 1 and 2. These cells were originally described in late 19th century (Eberth, 1871; Rouget, 1873) and initially named “pericytes” in 1923 by Zimmermann (Zimmermann, 1923) in accordance with their location enveloping the endothelium, and their being embedded in the basement membrane outside the microvessels (Zimmermann, 1923; Armulik et al., 2011; Geranmayeh et al., 2019). Although pericytes were considered to contribute to architectural maintenance and contraction of capillaries (Sandison, 1931; Zweifach, 1934; Clark and Clart, 1940), little had been known about their multifunctional characteristics and roles in neurological disorders until late 20th century (Brown et al., 2019). In the last 20 years, however, using a combination of markers and advancing technologies, a variety of functions of pericytes in health and disease have been revealed. Especially, microvascular pericytes in the central nervous system (CNS) have come into focus as they contribute to the maintenance of blood–brain barrier (BBB) (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010; Quaegebeur et al., 2010), regulation of cerebral blood flow (CBF) (Peppiatt et al., 2006), and clearance of toxic waste products from the brain (Lendahl et al., 2019) as well as other multifunctional properties.
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FIGURE 1. Brain vessels and mural cells. The pial arterioles branch from pial arteries which follow the outer rim of the brain via the meninges. The arterioles penetrate perpendicularly into the brain parenchyma (penetrating arteries) and further split into smaller arterioles. As their diameters and constituent cell types are changed, the vessels make a transition to capillaries. The capillary join to form venules that collect into pial venules and further into pial veins. In the small vessels, there are two types of mural cells separately located outside of endothelial layer: vascular smooth muscle cells (SMCs) and pericytes. SMCs are localized at the arteries, arterioles, venules and veins whereas pericytes are localized at the capillaries and post-capillary venules. The proximal branches coming off penetrating arterioles are sometimes called as pre-capillary arterioles. The subtypes of pericytes are differently called: ensheathing pericytes, transitional pericytes, pre-capillary pericytes, smooth muscle cell-pericyte hybrids, arteriole SMC (aaSMCs), or pre-capillary SMCs in a few branches from arterioles; capillary pericytes, mesh pericytes, thin-strand pericytes, helical pericytes, or mid-capillary pericytes in the middle part of capillary; mesh pericytes, stellate/stellate-like pericytes, or post-capillary pericytes in the post-capillary venules.



[image: image]

FIGURE 2. Constituents of the BBB in the capillary. In the BBB, tight junctions created by endothelial cells strictly regulate the movement of ions, molecules, and cells between the blood and the brain. The tight junctions are controlled by the cells surrounding the endothelium, including pericytes, astrocytes, perivascular OPCs, interneurons, perivascular macrophages, and microglia. Pericytes are localized on the abluminal surface of the endothelial layers and embedded in the basement membrane. Astrocytes extend polarized cellular processes that almost completely ensheath the vessel tubes.




MURAL CELLS IN THE BRAIN SMALL VESSELS: VASCULAR SMOOTH MUSCLE CELLS AND PERICYTES

The brain constitutes ∼2% of the adult human body weight but receives ∼20% of the cardiac output through CNS vascular network (Xing et al., 2017). In the brain, small vessels can be largely classified as three different types by their size and constituent cell types: (1) arterioles, (2) capillaries, and (3) venules (Attwell et al., 2016). There are gradual transitions between these vessel types; the transitions between arterioles and capillaries are called as pre-capillary arterioles while those between capillaries and venules are called as post-capillary venules (Dalkara and Alarcon-Martinez, 2015).

The arterioles branch from large arteries and follow the outer rim of the brain via the meninges (Bevan et al., 1999; Onodera, 2011). They penetrate perpendicularly into the cortex (penetrating arterioles), and upon entering the white matter, they begin to coil, loop, and spiral (Nonaka et al., 2003). Running through the brain parenchyma, the arterioles further split into smaller arterioles (Yamazaki and Kanekiyo, 2017). As their diameters and constituent cell types are changed, the vessels make a transition to capillaries. The capillaries then increase their diameter again and transition into the post-capillary venules, which join to form collecting venules that collect into larger veins (Landau and Davis, 1957; Harnarine-Singh et al., 1972; Onodera, 2011; Itoh and Suzuki, 2012; El-Bouri and Payne, 2016). In the small vessels (from the arterioles to venules), there are two types of mural cells separately located outside of endothelial layer: (1) vascular smooth muscle cells (SMCs) and (2) pericytes (Figure 1).

Smooth muscle cells and pericytes express shared mural cell markers including neuron-glial antigen 2 (NG2, or transmembrane chondroitin sulfate proteoglycan; CSPG4) platelet derived growth factor receptor beta (PDGFRβ), alanyl aminopeptidase (ANPEP, or CD13), vimentin, regulator of G protein signaling 5 (RGS5) (Itoh and Suzuki, 2012; Yang et al., 2017; Smyth L. et al., 2018; Vanlandewijck et al., 2018). Other mural cell markers such as α-smooth muscle actin (αSMA, or actin alpha 2, smooth muscle; ACTA2), transgelin (or smooth muscle protein 22-α; SM22α), calponin1 (CNN1), desmin, and melanoma cell adhesion molecule (MCAM, or CD146) are expressed more in SMCs than pericytes (Smyth L. et al., 2018; Zeisel et al., 2018). On the other hand, pericytes, but not SMCs, express ATP binding cassette subfamily C member 9 (ABCC9) (Bondjers et al., 2006) and preferentially internalize or take up the fluoroNissl dye NeuroTrace 500/525 when applied to the brain surface (Damisah et al., 2017). Most of the gene expression of pericytes, however, overlaps between SMCs and a certain subtype of pericytes. Furthermore, the expression of all these markers changes during growth and development, and may be up- or down-regulated in pathological conditions (Hughes and Chan-Ling, 2004; Armulik et al., 2011). Therefore, cell morphology and anatomical position should be taken into consideration to distinguish SMCs and pericytes. Table 1 provides anatomical differences in the cerebral small vessels and mural cell markers.


TABLE 1. Anatomical differences in brain small vessels and mural cell markers.

[image: Table 1]The classification of small vessels is sometimes complicated and controversial because of the definition of constituent mural cells. Although there is a consensus that SMCs are located in arterioles and venules as well as larger arteries and veins (Iadecola, 2017; Sweeney et al., 2018), the classification and nomenclature of pericyte-surrounding vessels have been greatly debated mainly due to the heterogeneity of pericytes (Cheng et al., 2018). Pericytes in the capillaries gradually transition to SMCs in the arterioles; drawing a clear line between those vessels is quite difficult (Zimmermann, 1923). Originally, Zimmermann defined pericytes including their transition form to SMCs, residing on the three consecutive vessels, namely, (1) pre-capillary arterioles, (2) capillaries, and (3) post-capillary venules (Zimmermann, 1923). Zimmermann therefore differently named the pericytes on each vessel: (1) pre-capillary pericytes, at the last arterial ends that merge into the capillary system; (2) capillary pericytes, at the capillaries in the narrowest sense; and (3) post-capillary pericytes, on post-capillary venules up to veins showing regular, fusiform smooth muscle fibers.

As techniques such as three-dimensional live imaging have been developed, the branching order coming off penetrating arterioles has also been taken into consideration to define the vessels in rodent brains. The definition of the vessels, however, has varied depending on the studies. While some studies have defined all vessels including proximal and distal branches coming off penetrating arterioles as capillaries (Peppiatt et al., 2006; Hall et al., 2014; Cai et al., 2018; Khennouf et al., 2018; Grubb et al., 2020), others have defined proximal branches as pre-capillary arterioles (Fernández-Klett et al., 2010; Hartmann et al., 2015; Hill et al., 2015). To make matters more complicated, Hill et al. (2015), have asserted that the mural cells on the proximal branches coming off arterioles should be called as SMCs, which have provided confusion in the field with the result that different members of the field use different terminologies and definitions about pericytes and pericyte-residing vessels (Hartmann et al., 2015; He L. et al., 2016; Kisler et al., 2017a; Yang et al., 2017; Smyth L. et al., 2018; Dalkara, 2019; Grant et al., 2019). Nowadays, to avoid confusion, the researchers have claimed that the capillaries should include transition to the arterioles, and the mural cells on those capillaries should be called as “pericytes” (Attwell et al., 2016). In this review, we will describe the differences of mural cells in the small vessels, namely, (1) SMCs on the arterioles and venules and (2) pericytes on the capillaries and post-capillary venules, introducing the different terminology of pericytes. Thereafter, we will focus on the pericyte function and dysfunction in health and diseases.


Arteriolar SMCs

In the arterioles, SMCs continuously enwrap the abluminal side of endothelial cell layer and make myoendothelial gap junction (Aydin et al., 1991). The SMCs in the arterioles have an inconspicuous soma and extend broad processes (Attwell et al., 2016) that strongly express αSMA transgelin, desmin, CD146, and CNN1 as well as shared mural cell markers including NG2, PDGFRβ, CD13, vimentin, and RGS5. Outside of the SMCs is perivascular space with fibroblast-like cells, surrounded by collagen layer and endfeet of astrocytes (Mastorakos and McGavern, 2019).



Capillary Pericytes

In the capillaries, the vessel size further decreases, and the endothelial layer is intermittently surrounded by pericytes. Compared to the peripheral vascular beds, CNS capillaries have higher pericyte-to-endothelial cell ratios (1:1 to 1:3) and around 70–80% of the capillary surface area is covered with pericyte cell processes (Bell et al., 2010; Winkler et al., 2010, 2014). Capillary pericytes have a conspicuous protruding ovoid cell body with long thin processes that course along the capillary for longer distances and are embedded within the basement membrane.

The role of capillary pericytes in CBF control has long been debated. Using mouse models, some researchers have reported that arteriolar SMCs but not capillary pericytes regulate CBF in response to neuronal activities or ischemic stress (Fernández-Klett et al., 2010; Hill et al., 2015). Others, however, have shown that capillary pericytes also change the vessel diameter and CBF by stimuli, neuronal activation, or ischemia (Peppiatt et al., 2006; Yemisci et al., 2009; Hall et al., 2014; Pieper et al., 2014; Kisler et al., 2017b; Rungta et al., 2018), suggesting capillary pericytes also contribute to CBF regulation.

Because pericytes are morphologically and functionally heterogeneous, pericytes are sometimes subclassified according to their topology, morphology, and the protein expression levels.


Pericytes in the Proximal Capillaries

The studies of mouse brain cortices using two-photon microscopy have revealed the morphological and functional distinction of the pericytes on the proximal branches (mostly up to 2nd or 4th order) coming off penetrating arterioles from those on the higher branch-order capillaries or larger arterioles (Hartmann et al., 2015; Hill et al., 2015; Kisler et al., 2017a; Yang et al., 2017; Smyth L. et al., 2018; Grant et al., 2019). The pericytes located in this point of transition possess highly visible and protruding ovoid soma with thin and circumferential processes enveloping the vessels. These cells express more αSMA than pericytes in mid-capillaries, but not as much as SMCs in the penetrating arterioles (Alarcon-Martinez et al., 2018; Grant et al., 2019). Aside from αSMA, the cells also express desmin and transgelin, but hardly express CNN1 (Smyth L. et al., 2018; Vanlandewijck et al., 2018).

Because these pericytes are positioned at the transition between arterioles and capillaries, and have shared some characteristics with SMCs, the terminology and classification of these mural cells have been hotly debated. The cells have been variably called as ensheathing pericytes (Smyth L. et al., 2018; Grant et al., 2019), transition/transitional pericytes (Kisler et al., 2017a; Arango-Lievano et al., 2018), pre-capillary pericytes (Zimmermann, 1923), simply ‘pericytes’ or ‘capillary pericytes’ (Hall et al., 2014; Attwell et al., 2016; Cai et al., 2018; Khennouf et al., 2018; Grubb et al., 2020), smooth muscle-pericyte hybrids (Hartmann et al., 2015; Yang et al., 2017; Dalkara, 2019), arteriole SMC (aaSMC) (Vanlandewijck et al., 2018), or pre-capillary SMCs (Hill et al., 2015).

At the same time, the vessels of proximal branches coming off penetrating arterioles are also differently defined as pre-capillary arterioles (Fernández-Klett et al., 2010; Hartmann et al., 2015; Hill et al., 2015; Berthiaume et al., 2018; Erdener and Dalkara, 2019; Grant et al., 2019), post-arteriole capillaries (Gould et al., 2016) or a part of capillaries (Hall et al., 2014; Attwell et al., 2016; Cai et al., 2018; Khennouf et al., 2018; Grubb et al., 2020).

The cells in this proximal branches (especially, 1st to 2nd branches) coming off arterioles has drawn attention as they highly contribute to neurovascular coupling (NVC) (Hall et al., 2014; Hill et al., 2015; Cai et al., 2018; Khennouf et al., 2018; Rungta et al., 2018; Grubb et al., 2020) and no-reflow phenomenon after acute ischemia (Hall et al., 2014; Hill et al., 2015). Although referring to these mural cells as a subtype of “pericytes” has become almost a consensus, the shifting nomenclature of these cells and vessels has been the root of recent controversies on pericyte roles as regulators of CBF (discussed below).



Pericytes in the Mid-Capillaries

In the mouse brain, pericytes in the mid-capillaries are divided into two subtypes according to the morphology of their processes, namely, (1) mesh pericyte and (2) thin-strand pericyte or helical pericyte (Hartmann et al., 2015; Yang et al., 2017; Smyth L. et al., 2018; Dalkara, 2019; Grant et al., 2019). The mesh pericytes adopt a mesh-like appearance and are located on the proximal side of a capillary with higher coverage area than thin-strand pericytes (Hartmann et al., 2015; Grant et al., 2019). The thin-strand pericytes or helical pericytes extend thin, meandering processes that run along the vessel lumen. These two types of pericytes express NG2, CD13, and PDGFRβ, and slightly express CD146 and αSMA, but hardly express desmin, transgelin, nor CNN1 (Alarcon-Martinez et al., 2018; Smyth L. et al., 2018; Vanlandewijck et al., 2018; Zeisel et al., 2018). Instead, pericytes express ABCC9 (Bondjers et al., 2006; Vanlandewijck et al., 2018) and preferentially take up the fluoroNissl dye NeuroTrace 500/525 (Damisah et al., 2017). The pericytes in these capillaries play vital roles for BBB maintenance and small molecule transport (Armulik et al., 2010; Bell et al., 2010; Liu et al., 2012).



Post-capillary Pericytes

In the post-capillary venules, different shaped mesh pericytes, also called stellate/stellate-shaped pericytes, surround the endothelial layer. These cells have many slender and shorter branching processes than capillary pericytes (Hashitani and Lang, 2016; Yang et al., 2017; Arango-Lievano et al., 2018). They express αSMA, ABCC9, cysteine sulfinic acid decarboxylase (P-selectin), and endomucin (Marín-Padilla, 2012). The expression level of αSMA is lower than the mural cells in the arterioles and proximal capillaries (Grant et al., 2019). The pericytes in the post-capillary venules are thought to regulate immune cell entry to the brain parenchyma like those in other tissues (Proebstl et al., 2012; Stark et al., 2013; Attwell et al., 2016; Dalkara, 2019; Rudziak et al., 2019). Outside of the pericytes are astroglial end-feet forming glia limitans. Between the endothelial basement membrane and astrocytic basement membrane is perivascular space, where antigen presenting cells reside (Engelhardt et al., 2017; Mastorakos and McGavern, 2019). Fibroblast-like cells are within the astrocytic basement membrane (Mastorakos and McGavern, 2019).



Venular SMCs

Post-capillary venules are collected to form ascending venules. In the venules, the endothelial cell layer is surrounded by stellate-shaped SMCs with broad leaf-like processes (Ushiwata and Ushiki, 1990; Armulik et al., 2011). Venous SMCs express NG2, CD13, PDGFRβ, αSMA, transgelin, ABCC9, but not CNN1 (Vanlandewijck et al., 2018). And the expression level of αSMA and transgelin in the venous SMCs is lower than the mural cells in the arterioles (Vanlandewijck et al., 2018; Grant et al., 2019). SMCs in brain venules express NG2, which is different from the venules of peripheral tissues (Murfee et al., 2005; Stark et al., 2013). Outside of SMCs are perivascular space and fibroblast-like cells (Mastorakos and McGavern, 2019).



FUNCTIONS OF PERICYTES


BBB Maintenance, Angiogenesis, and Vessel Stabilizing

The CNS vascular system possess a highly selective semipermeable border formed by the BBB wherein tight junctions and adherens junctions created by endothelial cells strictly regulate the movement of ions, molecules, and circulating cells between the blood and the brain (Luissint et al., 2012; Daneman and Prat, 2015). The tight and adherens junctions are controlled by various types of cells surrounding the endothelium, such as pericytes, astrocytes, perivascular oligodendrocyte precursor cells (OPCs), interneurons, perivascular macrophages, microglia, and other immune cells (Abbott et al., 2010; Seo et al., 2014; Faraco et al., 2017; Stebbins et al., 2019) (Figure 2).

Capillary pericytes play especially crucial roles in the function of the BBB. Pericyte ablation leads to breakdown of the BBB in the mouse brain (Nikolakopoulou et al., 2019). Pericytes control protein expression in the tight junctions, their alignment with endothelial cells, and the bulk-flow transcytosis of fluid-filled vesicles across the BBB (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010; Quaegebeur et al., 2010).

Pericytes also play a key role in the generation of new blood vessels. During angiogenesis, a complex web of bidirectional signaling pathways between endothelial cells and pericytes is essential for forming and stabilizing new blood vessels (Gaengel et al., 2009; Stapor et al., 2014). The signaling molecules involved in these processes include platelet-derived growth factor B (PDGFB)/PDGF receptor beta (PDGFRβ), transforming growth factor beta (TGFβ), Notch, vascular endothelial growth factor (VEGF), sphingosine-1 phosphate (S1P)/S1P receptor 1 (S1PR1 or EDG), and angiopoietin 1 and 2 (ANGPT1, ANGPT2)/TEK receptor tyrosine kinase (TEK, or TIE2) all of which differentially contribute to these signaling activities (Liu et al., 2000; Winkler et al., 2011b; Zechariah et al., 2013; Eilken et al., 2017; Teichert et al., 2017; Cheng et al., 2018). During angiogenesis, pericytes are reported to be recruited from the bone marrow as well as brain parenchyma in response to the PDGF-BB secreted from endothelial cells (Rajantie et al., 2004; Song et al., 2005; Kokovay et al., 2006; Gaengel et al., 2009). On the other hand, pericytes induce endothelial cell sprouting and stabilization via secreting TGFβ, VEGF, and ANGPT1 (Paik et al., 2004; Durham et al., 2014; Teichert et al., 2017; Blocki et al., 2018). Lack of pericytes leads to endothelial hyperplasia and abnormal vascular morphogenesis including microaneurysm (Lindahl et al., 1997; Hellström et al., 2001). When a single brain pericyte is ablated, the processes from neighboring pericytes are extended to contact uncovered regions of the endothelial cells and maintain the vessel diameter and vessel stability (Berthiaume et al., 2018).



Regulation of Capillary Diameter and Blood Flow

Cerebral blood flow is dynamically altered in response to changes of transient neuronal activity, which is referred to as NVC (Abbott et al., 2010; Attwell et al., 2010; Kisler et al., 2017a). It is controlled by the cells within the neurovascular unit (NVU) including endothelial cells, pericytes, SMCs, astrocytes, OPCs, and neurons (Peppiatt et al., 2006; Attwell et al., 2010; Hall et al., 2014; Mishra et al., 2016; Kisler et al., 2017a, b; Rungta et al., 2018). In response to the different neurotransmitters, pericytes dilate capillaries and increase local CBF (Hamilton et al., 2010). In pathological conditions such as ischemic stroke (Hall et al., 2014; Yemisci et al., 2009) and AD (Nortley et al., 2019), brain capillaries are constricted by pericytes. In ischemic stroke mouse brains, damaged and dead pericytes squeeze the capillaries and sustain the reduction of CBF even after recanalization of the larger vessels, causing the no-reflow phenomenon (Yemisci et al., 2009; Kloner et al., 2018). The burden of amyloid beta (Aβ) oligomer causes pericyte contraction and capillary stenosis, which decreases CBF in the AD brains (Nortley et al., 2019).

The role of pericytes in regulation of vessel diameter has been heatedly debated. When Rouget first describe the branched cells on the capillary wall, which is nowadays called as pericytes, he regarded them as contractile cells (Rouget, 1873). Thereafter, the studies which supported or objected to the pericyte contractility were successively reported (Krueger and Bechmann, 2010). In terms of CBF regulation, SMCs located at arterioles were traditionally thought to control CBF (Iadecola, 2004). This view of CBF dynamics was revolutionized by the findings that capillary diameter also changes with neural activity (Peppiatt et al., 2006; Hall et al., 2014; Kisler et al., 2017b; Khennouf et al., 2018; Rungta et al., 2018) and ischemia (Yemisci et al., 2009; Hall et al., 2014). Furthermore, the loss of pericytes has been reported to lead to diminishing CBF in response to functional hyperemia in pericytes-deficient mice (Bell et al., 2010; Kisler et al., 2017b, 2020). However, Hill et al. (2015) refuted that pericytes are involved in the regulation of CBF, and put forward the view that arteriolar SMCs may be the key players regulating CBF. Fernández-Klett et al. (2010) also showed pre-capillary and penetrating arterioles, but not pericyte in capillaries are responsible for the CBF increase induced by neural activity. These controversial reports most likely stem from the different definitions of pericytes in the proximal capillaries. Some of these reports concur that the mural cells in the proximal branches coming off penetrating arterioles respond to the stimulations outlined above and change vessel diameters accordingly (Fernández-Klett et al., 2010; Hall et al., 2014; Hill et al., 2015; Cai et al., 2018; Khennouf et al., 2018). Pericytes residing at the proximal capillaries possess both characteristics of pericytes and SMCs (Hartmann et al., 2015), which may lead to discrepant interpretations by different investigators. Some groups showed stimulation-evoked increases in synaptic activity and capillary dilation starting mostly at the first- or second-order capillary then propagating along arterioles and downstream capillaries (Cai et al., 2018; Khennouf et al., 2018), which may position the pericytes in the proximal capillaries as the major regulators of CBF. In addition, Grubb et al. (2020) reported that a pre-capillary sphincter, at the junction between the penetrating arteriole and first order branch, modulated capillary flow while protecting the downstream capillary bed from adverse pressure fluctuations. Taken together, the proximal branches coming off arterioles seem to be the gatekeeper that controls CBF in the capillary beds.



Clearance of Materials From the Brain

Pericytes internalize small molecules and neurotoxic blood-derived products which enter the breached BBB (i.e., immunoglobulins, fibrin and albumin) through receptor-mediated endocytosis or non-specific pinocytosis (Armulik et al., 2010; Bell et al., 2010; Schultz et al., 2017). Pericytes also internalize large solid substance through phagocytosis. Engulfed molecules are transported to lysosomes for enzymatic degradation (Diaz-Flores et al., 2009) or possibly transported to the blood circulation (Zhao et al., 2015). While tumor necrosis factor alpha (TNFα) and interferon-γ (IFNγ) enhance phagocytic uptake, TGFB1 attenuates phagocytic uptake in pericytes.

Pericytes may clear substances derived from the brain parenchyma as well as around vessels. Pericyte loss aggravates Aβ deposition in transgenic mice (Sagare et al., 2013). Aβ clearance by pericytes is mainly performed through receptor-mediated endocytic pathways, especially low-density lipoprotein receptor-related protein 1 (LRP-1) (Shibata et al., 2000; Zlokovic et al., 2010; Ma et al., 2018).

Another clearance system which might be related to pericytes is the CNS lymphatic drainage system. In the CNS, there are two major extracellular fluids, namely, (1) cerebrospinal fluid (CSF) and (2) interstitial fluid (ISF). CSF drains to cervical lymph nodes via the cribriform plate and nasal lymphatics (Kida et al., 1993; Spector et al., 2015), as well as via dural lymphatics (Aspelund et al., 2015; Louveau et al., 2015; Absinta et al., 2017; Ahn et al., 2019) and along cranial nerves (Hatterer et al., 2006; Aspelund et al., 2015). ISF containing metabolic products of the brain as well as Aβ and tau drains to lymph nodes by the shared or distinct pathways from CSF (Engelhardt et al., 2017; Cheng and Wang, 2020). Two different pathways for draining ISF to the periphery — the perivascular and paravascular pathways — are controversially proposed (Engelhardt et al., 2016). In the perivascular pathway, ISF and solutes from CNS parenchyma enter the basement membranes of capillaries, where pericytes are embedded, and drain directly via tunica media of arterioles and arteries out of the brain to cervical lymph nodes (Carare et al., 2008, 2014; Engelhardt et al., 2016). Paravascular pathway, also known as glymphatic system, denotes the moving of CSF into the brain along arterial perivascular spaces and successively into the interstitium to mix with ISF, which then guides flow toward the venous perivascular spaces, removing metabolic waste of ISF to the CSF via convective bulk flow (Iliff et al., 2012). In the glymphatic system, astrocytes are important for ion buffering and fluid exchange between the CSF and ISF (Jessen et al., 2015). The exchange through the glymphatic system is suggested to be dependent on the water channel aquaporin-4 (AQP4) located in astrocytic endfeet (Iliff et al., 2012). However, it remains enigmatic whether or not AQP4 is solely responsible for this fluid transport or not (Lendahl et al., 2019). Recently, insufficient PDGFB signaling in the Pdgfbret/ret mice has shown decreased pericyte coverage of the vessels with decreased AQP4 polarization to astrocyte endfeet, which impairs maturation of the glymphatic function (Munk et al., 2019). The focal absence of pericytes correlates with relocation of AQP4 from astrocytic endfeet to the soma of astrocytes (Armulik et al., 2010). Pericytes express laminin-α2 (LAMA2), laminin-β1, and laminin-γ1, which encode the subunits of laminin 211 (Vanlandewijck et al., 2018). Laminin 211 deposits in the vascular basement membrane and interacts with dystrophin in astrocytes, which acts as a molecular bridge to AQP4 to keep it in the astrocyte endfeet (Guadagno and Moukhles, 2004). Indeed, Lama2 knockout in mice results in BBB abnormalities in association with loss of AQP4 polarization to astrocyte endfeet (Menezes et al., 2014). The above referenced reports suggest that pericytes might influence the development of the glymphatic system through deposition of laminin 211 in the vascular basement membrane, which maintains the polarization of AQP4 at astrocytic endfeet. However, there are critical assessments of the proposed glymphatic system (Hladky and Barrand, 2014, 2019; Abbott et al., 2018). Several observations or simulations do not support the glymphatic mechanism (Jin et al., 2016; Smith et al., 2017) nor convective fluid flow of CSF (Asgari et al., 2016; Holter et al., 2017). Hence, the existence of the paravascular pathway as a CNS drainage system is still under debate.



Inflammation and the Regulation of Immune Cells

Brain pericytes have many properties of immune regulating cells such as (1) responding to and expressing pro-inflammatory and anti-inflammatory molecules, (2) regulating leukocyte extravasation and trafficking, and (3) controlling immune cell activation including T cells, macrophages, and microglia (Rustenhoven et al., 2017; Thomas et al., 2017; Duan et al., 2018; Smyth L.C.D. et al., 2018). In the mouse brain, pericytes function as the initial sensor of systemic inflammation and relay the infection signal to neurons by secreting chemokine CC chemokine ligand 2 (CCL2, also known as monocyte chemotactic protein-1, MCP1) (Duan et al., 2018).

Pericytes express and release several mediator molecules that enhance leukocyte extravasation. Although the endothelial cells are well known to induce leukocyte crawling and extravasation (Muller, 2002), pericytes also contribute to leukocyte transmigration (Proebstl et al., 2012). In vivo observation of mouse skin vessels have demonstrated that leukocyte extravasation occur only post-capillary venular pericytes (Stark et al., 2013). After inflammation stimuli, neutrophils exhibited transendothelial migration (TEM) and sub-endothelial cell crawling along pericyte processes, which was supported by pericyte-derived intercellular adhesion molecule-1 (ICAM-1) and its leukocyte integrin ligands, macrophage-1 antigen (Mac-1) and lymphocyte function–associated antigen-1 (LFA-1). Then, the leukocytes transmigrated to the interstitium through the gaps between adjacent pericytes (Proebstl et al., 2012). After extravasation, the leukocytes interact with capillary pericytes as well. Pericyte-monocyte interaction is mediated mainly by macrophage migration-inhibitory factor (MIF) and CCL2, whereas neutrophil migration involves MIF and C-X3-C motif chemokine ligand 1 (CXCL8, also known as interleukin 8, IL8) (Stark et al., 2013).

Exposure of pericytes to cytokines such as interleukin 1 beta (IL1β) and TNFα triggers the release of inflammatory molecules and matrix metalloprotease 9 (MMP9), leading to BBB breakdown in vitro (Herland et al., 2016). The immunomodulatory factors secreted by pericytes including IL1β, TNFα, IFNγ, and interleukin 6 (IL6) induce a proinflammatory state in astrocytes, microglia, and endothelial cells, and cause apoptotic neuronal death (Kovac et al., 2011; Matsumoto et al., 2018).

Conversely, pericytes can also secrete several anti-inflammatory substances such as interleukin 33 (IL33) and C-X3-C motif chemokine ligand 1 (CX3CL1) (Rustenhoven et al., 2016, 2017; Yang et al., 2016), both of which are shown to promote anti-inflammatory microglial phenotype in mouse models (Cardona et al., 2006; Fu et al., 2016). Furthermore, depletion of pericytes induced inflammatory responses in endothelial cells and perivascular infiltration of macrophages in mouse retinal vessels, suggesting pericytes exerts an anti-inflammatory effect on endothelial cells under normal conditions (Ogura et al., 2017).



Phenotype Changes

Pericytes display some similarities to mesenchymal stem cells (Wong et al., 2015). Responding to the stimuli and environmental changes, pericytes may transform into multipotent stem cells and differentiate into various cells including neural, vascular, and glial cells (Dore-Duffy et al., 2006; Nakagomi et al., 2015b; Pombero et al., 2016). Pericytes extracted from ischemic mouse brain and human brain pericytes under oxygen-glucose deprivation states develop stem properties in vitro (Nakagomi et al., 2015a). Pericytes under ischemic condition in vivo and in vitro are also reported to acquire a microglial phenotype corresponding with increased phagocytic property (Özen et al., 2014; Sakuma et al., 2016).

These phenotype changes of pericytes under stimulation can be beneficial for the compensatory remodeling after brain injury and ischemia, rapid response to infection and inflammation, and clearing compromised cells or neurotoxic substances breaching an impaired BBB. However, no multipotency of pericytes in aging and injury in vivo has been reported, challenging the current view of pericytes as tissue-resident multipotent progenitors (Guimaraes-Camboa et al., 2017).



Scar Formation

Central nervous system injury evokes the recruitment of astroglia and scar formation. Pericytes and OPCs as well as astrocytes are observed within glial scars. After spinal injury or ischemic stroke, pericytes proliferate and migrate to the injured region and form a glial scar (Göritz et al., 2011; Makihara et al., 2015; Dias et al., 2018; Hesp et al., 2018). Extracellular matrix proteins, such as periostin have shown to be expressed in the extracellular space of the injury region, which induces pericyte proliferation and leads to scar formation (Yokota et al., 2017). The glial scar around the injury site forms a barrier between the injured and the non-injured tissue to prevent further neuronal loss, which eventually hinders the axonal regeneration in the scarred area (Zhu et al., 2015; Anderson et al., 2016; Cheng et al., 2018; Dias et al., 2018). Recent evidence has demonstrated that the glial scar can also promote CNS regeneration after injury (Anderson et al., 2016), suggesting a dual function. The complexity and heterogeneity of the glial scar derived from different cell types (i.e., astrocytes, pericytes, and OPCs) at various phases in CNS diseases remains to be elucidated.



CROSS TALK OF PERICYTES WITH VASCULAR CELLS AND GLIA


Endothelial Cells and Pericytes

Pericytes and endothelial cells are connected to a shared basement membrane by several types of integrin molecules. In areas lacking the basement membrane, interdigitations of pericytes and endothelial cell membranes, called peg and socket contacts, form direct connections by N-cadherin and connexin 43 (Armulik et al., 2005; Winkler et al., 2011b). The crosstalk between pericytes and endothelial cells is indispensable for angiogenesis, vascular stability, and BBB formation. For CNS pericytes and endothelial cells, PDGFB/PDGFRβ, TGFβ, Notch, VEGF, and S1P/S1PR1 signaling events are well investigated (Darland et al., 2003; Paik et al., 2004; Gaengel et al., 2009; Walshe et al., 2009; Liu et al., 2010; Li et al., 2011). ANGPT signaling is investigated in the retinal endothelial cells and pericytes (Winkler et al., 2011b).

In the angiogenesis of the mouse brain, PDGF-BB secreted by endothelial cells recruits PDGFRβ-positive pericytes and progenitor cells (Tallquist et al., 2003; Gaengel et al., 2009). PDGFB signaling also stimulates pericyte proliferation (Geranmayeh et al., 2019), and sustained PDGF-BB–PDGFRβ signaling in the adult CNS is required for pericyte cell survival (Geraldes et al., 2009; Bell et al., 2010).

TGFβ signaling is vital for microvessel stability affecting both endothelial cells and pericytes. Endothelially secreted TGFβ regulates differentiation of pericyte progenitors (Ribatti et al., 2011) and induces pericyte contractile protein expression and extracellular matrix production and facilitates proper pericyte attachment in coordination with Notch signaling (Li et al., 2011; Winkler et al., 2011a). Pericyte-derived TGFβ contributes to endothelial maturation through SMAD signaling (Winkler et al., 2011b).

Vascular endothelial growth factor produced by pericytes and endothelial cells also shows reciprocal interaction (Sweeney et al., 2016). Pericyte-derived VEGF in the mouse brain promotes endothelial sprouting and cell survival (Franco et al., 2011; Eilken et al., 2017). VEGF treatment enhances pericyte coverage of brain endothelial cells with increased N-cadherin production (Zechariah et al., 2013). VEGF induces proliferation and migration of pericytes as well as endothelial cell stabilization (Darland et al., 2003).

S1P is originally described as secreted by endothelial cells. Its receptor, S1PR1 is expressed in mural cells including pericytes. S1P secreted by endothelial cells is essential for pericytes coverage in the mouse brain (Allende et al., 2003) and stabilizes endothelial/pericyte cell adhesion through N-cadherin (Paik et al., 2004; Gaengel et al., 2009) and maintains the BBB (Yanagida et al., 2017). Human pericytes secrete S1P, which induces the expression of adhesion proteins in human retinal endothelial cells in vitro (McGuire et al., 2011).

ANGPT1 and ANGPT2 differently contribute to angiogenesis. The ANGPT1 is mainly expressed in pericytes and ANGPT2 is mainly expressed in endothelial cells. The ligand of ANGPT, TEK is mainly expressed in endothelial cells (Sundberg et al., 2002). Pericyte-derived ANGPT1 activates endothelial TEK and promotes endothelial survival (Geevarghese and Herman, 2014). TEK is also expressed at lower levels by pericytes and its downstream signaling in pericytes is essential for angiogenesis (Teichert et al., 2017). In angiogenesis, ANGPT2 was thought to antagonize ANGPT1, but later was found to act as both agonist/antagonist of TEK signaling in the endothelium (Yuan et al., 2009; Akwii et al., 2019). ANGPT2 expressed by mouse endothelial cells leads to the dissociation of TEK expressing pericytes from vessels, which initiates endothelial cell sprouting (Armulik et al., 2005).

Crosstalk between pericytes and endothelial cells is also mediated by circular RNA. Diabetes-related stress up-regulates a circular RNA, cPWWP2A (PWWP domain containing 2A) expression in pericytes, which inhibit microRNA-579 and regulate vascular integrity (Liu C. et al., 2019).



Astrocytes and Pericytes

The crosstalk between pericytes and astrocytes contributes to BBB maintenance, NVC, and white matter attenuation under chronic hypoperfusion (Bonkowski et al., 2011).

Pericytes facilitate the attachment of astrocyte endfeet to the BBB (Ihara and Yamamoto, 2016; Geranmayeh et al., 2019) and pericyte-deficient mice lose AQP4 in the endfeet of astrocytes (Armulik et al., 2010). On the other hand, astrocytes control pericyte migration, differentiation, and the juxtaposition of pericytes to endothelial cells (Nakagawa et al., 2009; Yao et al., 2014). Astrocyte-derived apolipoproteins differently regulate cyclophilin A (CypA) signaling in pericytes, which controls BBB integrity (Bell et al., 2012). In NVC, astrocytic calcium signaling mediates capillary dilation via pericytes (Mishra et al., 2016; Kisler et al., 2017a).



Oligodendrocyte Precursor Cells and Pericytes

Oligodendrocyte precursor cells (OPCs) have recently emerged as one of the contributors to BBB. According to their regional differences, OPCs can be divided into two subtypes, namely, perivascular OPCs and parenchymal OPCs (Maki, 2017; Kishida et al., 2019). In the human and mouse brain, perivascular OPCs are attached to cerebral endothelial cells and pericytes through basal lamina, and thereby are thought to become novel components of the BBB (Seo et al., 2013; Maki et al., 2015). OPC-specific TGFβ1 depleted mice exhibited cerebral hemorrhage and loss of BBB function, showing the role of OPCs for BBB maintenance through TGFβ1 signaling (Seo et al., 2014). In vitro experiments have shown that OPC-derived factors increase pericyte proliferation whereas pericyte-derived factors support OPC self-renewal and differentiation (Maki et al., 2015, 2018). In the developing mouse forebrain, pericyte-derived TGFβ family proteins contribute to the migration and distribution of OPCs in brain parenchyma (Choe et al., 2014), while perivascular OPC migration to the vessels in the developing CNS requires interaction with endothelium but not pericytes (Tsai et al., 2016).

In the adult mouse brain, pericytes respond to toxin-induced demyelination in the brain and stimulate OPC differentiation during remyelination through Lama2 (De La Fuente et al., 2017). Pericyte-derived Lama2 also instructs neuronal stem cells to an oligodendrocyte fate (Silva et al., 2019).

A recent report has shown that odor triggers rapid Ca2+ elevations in OPC processes before pericytes and SMCs dilate the vessels responding to synaptic activation, suggesting possible relationship between OPCs and pericytes in the NVC (Rungta et al., 2018).



Microglia and Pericytes

Microglia have been regarded as the main executor of inflammation after acute and chronic CNS disorders. The interaction between microglia and vascular cells – including pericytes – has important roles for vascular inflammation, angiogenesis, and BBB integrity (Ding et al., 2018; Thurgur and Pinteaux, 2019). Although endothelial cells are thought to be the main source of cytokines and chemokines which trigger microglial activation upon vascular inflammation, pericytes are also known to be key mediators in this process. In response to TNFα, rat brain pericytes in vitro produce IL6 and macrophage inflammatory protein 1 (MIP1), which trigger microglial activation (Matsumoto et al., 2014). Activated microglia disrupt the BBB, which triggers angiogenesis (Dudvarski Stankovic et al., 2016; Shigemoto-Mogami et al., 2018). In the mouse brain, pericytes initially respond to the systemic inflammation within 2 h and secrete CCL2 before the response of astrocytes or microglia (Duan et al., 2018). Given that CCL2 is also known to activate microglia (He M. et al., 2016; Zhang et al., 2017) and microglial process motility dynamics are altered 48 h after systemic infection (Gyoneva et al., 2014), pericytes might modulate microglial process motility and physical dynamics around the vessels in response to infection. Furthermore, pericytes themselves acquire a microglial phenotype after ischemic stroke as mentioned above (Özen et al., 2014; Sakuma et al., 2016). Conversely, pericytes also secrete several anti-inflammatory substances such as IL33 and CX3CL1 (Rustenhoven et al., 2016, 2017; Yang et al., 2016), both of which has shown promote anti-inflammatory microglial phenotype in mouse models (Cardona et al., 2006; Fu et al., 2016).



Perivascular Macrophages and Pericytes

In the human and mouse brain, perivascular macrophages lie under the basement membrane alongside pericytes (Fabriek et al., 2005; Goldmann et al., 2016). Perivascular macrophages maintain tight junctions between endothelial cells and limit vessel permeability, phagocytose potential pathogens before they enter tissues from the blood and restrict inappropriate inflammation (Zenker et al., 2003). Although pericytes and perivascular macrophages are localized close to each other and possess shared functions including regulation of vascular permeability and phagocytosis, little is known about how pericytes interact with perivascular macrophages in the vascular niche (Lapenna et al., 2018).



PATHOLOGICAL ROLES OF PERICYTES IN CEREBROVASCULAR DISEASES AND AD

Blood–brain barrier breakdown and microvessel dysfunction has been observed in various CNS disorders such as small vessel disease (SVD), ischemic acute stroke, intracerebral hemorrhage, Alzheimer’s disease (AD), traumatic brain injury (TBI)/chronic traumatic encephalopathy (CTE), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), Lewy body diseases (LBD), and epilepsy (Winkler et al., 2013; Coatti et al., 2019; Erdener and Dalkara, 2019; Geranmayeh et al., 2019). In particular, pericyte dysfunction is thought to be a critical factor for aggravating dementing diseases such as vascular cognitive impairment/dementia and AD (Sagare et al., 2013; Montagne et al., 2018; Nikolakopoulou et al., 2019).

Cognitive impairment/dementia related to vascular pathology is classified according to the causative vessel size, that is, ‘small vessel’ disease and ‘large vessel’ disease, although their crosstalk would be essential for the pathogenesis of both disorders (Ihara and Yamamoto, 2016). Cerebral SVD contributes to a wide range of pathological processes, which affect the small vessels including small arteries, arterioles, venules, and capillaries in the brain (Østergaard et al., 2016; Staszewski et al., 2017; Parkes et al., 2018). In contrast, large vessel disease in the brain may result in stroke and hemorrhage, which affect various type of arteries (Nomura et al., 2018). Table 2 provides the roles of CNS pericytes in health and disease focusing on cerebrovascular diseases and AD.


TABLE 2. The roles of CNS pericytes in health and disease.
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Small Vessel Disease

SVD is characterized by pathological changes in the small vessels with a diameter < 100 μm, with concentric smooth muscle thickening in arterioles, as well as pericyte degeneration, basal membrane thickening, endothelial, and astrocyte end-feet swelling in capillaries (Craggs et al., 2014; Bosetti et al., 2016; Østergaard et al., 2016). The slowly progressive worsening of microcirculatory structure and function results in white matter changes, which can be detected by magnetic resonance imaging (MRI).

Small vessel disease is commonly known to be co-morbid brain pathology in a wide range of neurodegenerative diseases including CTE, MS, LBD, and diverse tauopathies including AD (Erdener and Dalkara, 2019). In sporadic SVD, pericytes play pivotal roles as they reside in the small vessels and contribute to maintenance of the BBB, vascular integrity, inflammation, and angiogenesis. Chronic hypoperfusion in the rodent brain results in degeneration of pericytes and decreased pericyte coverage in brain blood vessels, and increased BBB permeability followed by white matter attenuation (Ueno et al., 2002; Liu Q. et al., 2019). Pericyte-deficient mice also cause circulatory failure in the brain which can trigger white matter functional deficits and neuronal loss (Bell et al., 2010; Montagne et al., 2018; Nikolakopoulou et al., 2019).

A leaky BBB allows for the extravasation of toxic-blood derived products such as fibrinogen, which accumulates around the vasculature as insoluble fibrin (Bell et al., 2010; Montagne et al., 2018; Nikolakopoulou et al., 2019). Fibrinogen/fibrin infiltration results in clustering and activation of macrophages and microglia as well as chemokine- and antigen presentation-mediated recruitment and activation of T cells, causing axonal degeneration (Davalos et al., 2012; Ryu et al., 2015). Pericytes produce numerous pro-inflammatory mediators including reactive oxygen/nitrogen species (ROS/RNS), which induces neurons to undergo stress-induced apoptosis (Rustenhoven et al., 2017). This pro-inflammatory status in the vessels induces leukocyte adhesion and microglial activation (Matsumoto et al., 2018; Erdener and Dalkara, 2019). Under chronic hypoperfusion, bone morphogenetic protein 4 (BMP4) expression is increased by pericytes, which induces astrogliogenesis and aggravates white matter attenuation (Uemura et al., 2018).

Chronic hypoperfusion induces compensatory angiogenesis by increasing the expression of angiogenetic factors such as VEGF, ANGPT1/2, and MMP9 (Jian et al., 2003; Ohtaki et al., 2006; Min-Soo et al., 2018). VEGF and ANGPT1 promote sprouting and proliferation of endothelial cells, and recruitment of pericytes (Shane and Didier, 2011). MMP9 regulates the detachment of pericytes from vessels thereby triggering angiogenesis (Joyce, 2005).

The importance of pericytes in SVD may be emphasized by the fact that one of the most common inherited cerebral SVD, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), shows aggregation of mutant Notch3 protein around capillary pericytes as well as arteriolar SMCs (Ihara and Yamamoto, 2016). Pericytes express Notch3 and are first affected by Notch3 aggregation in Notch3R169C mice, suggesting pericytes might be a main contributor in the pathogenesis of CADASIL (Ghosh et al., 2015). A recent study, however, has shown no change in pericyte coverage in the white matter lesion of CADASIL patients nor Notch3R169C mice, arguing against the prevailing hypothesis that pericyte loss is the primary driver of white matter lesions (Rajani et al., 2019). The jury is still out on the contribution of pericytes to the white matter damage.



Cerebral Ischemic Stroke

Residing in the microvessels, pericytes have a great influence on the condition of the brain following acute ischemic stroke caused by thrombosis or embolism affecting larger vessels. The biological roles of pericytes, such as regulation of CBF, BBB maintenance, inflammation and immunological properties, angiogenesis, and scar formation are all involved in the status of the ischemic brain (Gautam and Yao, 2018).

During arterial obstruction, pericytes positioned on the proximal capillaries constrict the vessels and impede capillary blood flow, which lasts even after arterial recanalization, developing a no-reflow phenomenon (Dalkara and Arsava, 2012; Gursoy-Ozdemir et al., 2012; Hall et al., 2014, Hill et al., 2015). The debate about whether these cells are pericytes or SMCs was discussed above.

During stroke, BBB permeability is increased, and sustained ischemia leads to increased BBB disruption (Simpkins et al., 2016). Severe BBB disruption during stroke increases the risk of hemorrhage in patients treated with intravenous tissue-type plasminogen activator (Deguchi et al., 2014). During ischemia, as in SVD, ROS production and MMP9 up-regulation in pericytes contribute to BBB breakdown. An enzymatic source of ROS production, nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), is highly up-regulated by pericytes in the peri-infarct region of the mouse brain subjected to middle cerebral artery occlusion (MCAO), and overexpression of NOX4 in pericytes induces BBB breakdown by up-regulating MMP9 (Nishimura et al., 2016). Pericytes also directly release MMP9 during ischemia, which interrupts the tight junctions between endothelial cells and the binding of astrocyte endfeet to the vascular wall (Underly et al., 2017). VEGF up-regulation by pericytes under ischemic conditions has also been reported to disrupt the BBB in vitro and in vivo (Zheng Gang et al., 2000; Bai et al., 2015), and this triggers further angiogenesis. However, a report has shown that prolonged exposure to VEGF enhances post-ischemic BBB integrity and reduces infarct volume in mice subjected to transient MCAO (Zechariah et al., 2013). Thus, VEGF might have a pluripotent role in BBB integrity according to the dosage and timing of its release.

Pericytes might also play a role in regulating ischemia-induced leukocyte infiltration as pericytes express cell surface adhesion molecules and induce leukocyte transmigration in response to inflammatory mediators (Balabanov et al., 1999; Pieper et al., 2013; Stark et al., 2013). Pericytes express ICAM-1, which guide leukocyte migration through gaps between pericytes by interacting with the integrin ligands on leukocytes (Proebstl et al., 2012).

Aside from these detrimental roles, pericytes play a beneficial role in ischemic stroke via promoting angiogenesis and scar formation. During MCAO-inducing ischemia in the mouse brains, pericytes are recruited from the periphery as well as parenchyma, and are involved in angiogenesis and blood vessel stabilization (Renner et al., 2003; Kokovay et al., 2006). Pericyte migration to the infarcted area forming the core of the scar, which is distinct from the astroglial scar surrounding the core (Fernández-Klett et al., 2013). Consistent with that, Pdgfrb+ ⁣/− mice demonstrated decreased fibrosis in the ischemic area and enlarged infarct volume (Makihara et al., 2015). Although glial scar formation is beneficial to prevent toxic substances from spreading, it should be noted that excessive or long-lasting glial scar formation inhibits axonal regeneration and stalls the recovery process (Dias et al., 2018). Furthermore, detachment of pericytes from capillaries allows them to migrate toward ischemic region thereby causing further leakage of the BBB. The same is true of angiogenesis. While angiogenesis increases the blood supply to the peri-infarct area, insufficient angiogenesis results in leaky blood vessels leading to brain hemorrhage (Kuhnert et al., 2010; Cullen et al., 2011).



Alzheimer’s Disease

AD is the most prevailing dementia among the elderly and is defined pathologically by the presence of Aβ accumulation in brain parenchyma as Aβ plaque and aggregation of hyperphosphorylated tau as neurofibrillary tangles as well as neuritic plaques and neuropil threads. Aβ also accumulate in the vessels as cerebral amyloid angiopathy (CAA). Recently, it has been increasingly recognized that the decreased CBF and white matter attenuation associated with BBB breakdown correlates with the accumulation of AD pathology, and contributes to the onset and progression of dementia (Iturria-Medina et al., 2016; Leijenaar et al., 2017; Park et al., 2019). CBF reduction, BBB breakdown in the hippocampus, and an increase in PDGFRβ level in the CSF occur even in the very early stages of cognitive impairment (Iris et al., 2007; Montagne et al., 2015; Iturria-Medina et al., 2016; Nation et al., 2019) as well as later stages of AD (Miners et al., 2019). In AD patient brains, microvessels are frequently narrowed and irregular in diameter especially in the vicinity of the senile plaques, which is accompanied by decreased capillary bed densities (Kitaguchi et al., 2007). Some vessels in these area are collapsed with lacking endothelial cells, and do not carry blood flow, called string vessels (Hunter et al., 2012). In the mouse brain, infusion of Aβ caused endothelin-1 (ET1) upregulation in cerebral vasculature through receptor for advanced glycation end products (RAGE), which contributes to Aβ-induced CBF reduction (Deane et al., 2003). CBF reduction accompanied by increased vascular RAGE and ET1 is also observed in Tg2576 mice, which is ameliorated by blocking Aβ and RAGE binding (Deane et al., 2003). A recent study has shown that capillaries in the AD brains are constricted by pericytes, which causes a decrease in CBF (Nortley et al., 2019). In rat brains, Aβ oligomer-induced ROS triggers the release of ET1 to stimulate pericytes contraction and CBF reduction (Nortley et al., 2019). AD patients also show a decrease in pericyte coverage with an increase in extravascular immunoglobulin G and fibrin deposition (Sengillo et al., 2013). The apolipoprotein E4 genotype, which is a major genetic risk factor for late-onset AD, leads to pericyte loss and enhances CypA-MMP9 pathway of BBB degradation (Halliday et al., 2016). Pericytes express LRP1 and other Aβ-binding receptors such as the low density lipoprotein receptor (LDLR), RAGE, and CD36 in brains with AD pathology including CAA (Zenaro et al., 2017). Aβ accumulation in pericytes is observed in human AD brains and in the brains of APPsw/0 mice (Ma et al., 2018). At the ultrastructural level of AD brains, pericytes are disorganized and exhibit mitochondrial abnormalities, pinocytotic vesicles, and accumulation of osmophilic material (Farkas and Luiten, 2001; Baloyannis and Baloyannis, 2012).

Loss of BBB integrity caused by pericyte deterioration may induce an influx of immune cells into the brain, driving inflammation, and CBF stagnation and thereby impairing Aβ clearance, all of which aggravate AD pathology (Mazza et al., 2011; Kinney et al., 2018). Indeed, both the depletion of pericytes in the APPsw/0 mice (APPsw/0; Pdfgfb+ ⁣/−) (Sagare et al., 2013) and chronic cerebral hypoperfusion in the APPSwInd Tg mice (Kitaguchi et al., 2009; Yamada et al., 2011) aggravate AD pathology such as increasing Aβ deposition and tau phosphorylation followed by neuronal loss. Notably, a high-fat diet, which leads to vascular related diseases, exacerbates AD pathology accompanied by pericyte dysfunction in the APPsw/PS1 mice (Theriault et al., 2016).

Although Aβ is toxic to the pericytes, pericytes basically take an active part in the clearance of Aβ by phagocytosis and translocation through BBB (Winkler et al., 2014; Alla et al., 2019). Pericytes clear Aβ aggregates via an LRP1/ApoE isoform-specific mechanisms, suggesting a potential therapeutic target for controlling Aβ clearance in AD (Winkler et al., 2014; Ma et al., 2018).



THERAPEUTIC STRATEGIES FOCUSING ON PERICYTES

Since pericytes have multifunctional properties and contribute to the various neurological disorders, pericytes as a therapeutic target, can be approached from various aspects: (1) prevention of BBB dysfunction, (2) promoting angiogenesis and vascular stability, (3) reduction of pericyte constriction under pathological condition, (4) up-regulation of Aβ clearance, (5) control of inflammation, (6) implantation therapy through multipotential stem cell properties, and (7) regulation of proper scar formation.

As the BBB tightly restricts the passage of substances into the CNS, it is challenging to deliver drugs from blood circulation into the brain. Therefore, the delivery methods which enable the drugs to pass through BBB may be beneficial as exemplified by encapsulating drugs in liposomes or nanoparticles (Gaudin et al., 2014; Fullstone et al., 2016; Zhou et al., 2018).


Prevention of BBB Dysfunction, Promoting Angiogenesis, and Vascular Stability

Loss of pericytes and BBB dysfunction are common in a variety of neurological disorders including cerebrovascular diseases and AD. Thus, promoting the interaction of pericytes and endothelial cells by regulating PDGFB/PDGFRβ, TGFβ, Notch, ANGPT/TEK, and VEGF signaling could be therapeutic by preventing BBB dysfunction and facilitating proper angiogenesis and vascular stability. For instance, increasing PDGF-BB in the endothelial cells and/or PDGFRβ in the pericytes could boost pericyte proliferation and migration to microvessels while increasing TGFβ signaling could promote pericyte proliferation and attachment to the vessels (Winkler et al., 2011b). Indeed, administration of TGFβ showed increased BBB formation under ischemic condition in vitro and in vivo (Shen et al., 2019). VEGF treatment was also shown to enhance post-ischemic BBB integrity and reduce infarct volume in rodent models of MCAO (Zheng Gang et al., 2000; Zechariah et al., 2013). Recently, regulating RNA for maintaining the BBB has been investigated and overexpression of cPWWP2A or silencing microRNA-579 expression promoted pericyte-endothelial cell crosstalk and microvascular stability (Liu C. et al., 2019). Administration of microRNA-149-5p attenuated BBB permeability and improved the outcomes of rat subjected with transient MCAO (Wan et al., 2018).

Reduction of ROS and MMP9 should also prevent pericyte-mediated BBB breakdown. A recent study observed that MMP9 inhibitors reduced pericyte-associated BBB leakage (Underly et al., 2017). A free radical scavenger edaravone has been sown to ameliorate brain damage after ischemia via pericyte-mediated angiogenesis and vessel stability (Deguchi et al., 2014). Further, cilostazol – a phosphodiesterase 3 inhibitor – promoted angiogenesis through pericyte proliferation with inhibition of the MMP9, which maintained vascular integrity in spontaneously hypertensive stroke prone (SHR-SP) rat (Omote et al., 2014) while cilostazol also ameliorated cerebral hemorrhage in mice by protecting the BBB (Takagi et al., 2017), suggesting cilostazol has additional effects of vascular stability aside from antithrombosis.



Reduction of Capillary Constriction by Pericytes Under Ischemia or Aβ Accumulation

Since the no-reflow phenomenon hampers the tissue recovery after recanalization in the arteries, researchers have tried to find clues to prevent capillary constriction by pericytes after ischemia. These ischemia-induced pericyte contraction have shown to be relieved by suppressing ROS/RNS (Yemisci et al., 2009; Deguchi et al., 2014; Hall et al., 2014), removal of external Ca2+ (Hall et al., 2014), or administration of adenosine and sodium nitroprusside (Neuhaus et al., 2017; O’Farrell et al., 2017). Capillary constriction by pericytes and CBF reduction are also observed in AD brains, which may aggravate cognitive decline. Aβ infusion into mouse brain causes RAGE-ET1 mediated CBF reduction, similar to the CBF reduction observed in aged Tg2576 mice (Deane et al., 2003). Furthermore, a RAGE-specific inhibitor recovered CBF and lowered the Aβ burden in APPsw/0 mice (Deane et al., 2012). Aβ oligomers induce pericyte constriction by ROS mediated ET1 release (Nortley et al., 2019). This Aβ-evoked constriction was reversed by applying the vasodilator C-type natriuretic peptide and could be halted by blocking NOX4 or ET1 receptors, suggesting potential therapeutic target for CBF reduction in AD.



Up-Regulation of Aβ Clearance

Because pericytes take up Aβ, then degrade or excrete it into the circulation, boosting pericyte function could be therapeutic target for Aβ clearance in AD. Consistent with that, pericyte loss in the APPsw/0 mice showed increased Aβ accumulation and tau phosphorylation (Sagare et al., 2013). Pericytes internalize and clear aggregated Aβ by LRP1-dependent ApoE isoform-specific mechanism (Ma et al., 2018), highlighting up-regulation of LRP1 as a therapeutic target for Aβ clearance.



Control of Inflammation

Neuroinflammation is present in almost all neurological diseases. Pericytes release both pro-inflammatory and anti-inflammatory mediators and regulate recruitment of immune cells from the blood to the brain parenchyma. Although inflammation may have some positive aspects such as immunoprotection against pathogens, clearance of toxic substances, and support of angiogenesis, excessive inflammation causes BBB leakage, tissue damages and neuronal loss.

Targeting ROS-mediated inflammation is a feasible therapeutic target in terms of suppressing release of pro-inflammatory cytokines by pericytes with preventing pericyte loss and BBB dysfunction. A free radical scavenger edaravone has been sown to ameliorate brain damage after ischemia (Deguchi et al., 2014). Targeting receptor or downstream signaling stimulated by pericyte-secreted cytokines may also be potential therapeutic target. Blocking pericyte-derived BMP4 by its receptor antagonist noggin treatment was shown to suppress astrogliogenesis and alleviate white matter damage resulting from chronic cerebral hypoperfusion (Uemura et al., 2018). Targeting transcription factors that regulate immune functions following inflammatory insults might be another option to suppress the detrimental effects of inflammation.



Implantation Therapy, Application of Multipotential Stem Cell Properties

Implantation of mesenchymal stem cell-derived pericytes in mice that model AD plaque pathology reduces the Aβ burden, demonstrating the possibility of cell-based therapy for AD treatment (Tachibana et al., 2018). Easy accessibility of pericytes for autologous transplantation highlights their capabilities for future therapeutic studies (Geranmayeh et al., 2019). Since pericyte-like cells derived from induced pluripotent stem cells (iPSC) acquire BBB properties and are incorporated with iPSC-derived endothelial cells, astrocytes and neurons (Faal et al., 2019; Stebbins et al., 2019), iPSC-derived pericytes might also be promising for implantation therapy of AD and other neurological disorders. Pericytes themselves have been shown to acquire stem cell-like and microglial properties after ischemia (Özen et al., 2014; Nakagomi et al., 2015a), which offers another potential therapeutic target for recovery form CNS diseases.



Regulation of Proper Scar Formation

As discussed above, scar formation in the ischemic brain and brain/spinal cord injury has pluripotent effects on diverse CNS conditions. While the scar formation by pericytes and glia play fundamental roles in promoting angiogenesis and tissue remodeling (Hesp et al., 2018), reducing pericyte-derived scar formation has been reported to promote axonal regeneration and recovery from spinal cord injury (Dias et al., 2018). Administration of periostin-neutralizing antibody, which suppresses pericyte-induced scar formation, ameliorates functional recovery after spinal cord injury (Yokota et al., 2017), but further studies are needed to demonstrate the therapeutic potential of these strategies including the appropriate timing and degree of intervention.



CONCLUSION

All CNS cells and tissues need a blood supply coming from outside the brain. Located at the interface between CNS tissue and blood circulation and having multi-functional properties, pericytes play a variety of fundamental roles in the healthy CNS. As a result, pericytes offer many opportunities for therapeutic intervention in a broad range of neurological disorders, including cerebrovascular disorders and AD. Vascular cognitive impairment/dementia and AD account for more than 3/4 of dementing diseases, and vascular pathology is often observed in a various neurodegenerative disease, especially in AD, where pericytes are thought to contribute. With increasing knowledge about the molecular mechanisms operating in pericytes and their crosstalk with neighboring cells, the targeting pericytes as a therapeutic strategy has become increasingly important and research on this topic is likely to accelerate more in the future.
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Hypertension is recognized as a risk factor for Alzheimer disease, but the causal link remains undetermined. Although astrocytes and microglia play an important role in maintaining the neurovascular unit, astrocytes and microglia have been understudied in comorbid models of hypertension and Alzheimer disease. In this study, male transgenic Fischer 344 rats (TgAPP21) overexpressing a pathogenic human amyloid precursor protein received 8 weeks of Angiotensin II infusion to increase blood pressure, and the rats were evaluated for astrocytosis, microgliosis, and cognitive function. A linear relationship between astrocytosis and blood pressure was observed in the corpus callosum and cingulum of wildtype rats, with hypertensive wildtype rats matching the elevated baseline astrocytosis seen in normotensive transgenic rats. In contrast, hypertensive transgenic rats did not demonstrate a further increase of astrocytosis, suggesting a deficient response. Angiotensin II infusion did not affect activation of microglia, which were elevated in the white matter and hippocampus of transgenic rats. Angiotensin II infusion did impair both wildtype and transgenic rats’ executive functions in the Morris Water Maze. These results present important implications for the interaction between hypertension and pathogenic human amyloid precursor protein expression, as Angiotensin II infusion produced cognitive impairments in both genotypes, but transgenic rats were additionally impaired in developing a normal astrocytic response to elevated blood pressure.
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INTRODUCTION

Cerebral vascular pathology is commonly observed in autopsy-confirmed cases of Alzheimer’s disease (AD) at significantly greater rates than age-matched control cases (Toledo et al., 2013). The relationship between AD and vascular pathology has given rise to the neurovascular hypothesis of AD (Zlokovic, 2005, 2011; Kisler et al., 2017), which proposes that cerebrovascular dysregulation, including the effect of systemic hypertension on the brain, disrupts amyloid and tau protein homeostasis, leading to neuronal injury and cognitive impairment. At the same time, amyloid- and tau-mediated injury can disrupt neurovascular coupling. Central to this bi-directional hypothesis is the neurovascular unit, maintained in part by astrocytes and microglia. Both of these glial cell types demonstrate important physiological responses to both hypertension and amyloid (Prokop et al., 2013; Dunn and Nelson, 2014; Shen et al., 2015; von Bernhardi et al., 2015; Frost and Li, 2017).

Hypertension is recognized as a leading vascular risk factor for AD (Oveisgharan and Hachinski, 2010; Iadecola, 2014; Livingston et al., 2017) but studies on whether anti-hypertensive therapy can offer cognitive protection have had mixed results (Lithell et al., 2004; Peters et al., 2008; McGuinness et al., 2009; Perrotta et al., 2016). A recent meta-analysis of prospective cohort studies showed a reduced risk of dementia with use of any antihypertensive medication (Ding et al., 2019), suggesting a benefit that was independent of drug class. The recent SPRINT-MIND trial demonstrated a reduced incidence of cognitive impairment in the intensive blood pressure control group when compared to standard treatment group (Williamson et al., 2019), further supporting a direct relationship between neurodegenerative disease and elevated blood pressure.

The importance of hypertension as a risk factor for AD is further supported by the strong link between hypertension and abnormal white matter changes presenting as leukoaraiosis, also known as white matter hyperintensities (van Dijk et al., 2004). Hypertension is the leading risk factor for leukoaraiosis, and in turn, leukoaraiosis is an important predictor for dementias, including AD (Debette and Markus, 2010). These white matter disruptions are associated with disruptions of white matter integrity (O’Sullivan et al., 2004; Altamura et al., 2016) and can cause impairments of executive functions such as working memory and behavioral flexibility (O’Sullivan et al., 2004). These changes are also observed in patients with hypertension (Raz et al., 2003; Vicario et al., 2005; Li et al., 2016). Hypertension disrupts astrocytic polarity (Yamagata et al., 1997; Vitaioli et al., 2004; Tomassoni et al., 2010; Wang et al., 2018), which may be an initiating factor in the development of leukoaraiosis (Huang et al., 2018). Thus, an experimental model that captures the effects of hypertension on white matter astrocytes will be crucial to investigating possible causal relationships between hypertension and AD.

Previous animal models of comorbid hypertension and AD have demonstrated that hypertension does exacerbate amyloidopathies and cognitive impairment (Díaz-Ruiz et al., 2009; Gentile et al., 2009; Carnevale et al., 2012, 2016; Csiszar et al., 2013; Cifuentes et al., 2015), but these studies did not present data on executive function and white matter gliosis. In the present study, we investigated the impact of hypertension on the transgenic Fischer 344 rat (TgAPP21) which overexpresses a pathogenic variant of the human amyloid precursor protein (hAPP; swe/ind mutations) (Agca et al., 2008), focusing on astrocytes, microglia, and executive function. Cerebral amyloid pathology does not occur spontaneously in TgAPP21 but can be induced (Agca et al., 2008; Rosen et al., 2012; Silverberg et al., 2015). Furthermore, TgAPP21 demonstrate a greater vulnerability to cerebrovascular injury than age-matched wildtype controls (Levit et al., 2017). Thus, TgAPP21 are ideal for modeling the roles of hypertension and glial cells in the early pre-plaque stages of AD. For 8 weeks, 8–10 month old male wildtype and transgenic rats were infused with either normal saline (Wt and Tg rats) or Angiotensin II (AngII; Wt-AngII and Tg-AngII rats) to elevate blood pressure and model the effects of hypertension (Crowley et al., 2006; Osborn et al., 2011; Lohmeier, 2012). We expected increased astrocytosis particularly in the white matter regions of Wt-AngII and Tg-AngII, accompanied by executive dysfunction, as both white matter and executive function are particularly vulnerable to hypertension (Raz et al., 2003; Vicario et al., 2005; Li et al., 2016). As both hypertension and high levels of amyloid activate both astrocytes and microglia (Vitaioli et al., 2004; Tomassoni et al., 2010; Prokop et al., 2013; Dunn and Nelson, 2014; Shen et al., 2015; von Bernhardi et al., 2015; Frost and Li, 2017; Wang et al., 2018), we expected the greatest amount of glial activity in the comorbid Tg-AngII rats.

Indeed, after 8 weeks of elevated blood pressure, we found greater astrocyte reactivity in the corpus callosum and cingulum of Wt-AngII rats than in Wt rats. The level of white matter astrocytosis in Wt-AngII rats was similar to Tg rats, which appeared to have an elevated baseline level of reactive astrocytes. However, Tg-AngII rats did not demonstrate a further increase of astrocytosis. AngII infusion did impair both Wt-AngII and Tg-AngII rats in the Morris Water Maze (MWM) adaptation of a delayed match-sample test, a spatial task that also tests working memory and behavioral flexibility. These results present important implications for the interactive effects of hypertension and genetic risk factors for AD, as AngII infusion produced cognitive impairments in both genotypes, but Tg-AngII were additionally impaired in developing a normal astrocytic response to elevated blood pressure.



MATERIALS AND METHODS


Animals

Animal ethics and procedures were approved by the Animal Care Committee at Western University (protocol 2014-016) and are in compliance with Canadian and National Institute of Health Guides for the Care and Use of Laboratory Animals (NIH Publication #80-23). Homozygous TgAPP21 rats were studied to model the effect of increased brain concentrations of pathogenic hAPP (Agca et al., 2008). Twenty-six male wildtype Fischer 344 rats and 29 male TgAPP21 rats were aged to 7.25 months (SD = 0.55 months), weighing an average of 367 g (SD = 38 g), before osmotic pumps were implanted to deliver saline or AngII for 8 weeks. Behavioral testing was performed during the last 2 weeks of saline or AngII infusion.



Blood Pressure Elevation and Measurement

With random allocation, 13 wildtype and 14 TgAPP21 rats were infused with normal saline (Wt, Tg); 13 Wt and 15 TgAPP21 rats were infused with AngII to elevate blood pressure (Wt-AngII, Tg-AngII) (Crowley et al., 2006; Osborn et al., 2011; Lohmeier, 2012). Osmotic pumps (Alzet, model 2004; Cupertino, CA, United States) were filled with a saline-angiotensin II solution (Sigma Aldrich, A9525; Oakville, ON, Canada) or with normal saline. The angiotensin II solutions were diluted according to lot-specific osmotic pump flow rates and individual rat weight to deliver 10,000 ng/kg/h. The pumps were implanted subcutaneously on the medial dorsum at the level of the scapulae. The pump reservoir allowed for drug or saline delivery for only 4 weeks, so pumps were replaced once to allow delivery for a total of 8 weeks. Volume pressure reading tail cuffs were used to measure arterial tail blood pressure (Kent Scientific, CODA High Throughput) (Kurtz et al., 2005; Feng et al., 2008). In between pump implantation and behavioral tests, blood pressure was measured weekly, so that there were six measurements during the 8 week period of angiotensin II or normal saline infusion.



Morris Water Maze

On the 7th week of osmotic pump infusion of either normal saline or AngII, rats began behavioral testing. In a dimly lit room, a water tank (144 cm diameter) was filled with room temperature water, dyed with black non-toxic acrylic paint, and a target platform (12 cm diameter) was submerged below 3 cm of water. Rats were placed in a fixed start location and had to locate the hidden platform to be removed from the water tank (Figure 5A). The rats were given six 90 s learning trials (with 1 h inter-trial rest intervals) to learn the location of the submerged platform, aided by large distal visual cues; this learning schedule was adapted from Roof et al. (2001). Twenty-four hours after the last learning trial, the rats’ memory for the platform location was evaluated on a test trial. Rats were also evaluated on a 5-day series of delayed match-sample testing, to test for performance in more challenging spatial shifts (Figure 5B; Vorhees and Williams, 2006; Bizon et al., 2009). Each day, during the “sample trial,” a new start location and a new platform location was used. The rats are tested on these new spatial parameters 6 h later during the “match trial” and were assessed for improvement in their latency to find the platform. The 6 h delay was used to create a greater working memory challenge (Bizon et al., 2009). This was repeated with new start and platform locations each day over 5 days.

After MWM testing was complete, potentially confounding differences in visual perception or swim speed were evaluated on cued trials, wherein the location of the platform was visibly marked. All swim paths were tracked using ANYmaze tracking software, version 4.70 (Stoelting Company; Wood Dale, IL, United States), with a top-view webcam (C525, Logitech; Newark, CA, United States). The experimenter was not visible to the rats during testing.



Open Field

The day after MWM testing was complete, rat exploratory behavior and anxiety was evaluated in the open field. Rats were placed in a square 45 cm open field with 40 cm black walls and a black floor and permitted to explore freely for 20 min. A top-view webcam was used for behavioral tracking with ANYmaze software, version 4.70 (Stoelting Company; Wood Dale, IL, United States). The experimenter was not visible to the rats during testing.



Immunohistochemistry and Image Processing

Immediately after all behavioral testing was complete, before pump reservoirs were depleted, rats were euthanized, perfused with 200 ml of 0.01 PBS followed by 200 ml of 4% PFA, and brain tissue was collected and stored in 4% PFA for 24 h before transfer to 30% sucrose solution. 30 μm thick coronal sections were prepared from a subset of brains from each group (n = 8–10) using a cryostat (CryoStar NX50, Thermo Fischer Scientific; Ottawa, ON, Canada). DAB-mediated Immunohistochemistry (IHC) of free floating sections was performed with an ABC-HRP kit (Thermo Fischer Scientific #32020; Ottawa, ON, Canada), a 1:1,000 concentration of OX6 primary antibody for MHC-Class II to identify activated microglia (BD Biosciences #554926; Mississauga, ON, Canada) (Wong, 2013), a 1:2,000 concentration of GFAP primary antibody to identify reactive astrocytes (Sigma-Aldrich #G3893; Oakville, ON, Canada) (Sofroniew and Vinters, 2010), and a 1:500 concentration of 4G8 primary antibody for β-amyloid residues 18–23 (BioLegend, San Diego CA, United States) (Baghallab et al., 2018).

Stitched micrographs of slides were prepared using a 10× objective lens on an upright microscope (Nikon Eclipse Ni-E, Nikon DS Fi2 color camera, NIS Elements Imaging; Mississauga, ON, Canada). Anatomical regions of interest (cingulum, corpus callosum, internal capsule, and hippocampus) were captured at coronal sections: Bregma +2.00, +0.00, and -3.00 mm (Paxinos and Watson, 2007). Micrographs were processed and analyzed using ImageJ, version 1.50b; after regions of interest were outlined using the polygon tool, images were converted to 8-bit, processed using the subtract background command, and then thresholded with a fixed grayscale cutoff value of 237. Area coverage by DAB-positive cells (%) was recorded for each region of interest. The corpus callosum and cingulum were analyzed across three coronal planes and an average area coverage was calculated, weighted by cross-sectional area at each plane.



Data Analysis

Two-Way ANOVA and linear regressions were used to evaluate the effects of genotype and AngII infusion using GraphPad Prism 7.0 software (La Jolla, CA). ANCOVA models were used to evaluate the effect of blood pressure as a continuous predictor variable with IBM SPSS version 23 (Armonk, NY, United States). The conservative Sidak’s post hoc analysis was used to compare outcome measures within genotype and infusate factors.



RESULTS


Blood Pressure Elevation and Measurement

Mean arterial pressure (MAP) increased over the 8 week AngII infusion period (Figure 1A). Averaged over the 8 week period, MAP was elevated by AngII infusion [Figure 1B; p < 0.0001, F(1,51) = 31.52; 2-Way ANOVA]. There were no genotype differences in response to AngII infusion and its effects on MAP, DBP, and SBP. Post hoc comparisons found a significant average MAP increase of 17 ± 5 mmHg and 22 ± 6 mmHg in Wt-AngII and Tg-AngII rats, respectively (±SE of difference; Wt-AngII: p = 0.004, t = 3.307, df = 51, Tg-AngII: p < 0.0001, t = 4.673, df = 51; Sidak’s test). DBP and SBP demonstrated the same pattern of significant changes; DBP respectively increased by 12 ± 5 mmHg and 21 ± 5 mmHg in Wt-AngII and Tg-AngII rats (Wt-AngII: p = 0.04, t = 2.446, df = 51; Tg-AngII: p < 0.0001, t = 4.547, df = 51), while SBP respectively increased by 19 ± 5 mmHg and 21 ± 5 mmHg Wt-AngII and Tg-AngII rats (Wt-AngII: p = 0.004, t = 4.039, df = 51; Tg-AngII: p < 0.0001, t = 4.604, df = 51; Sidak’s test). There were no group differences in baseline blood pressures, measured prior to pump implantation.


[image: image]

FIGURE 1. Mean arterial pressure during 8 weeks of normal saline or AngII infusion. (A) Baseline blood pressure and a progressively increasing mean arterial pressure over the course of AngII infusion is shown; blood pressure was not measured around the time of osmotic pump reimplantation (week 4). (B) Averaged over the 8-week infusion period, AngII infusion had a significant effect on mean arterial pressure. There were no differences in the genotypes’ response to AngII. n = 13–15; error bars indicate SEM.




Amyloid

Qualitative assessment revealed an absence of β-amyloid deposition in the hippocampal and cortical tissue of all experimental groups (Figure 2). This is in keeping with prior studies of naïve TgAPP21 rats and suggests that 8 weeks of blood pressure elevation by AngII infusion does not induce deposition of β-amyloid.
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FIGURE 2. No hippocampal or cortical amyloid deposits observed in wildtype or transgenic rats. (A) Representative coronal cross section stained with DAB-mediated IHC with the 4G8 antibody for β-amyloid amino acid residues 17–24. Dashed rectangle indicates area of dorsal hippocampal tissue shown in (B) and dotted rectangle indicates area of cortical tissue shown in (E); black bar = 1,000 μm. (B) Representative Wt, Wt-AngII, Tg, and Tg-AngII hippocampal tissue stained with 4G8 demonstrated no amyloid deposits; white bar outlined in black = 200 μm. (C,D) Representative human autopsy cortical tissue with clinical history of AD was used as a positive control for the 4G8 antibody. Rectangle in (C) indicates area of tissue shown in (D); gray and white bars represent 1,000 and 200 μm, respectively. (E) Representative Wt, Wt-AngII, Tg, and Tg-AngII cortical tissue stained with 4G8 demonstrated no deposits of amyloid; gray bar in black outline = 100 μm.




Reactive Astrocytes

Reactive astrocytes were found throughout white matter, cortical, subcortical, and hippocampal regions. However, qualitative observations identified more variable degrees of astrocytosis in major white matter tracts (corpus callosum, cingulum, internal capsule) and the hippocampus, so these regions were selected for closer investigation (Figure 3). AngII infusion was found to have a significant effect on astrocyte activity in the corpus callosum and cingulum [Figure 3B; corpus callosum: p = 0.05, F(1,34) = 4.265; cingulum: p = 0.03, F(1,34) = 4.973; 2-Way ANOVA]. This was driven by significant differences between Wt and Wt-AngII rats (corpus callosum: p = 0.03, t = 2.537, df = 34; cingulum: p = 0.04, t = 2.426, df = 34; Sidak’s test). While area coverage by reactive astrocytes increased in the corpus callosum and cingulum of Wt-AngII rats, Tg rats also had elevated astrocytosis that did not increase further in Tg-AngII rats. Astrocytosis in the corpus callosum and cingulum was linearly correlated with MAP in wildtype rats (Figure 3C; R2 = 0.52, p = 0.0007, df = 18), but not in transgenic rats (Figure 3D). Regardless of whether the corpus callosum and cingulum were pooled or analyzed separately, similar significant relationships were identified and the slopes of the regressions between astrocytosis and MAP were significantly different between wildtype and transgenic rats. Moreover, genotype, MAP, and their interaction were found to have significant effects on astrocytosis in the corpus callosum and cingulum in an ANCOVA model with MAP as a continuous predictor [genotype: p = 0.009, F(1,34) = 7.568; MAP: p = 0.03, F(1,34) = 4.893; genotype × MAP: p = 0.02, F(1,34) = 6.407; ANCOVA). The same findings of significance were observed when the corpus callosum and cingulum were analyzed separately. Absolute MAP was found to be more informative than relative increases of MAP (as compared to baseline measurements prior to pump implantation), as relative change in MAP was not a significant predictor of astrocytosis. In Wt rats, blood pressure elevation increased white matter astrocyte reactivity to levels matching Tg and Tg-AngII rats. These findings suggest that white matter astrocyte reactivity was already saturated in Tg rats and could not increase further in response to elevated blood pressure.
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FIGURE 3. White matter astrocytosis increases linearly with blood pressure elevation in wildtype rats but is elevated in transgenic rats irrespective of blood pressure. Reactive astrocytes were identified using DAB-mediated IHC with a primary antibody for GFAP. (A) The schematic shows one of the coronal planes on which the corpus callosum was analyzed (Bregma + 2.0 mm). Representative images of 30 μm thick sections were taken from the dotted outline; black bar = 200 μm. Black triangles identify representative blood vessels associated with extensive astrocyte processes, as commonly observed in Wt-AngII rats; in comparison, white triangles identify representative blood vessels with relatively incomplete astrocyte engagement, as observed in Tg-AngII rats. (B) AngII infusion was found to have a significant effect on astrocyte activity in the corpus callosum and cingulum in Wt and Wt-AngII rats only. (C) Elevated mean arterial pressure linearly increased astrocytosis in the cingulum and corpus callosum of wildtype rats (R2 = 0.52, p = 0.0007), (D) but not transgenic rats. n = 9–10; error bars indicate SEM.


In Wt-AngII rats, reactive astrocytes had extensive processes wrapping around blood vessels (Figure 3A). In contrast, Tg-AngII rats showed some increase of reactive astrocyte processes wrapping around blood vessels, but not as consistently as Wt-AngII. In comparison to Wt-AngII, astrocytic processes were qualitatively observed to be reduced in Tg-AngII around blood vessels ranging from 4 to 50 μm in diameter. This further supports the interpretation that astrocytes in Tg rats were already reactive at maximum capacity and could not respond to elevated blood pressure in Tg-AngII rats.



Activated Microglia

Activated microglia were found infrequently in Wt and Wt-AngII rats but they did appear consistently in major white matter tracts and the hippocampus of Tg and Tg-AngII rats (Figure 4A). Both Tg and Tg-AngII rats demonstrated a significant increase of microglia activation in the corpus callosum, cingulum, internal capsule, and hippocampus (Figure 4B; corpus callosum: p < 0.0001, F(1,33) = 22.02; cingulum: p = 0.006, F(1,33) = 14.26; internal capsule: p = 0.0005, F(1,33) = 15.33; hippocampus: p = 0.03, F(1,33) = 5.248). Neither AngII infusion nor MAP had any significant relationship with microglia activation in these regions.
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FIGURE 4. Increased white matter and hippocampal microglia activation in transgenic rats. (A) Representative images show activated pro-inflammatory microglia in the corpus callosum and cingulum, identified using DAB mediated IHC with the OX6 primary antibody for MHC Class II. 30 μm thick coronal sections; 200 μm bar. (B) Genotype was a significant factor in microglial activation in all regions analyzed. n = 8–10; error bars indicate SEM.




Open Field

Exploratory behavior was evaluated by measuring the total distance traveled in the open field test; a subanalysis also evaluated the first 5 min period, which is typically more anxiogenic and also a period of greater exploration (Figure 5A). Genotype was a significant factor, with Tg and Tg-AngII rats having demonstrated less exploration [first 5 min: p = 0.006, F(1,51) = 8.342; full 20 min: p < 0.0001, F(1,51) = 22.39; 2-Way ANOVA]. AngII infusion did not have an effect on exploratory behavior. Time spent in the center of the field is a proxy measure of anxiety, where increased avoidance of the center is considered to reflect increased levels of anxiety. There were no significant group differences in this measure during either the first 5 min period or the full 20 min test duration (Figure 5B). Thus, anxiety is unlikely to have confounded behavioral measures.
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FIGURE 5. Reduced exploratory behavior in transgenic rats. (A) Tg and Tg-AngII traveled significantly less during both the first 5 min period of the test and during the full 20 min test, while AngII had no significant effect on distance traveled. (B) No significant group differences were observed in avoidance of the anxiogenic center of the open field. n = 13–15; error bars indicate SEM.




Morris Water Maze

No group differences were observed in spatial learning and memory (Figure 6A). However, AngII infusion appeared to impair performance on delayed match-sample testing (Figure 6B). Every day for 5 days, on the “sample” trial, rats began their swim from a new start location and had to find the new platform location. Swim time improvement was then evaluated on a 6 h delayed “match” trial. Averaged across the five test days, Wt and Tg rats demonstrated significant non-zero swim time improvements on the match trial (Wt: p = 0.003, t = 4.482, df = 12; Tg: p = 0.03, t = 3.082, df = 13; one-sample t-test with Bonferonni correction). In contrast, AngII infusion impaired rats of both genotypes, so that Wt-AngII and Tg-AngII did not demonstrate a significant swim time improvement. The frequently changing spatial parameters of delayed match-sample testing placed greater demands on spatial reference memory, working memory, and behavioral flexibility (Vorhees and Williams, 2006; Bizon et al., 2009). However, no group differences were observed in spatial reference memory (Figure 6A), so AngII infusion is more likely to have impaired working memory and/or behavioral flexibility. During cued trials, no differences were observed in swim time to platform nor swim speed, so visual acuity nor mobility were unlikely to have had any confounding effect.
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FIGURE 6. AngII infusion impaired executive functions. (A) With a fixed start location, rats were given six trials to learn the platform location; 24 h later, a test trial evaluated spatial memory. No significant group differences were observed on the learning or test trials. (B) Every day for 5 days, rats were challenged to learn a new platform location from a new start location. The corresponding number pairs on the MWM schematic indicate the start location and platform location on each day. After the first exposure to a new platform location on a “sample” trial, swim time improvement was measured on a 6 h delayed “match” trial. ∗Averaged across the five test days, Wt and Tg rats demonstrated a significant swim time improvement on the match trial (p < 0.03) but Wt-AngII and Tg-AngII rats did not, suggesting that AngII infusion impaired working memory and/or behavioral flexibility. n = 13–15; error bars indicate SEM.




DISCUSSION

Normotensive Tg rats had elevated baseline astrocyte reactivity in the corpus callosum and cingulum, while Tg-AngII rats did not show a further increase of astrocytosis. The increase of reactive astrocytes in Wt-AngII rats was accompanied with extensive astrocytic processes around blood vessels. The reactivity of astrocytes around blood vessels was less consistent and relatively incomplete in Tg-AngII. This suggested that astrocytes in AngII-infused transgenic rats did not develop a normal response to elevated blood pressure. Of note, these changes were observed in the absence of β-amyloid deposition. The role of transgenic hAPP in the insufficient response of TgAPP21 astrocytes is supported by previous findings of amyloid overwhelming astrocytes and inducing senescence in astrocytes (Bhat et al., 2012; Söllvander et al., 2016).

AngII infusion impaired both Wt-AngII and Tg-AngII rats in the MWM adaptation of a delayed match-sample test, a spatial task that tests working memory and behavioral flexibility, consistent with the clinical studies on the cognitive effects of hypertension (Raz et al., 2003; Vicario et al., 2005; Li et al., 2016). Previous studies have found histological and cognitive effects of AngII infusion or AngII blockade to be independent of blood pressure, which has been attributed to the central effects of AngII (Tedesco et al., 2002; Iadecola and Gorelick, 2004; Takeda et al., 2009; Capone et al., 2011; Hajjar et al., 2012; Takane et al., 2017), though these studies did not explicitly assess for white matter changes. It remains a possibility that high blood pressure alone, independently of AII, induces astrocytosis in the WM. In support of this interpretation, we found a linear relationship between MAP and astrocytosis in wildtype rats. Altogether, this suggests that there may be distinct benefits of both blood pressure management and central AngII blockade. Our findings contribute to this literature by identifying the prevention of white matter astrocytosis as a potentially important process and a therapeutic target in the management of high blood pressure or AngII blockade.

While AngII infusion did not affect activation of microglia in either genotype, Tg and Tg-AngII rats demonstrated significantly more pro-inflammatory activation of microglia in the corpus callosum, cingulum, internal capsule, and hippocampus, consistent with previous findings (Levit et al., 2019). This further indicates dysregulation in the cerebral tissue of TgAPP21 rats and implicates pro-inflammatory microglia as an important factor in the early pre-plaque stages of AD (Prokop et al., 2013; von Bernhardi et al., 2015). White matter microgliosis has also been identified as an important early factor of neurodegeneration in recent animal and human studies (Raj et al., 2017; Hase et al., 2018).

Future studies to identify specific molecular targets in the astrocyte, such as cytokines and other cell signaling factors, may prove to be crucial to managing the intersection of hypertension and AD-related pathology. As AngII has been shown to have histological and cognitive effects independent of blood pressure, further work with TgAPP21 rat model should consider non-hypertensive doses of AngII, alternate means of inducing blood pressure elevation, and AngII blockade to discern the role of AngII and blood pressure on white matter changes. Future preclinical research on the cerebral and cognitive effects of hypertension should also evaluate for structural white matter damage, including myelin quantification, capillary density, and blood-brain-barrier integrity. Functional white matter changes could be assessed through electrophysiological studies as well as the responsiveness of cerebral blood flow in white matter. Investigating anterograde and retrograde neuronal integrity and density in comorbid animal models would offer additional important insight into mixed AD and vascular dementia. More comprehensive assessment of processing speed as well executive function, including the subdomain of inhibition control, should also be pursued.

In the present study we demonstrate that in rat model of AD that expresses a pathogenic variant of hAPP, white matter perivascular astrocytes do not react to elevated blood pressure in a normal fashion. This captures an important interaction that may present in the comorbid burden of hypertension and AD. The comorbidity of hypertension and pathogenic hAPP expression may have an overwhelming effect on astrocytes, which are central to the maintenance of the neurovascular unit. Regardless of genotype, we found that AngII-infused impaired the working memory and behavioral flexibility of rats with elevated blood pressure; further work will be needed to discern whether this effect was mediated by blood pressure elevation or by the central effects of AngII. Regardless of genotype, we found that AngII-infused impaired the working memory and behavioral flexibility of rats with elevated blood pressure; further work will be needed to discern whether this effect was mediated by blood pressure elevation or by the central effects of AngII. This will inform the ongoing study of the role of hypertension in white matter disease and executive dysfunction. Characterizing the potential dysregulations induced by hypertension and pathogenic hAPP will be crucial to refining ongoing research on the neuroprotective effects of antihypertensive treatment.
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People with Down syndrome, which is a trisomy of chromosome 21, exhibit intellectual disability from infancy and neuropathology similar to Alzheimer’s disease, such as amyloid plaques, from an early age. Recently, we showed that cilostazol, a selective inhibitor of phosphodiesterase (PDE) 3, promotes the clearance of amyloid β and rescues cognitive deficits in a mouse model of Alzheimer’s disease. The objective of the present study was to examine whether cilostazol improves behaviors in the most widely used animal model of Down syndrome, i.e., Ts65Dn mice. Mice were supplemented with cilostazol from the fetal period until young adulthood. Supplementation significantly ameliorated novel-object recognition in Ts65Dn females and partially ameliorated sensorimotor function as determined by the rotarod test in Ts65Dn females and hyperactive locomotion in Ts65Dn males. Cilostazol supplementation significantly shortened swimming distance in Ts65Dn males in the Morris water maze test, suggesting that the drug improved cognitive function, although it did not shorten swimming duration, which was due to decreased swimming speed. Thus, this study suggests that early supplementation with cilostazol partially rescues behavioral abnormalities seen in Down syndrome and indicates that the effects are sex-dependent.

Keywords: down syndrome, cilostazol, Ts65Dn mouse, behavior, inhibitor of phosphodiesterase 3


INTRODUCTION

Down syndrome is characterized by a constellation of signs and symptoms caused by the presence of an extra copy of chromosome 21 (trisomy 21), which occurs in approximately 1 in 600 live births worldwide (Moorthie et al., 2018) and nearly 1 in 500 live births in Japan (Kajii, 2008), and is the most frequent cause of intellectual disability. Most adults with Down syndrome are not capable of living fully independently due to the burden of their intellectual impairments. There is currently no drug therapy to improve mental function, and the effects of education are not fully satisfactory. Hence, novel therapies for improvement of intellectual impairments are needed for individuals with Down syndrome, their families, and society.

Although the precise mechanisms underlying the intellectual disability of individuals with Down syndrome are not well understood, neuropathological changes characteristic of Alzheimer’s disease is considered to be one of the main contributing factors to neurocognitive impairment. All people with Down syndrome over 35–40 years of age exhibit neuropathology similar to those observed in Alzheimer’s disease, including β-amyloid (Aβ) plaques (Zigman and Lott, 2007). This phenomenon is presumably due to the triplication of genes on human chromosome 21 (Wiseman et al., 2018), in which increased levels of the amyloid precursor protein (APP) gene seem to play a major role. The accumulation of Aβ plaques appears as young as 8 years old (Leverenz and Raskind, 1998), and fetuses with Down syndrome may present amyloid protein as early as 21 weeks of gestation (Deutsch et al., 2003). Also, individuals with Down syndrome exhibit significant cerebral amyloid angiopathy (Wilcock et al., 2016). We hypothesized that prenatal therapy for neuropathology may alleviate the impairment. Recently, we and other groups showed that a vasoactive drug, cilostazol, which is a selective inhibitor of the cyclic nucleotide phosphodiesterase (PDE) 3, significantly ameliorates cognitive decline in senior citizens (Taguchi et al., 2013; Ihara et al., 2014; Tai et al., 2017). PDEs are crucial modulators of intracellular cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), which are important second messengers in intracellular signal transduction in numerous cell types. Cilostazol inhibits PDE3 activity and increases intracellular cAMP and cGMP (Kambayashi et al., 2003; Heckman et al., 2015). As PDE3 is abundant in vascular smooth muscle cells and platelets, cilostazol has potent vasodilative and antiplatelet effects (Kambayashi et al., 2003). The brain lacks conventional lymphatic vessels to drain interstitial fluid and solutes, i.e., waste products, from the brain parenchyma to cervical lymph nodes. Intramural periarterial drainage (IPAD) is hypothesized to be a major pathway by which waste products, such as Aβ, are drained from the brain (Bakker et al., 2016; Morris et al., 2016; Saito et al., 2019). Theoretical modeling studies suggested that the motive force for IPAD is derived from vascular smooth muscle contractions and biochemical interactions with basement membranes (Diem et al., 2017). We reported cilostazol promoted the IPAD and ameliorated cerebrovascular Aβ pathology by using Tg-SwDI mice, a mouse model of Alzheimer’s disease (Maki et al., 2014). The effect of cilostazol on adult patients with mild cognitive impairment is being examined by a phase-II clinical trial (Saito et al., 2016).

The objective of this study was to examine whether cilostazol, a PDE3 inhibitor, improves behavioral function in the Ts65Dn mouse model, which is the most widely used mouse model of Down syndrome (Salehi et al., 2007). Ts65Dn mice have trisomy of a large region of chromosome 16 and the triplication of approximately 55% of the genes present on human chromosome 21 (Davisson et al., 1990). Higher maternal age is known to increase the probability of having offspring with Down syndrome exponentially, and Down syndrome can be diagnosed prenatally. Hence, if Down syndrome is diagnosed, therapies can start as early as before or during the pregnancy of the mother. To obtain the maximum therapeutic effects, dams were fed cilostazol during mating, pregnancy, and lactation periods. Of note, a rat study showed that the concentration of cilostazol in milk is 41–72% of that in the blood (Akiyama et al., 1985). The offspring were then continuously fed the drug. In the present study, we evaluated the effects of cilostazol up to young adulthood, which occurred at 16 weeks of age. In future studies, we plan to reevaluate the effects of continuous treatment in old age, i.e., older than 54 weeks of age, and to explore the mechanisms of action of cilostazol by using brain samples.



MATERIALS AND METHODS


Animals

The animal study was reviewed and approved by the Experimental Animal Care and Use Committee of the National Cerebral and Cardiovascular Center. The females were mated with diploid (2N) males. First, one-third of the mice in this study were bred by crossing Ts65Dn (B6EiC3Sn a/A-Ts (17 < 16 >) 65Dn/J) females and C57BL/6JEi × C3H/HeSnJ (B6EiC3Sn) F1 hybrid males, both of which were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). As C3H/HeSnJ mice carry the retinal degeneration mutation pde6brd1, mice were screened by polymerase chain reaction (PCR) for the mutation, and animals homozygous for the mutation were excluded from this study. The last two-thirds of the mice in this study were bred by crossing mice with virtually identical genetic backgrounds without the pde6brd1 mutation: B6EiC3Sn. BLiA a/A-Ts65Dn females and B6EiC3Sn. BLiA F1 males (Costa et al., 2010). A total of 164 pups were bred, excluding mice that died before genotyping, mice with retinal degeneration, and mice used for breeding. Mice were genotyped for genes in the trisomic segment: either trisomy (Ts65Dn) or disomy (2N) using the previously reported method with quantitative real-time PCR (Liu et al., 2003). Disomy littermates (2N) were used as control animals. Mice were housed in a conventional cage (40 cm × 25 cm × 20 cm) with same-sex littermates (three animals per cage) in a room with a 12-h light/dark cycle (lights on at 7 a.m.; room temperature 24°C, humidity 42%). All analyses were performed by investigators who were blinded to the experimental group.



Cilostazol (Phosphodiesterase 3 Inhibitor) Administration

Female breeding-stock Ts65Dn mice for the cilostazol-treated group were fed a 0.3% cilostazol-containing diet during the whole pregnancy and lactation period (Figure 1). The offspring were also fed a 0.3% cilostazol-containing diet for the entire study period. The serum concentration (Cmax) of cilostazol in human patients taking a regular medication dose is achieved in mice when mice are fed a 0.3% cilostazol-containing diet (communication from Otsuka Pharmaceutical Co., Limited). Our previous report demonstrated that 0.3% of cilostazol-treated mice showed beneficial effects on vascular function and behaviors (Maki et al., 2014). For the control group, female breeding-stock Ts65Dn mice were fed a regular diet (MF diet, Oriental Yeast Co. Limited, Tokyo, Japan) during the whole pregnancy and lactation period. The offspring were also fed the same regular diet for the entire study period. Mice in both groups were given access to food and water ad libitum.
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FIGURE 1. Experimental schedule. CBF, cerebral blood flow; w, weeks.





Behavioral Assessment

We performed a battery of behavioral tests starting at 8 weeks of age, which is considered young adulthood in mice after the pubertal and adolescent periods (Figure 1). The primary goal of this study was to assess cognitive function. Therefore, the Morris water maze test was used to evaluate learning and memory function as the crucial test in the battery of behavioral tests. As the water maze test causes great stress in mice, it was scheduled at the end of the battery at 11 weeks of age. The novel-object-recognition test was also an important test to evaluate learning and memory function and was scheduled a week before the water maze test at 10 weeks of age. In many animal studies, the open-field test is performed first among a battery of behavioral tests to assess general behavior so that the results are not influenced by other experiences. We, however, performed the rotarod test before the open-field test, as we thought that the rotarod test allowed mice to become familiar with the examiners and reduced stress. Hence, we performed it at 9 weeks of age before the novel-object-recognition test and water maze test and after the rotarod test. As individuals with Down syndrome present low-performance levels in motor activities and coordination as well as hypotonia, we assessed such performance levels in the rotarod test and traction meter test. Of note, each behavioral test was performed by a single examiner to avoid the influence of multiple examiners. Hence, some trials for some animals were not performed when the designated examiner was not available. This policy resulted in different sample sizes for each trial. All behavioral assessments were performed between 9 a.m. and 5 p.m.


Rotarod Test

Sensorimotor skills were evaluated in the rotarod test at 8 weeks and 16 weeks of age as described previously (Tsuji et al., 2013). The rotarod drum accelerated from 4 to 40 rpm over 5 min (Muromachi Kikai Co., Limited, Tokyo, Japan). The time until the mouse fell off the rotating drum was recorded. The average time to fall off the drum for five consecutive trials was used for statistical analyses.



Open-Field Test

Spontaneous activity was evaluated in the open-field test at 9 and 17 weeks of age as described previously (Tsuji et al., 2013). Animals were allowed to move freely in a box (30 cm × 30 cm × 30 cm) for 30 min in a light environment and the subsequent 30 min in a dark environment (Taiyo Electric Co., Limited, Osaka, Japan). Infrared beams were mounted horizontally and vertically at specific intervals on the X-, Y-, and Z-banks of the open field, and the total number of beam crossings by the animal was counted. The horizontal crossing was scored as “locomotion,” and the vertical crossing was scored as “rearing.” Of note, the box we used for the open-field test was smaller than conventional boxes, and the apparatus we used did not assess anxiety-like behavior.



Traction Meter

The muscle strength of the limbs was assessed by a traction meter with steel grids (Brain Science Idea, Co., Limited, Osaka, Japan) at 10 weeks of age as described previously with minor modifications (Ohshima et al., 2016). The four limbs of each mouse were placed on the steel grid of the apparatus, and an experimenter slowly pulled the tail backward and parallel to the surface of the grid at a constant speed. Five successful strength measurements were recorded, and the average peak strength was analyzed using BS-TM-SOF software (Brain Science Idea Co., Limited).



Novel-Object-Recognition Test

To evaluate learning and memory function, the novel-object-recognition test was performed at 10 weeks of age as described previously (Contestabile et al., 2013) with minor modifications (Figure 1). On the first day, a mouse was placed in a black acrylic chamber (40 cm × 55 cm) for 15 min with two identical objects. Twenty-four hours later, the mouse was placed in the same chamber for 15 min, but one of the two objects (the object on the right side) was replaced with a novel object. The exploratory behavior, i.e., the contact time with each object, was recorded using video analysis systems (EthoVision XT5; Noldus, Wageningen, Netherlands). Memory was measured as the proportion of time the animal spent exploring the novel object vs. the familiar object; the discriminatory index was calculated as follows: [right object (novel object on the second day) exploration time − left object (familiar object on the second day) exploration time]/total exploration time × 100%. The changes from the first day to the second day were analyzed.



Morris Water Maze Test

To evaluate learning and memory function, the Morris water maze test was performed at 11 weeks of age as previously described with some modifications (Tsuji et al., 2010; Hattori et al., 2014). A circular swimming pool (diameter, 120 cm; depth, 40 cm) was placed in a test room and filled with opaque white water. The swimming pool was filled with water 3 days before the trial to allow the water temperature to reach the same temperature as the room temperature, which was kept at 24°C throughout the year. A circular platform (diameter, 8 cm) was submerged 1 cm below the water surface in the center of one quadrant of the pool. The pool was surrounded by several cues that were external to the maze and were visible from within the pool so that the mice could use the cues for spatial orientation. We performed four trials per day with a 15-min interval between attempts for five consecutive days. The mice were randomly placed into one quadrant of the water other than the one with the hidden platform. Each mouse was allowed to swim for 90 s to discover the hidden platform and climb onto it. The trial was terminated after the mouse climbed onto the platform or after 90 s had elapsed. Mice that failed to find the platform was placed on it for 10 s, which was the same length of time the successful animals were allowed to stay on the platform. Swimming duration, swimming distance required to reach the platform and the mean swimming speed were recorded using video analysis systems (EthoVision XT5).


Cerebral Blood Flow Measurements

The cortical surface cerebral blood flow (CBF) was measured by a laser speckle flowmetry imaging system (Omegazone, Omegawave Inc., Tokyo, Japan) at 12 weeks of age as described previously (Ohshima et al., 2012). We measured the CBF in regions perfused by the middle cerebral artery through the intact skull with an open scalp. Five consecutive raw speckle images were acquired every second. The average CBF data of the five images in the left and right hemispheres were used for analysis.



Statistics

All analyses were performed on males and females separately. At the beginning of the analyses in each test, we examined the difference between the 2N mice fed a regular diet and the Ts65Dn mice fed a regular diet; then, we examined the differences among the four groups. The mortality rate of the animals was analyzed using Fisher’s exact test. The results of repeated evaluations for temporal changes in body weight, the rotarod test, water maze test, and open-field test were assessed using two-way repeated-measures analysis of variance (ANOVA) followed by the Bonferroni test. The averaged data from all trials during the 5-day experimental period for the water maze test, the averaged data for the 60 min experimental period in the open-field tests, and the data from the rotarod test for each age were then analyzed using two-way ANOVA. The results of the novel-object-recognition test and traction meter test were also assessed using two-way ANOVA followed by the Bonferroni test. Differences were considered significant at P < 0.05. The results are expressed as the mean ± the standard error of the mean (SEM). Differences are shown in figures only when there were significant differences between: (1) 2N mice fed a regular diet and Ts65Dn mice fed a regular diet; (2) 2N mice fed a regular diet and 2N mice fed cilostazol; (3) Ts65Dn mice fed a regular diet and Ts65Dn mice fed cilostazol; and (4) 2N mice fed a regular diet and Ts65Dn mice fed cilostazol.






RESULTS


Mortality and Body Weight

A total of 164 pups were prepared for this study. Five animals died before 17 weeks of age, which was the endpoint of this study. Mortality rates before 17 weeks of age did not differ among the four groups in each sex: 2N mice fed a regular diet, 2N mice fed a cilostazol-supplemented diet, Ts65Dn mice fed a regular diet, and Ts65Dn mice fed a cilostazol-supplemented diet (Table 1).

TABLE 1. The numbers of animals used in each group.
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Ts65Dn mice had similar weights to 2N mice in both sexes throughout the observation period, from 7 days of age to 16 weeks of age, when fed a regular diet (Figures 2A,B). Ts65Dn males fed cilostazol weighed significantly less than Ts65Dn males fed a regular diet at 21 days and 28 days of age (males, F(3,51) = 3.006, p = 0.0387; Figure 2A). This bodyweight reduction by cilostazol supplementation was not observed in the other groups (2N males and females and Ts65Dn females). In contrast, upon aging, mice of all groups fed cilostazol, regardless of chromosome type and sex, became significantly heavier than the counterpart mice fed a regular diet (females, F(3,49) = 6.171, p = 0.0012; Figure 2B). This weight increase caused by cilostazol was observed at 8 weeks of age (the human equivalent of adolescence) and later in all groups.
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FIGURE 2. Body weights. Temporal changes in body weights from 7 days of age to 16 weeks of age in males (A) and females (B). Letters indicate significant differences in body weights between groups by post hoc tests of two-way repeated-measures analysis of variance (ANOVA). (a) Ts65Dn-Cilostazol vs. Ts65Dn- and 2N-Regular diet, (b) Ts65Dn-Cilostazol vs. 2N-Regular diet, (c) 2N-Cilostazol vs. 2N-Regular diet, (d) 2N-Cilostazol vs. 2N-Regular diet, Ts65Dn-Cilostazol vs. Ts65Dn- and 2N-Regular diet, (e) 2N-Cilostazol vs. 2N- and Ts65Dn-Regular diet groups. In male groups: 2N-Regular (n = 15), 2N-Cilostazol (n = 22), Ts65Dn-Regular (n = 6), Ts65Dn-Cilostazol (n = 10). In female groups: 2N-Regular (n = 22), 2N-Cilostazol (n = 17), Ts65Dn-Regular (n = 7), Ts65Dn-Cilostazol (n = 9). Mean ± SEM. 2N; diploid mice, Ts65Dn; trisomy mice.





Recognition Memory

We evaluated recognition memory by the novel-object-recognition test at 10 weeks of age. The recognition and preference of a novel object over a familiar object was analyzed. In females, when fed a regular diet, 2N mice recognized and preferred the novel object, whereas Ts65Dn mice preferred the familiar object (F(1,35) = 5.635, p = 0.0232; Figure 3B). Cilostazol supplementation reversed the abnormal preference of Ts65Dn females, i.e., Ts65Dn females fed cilostazol recognized and preferred the novel object, similar to 2N females (F(1,35) = 0.933, post hoc p = 0.0475). In males, when fed a regular diet, 2N mice did not exhibit a preference for the novel object, i.e., mice spent almost equal amounts of time contacting the novel and familiar objects. Ts65Dn males tended to prefer the familiar object, but there was no significant difference compared with 2N males (Figure 3A). Cilostazol supplementation did not alter the recognition and preference in either Ts65Dn males or 2N males.
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FIGURE 3. Recognition memory. A novel-object-recognition test was performed at 10 weeks of age. Discrimination index = [time spent with the right object (novel object)] − [time spent with the left object (familiar object)]/(time spent with the right object) + (time spent with the left object) × 100%. As some animals exhibited a preference for contacting one of two identical objects on the first day, changes from the first day to the second day in males (A) and females (B) are shown. *P < 0.05. In male groups: 2N-Regular (n = 17), 2N-Cilostazol (n = 18), Ts65Dn-Regular (n = 7), Ts65Dn-Cilostazol (n = 11). In female groups: 2N-Regular (n = 8), 2N-Cilostazol (n = 14), Ts65Dn-Regular (n = 6), Ts65Dn-Cilostazol (n = 11). Mean ± SEM.





Spatial Learning and Memory

We examined spatial learning and memory by the Morris water maze test at 11 weeks of age. The swimming duration and the distance required to reach the platform became shorter each day, indicating that the mice learned to find the hidden platform more quickly (Figures 4A,C,G,I). Among males fed with a regular diet, as seen after we averaged the data from all trials during the 5-day experimental period, the duration and distance when finding the platform were significantly longer for Ts65Dn mice than 2N mice (F(1,49) = 3.701, p = 0.0406; Figures 4B,D). The swimming speed did not differ between the two groups (Figure 4F). Cilostazol supplementation consistently decreased the swimming speed regardless of the chromosomal type and sex (males, F(1,49) = 6.093, p = 0.0171; Figures 4E,F; females, F(1,44) = 13.50, p = 0.0006; Figures 4K,L). Therefore, when interpreting the effects on cognitive function, the swimming distance would better reflect cognitive functioning than the swimming duration. For Ts65Dn males, cilostazol supplementation significantly shortened the swimming distance (F(1,49) = 1.285, post hoc p = 0.0341), suggesting that cilostazol improved cognitive function. Cilostazol supplementation did not shorten the swimming duration, which was due to the decreased swimming speed. For 2N males, cilostazol supplementation did not alter the swimming distance, suggesting that cilostazol did not alter cognitive function. Among females fed a regular diet, 2N mice and Ts65Dn mice did not differ with respect to swimming duration, distance, or speed (Figures 4H,J,L). For Ts65Dn females, cilostazol supplementation did not change the swimming distance, suggesting that cilostazol did not alter cognitive function. For 2N females, cilostazol supplementation significantly shortened the swimming distance (F(1,44) = 4.792, p = 0.0339), suggesting that cilostazol improved cognitive function, which was similar to the effect observed for Ts65Dn males. Taken together, the results showed that cilostazol treatment shortened the swimming distance in Ts65Dn males and 2N females, suggesting the improvement of cognitive functions.
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FIGURE 4. Spatial learning and memory. The Morris water maze test was performed at 11 weeks of age. We measured swimming duration (A,G), swimming distance (C,I) until mice reached the hidden platform, and swimming speed (E,K) for five consecutive days. We presented the average of the 5-day sessions for swimming duration (B,H), swimming distance (D,J), and swimming speed (F,L). *P < 0.05 and **P < 0.01. The results in males (A–F) and females (G–L) are shown. In male groups: 2N-Regular (n = 20), 2N-Cilostazol (n = 15), Ts65Dn-Regular (n = 8), Ts65Dn-Cilostazol (n = 10). In female groups: 2N-Regular (n = 9), 2N-Cilostazol (n = 18), Ts65Dn-Regular (n = 11), Ts65Dn-Cilostazol (n = 10). Mean ± SEM.





Open-Field Activities

We performed the open-field test at 9 and 17 weeks of age to evaluate spontaneous activities. We initially analyzed the overall activities during 60-min sessions at 9 and 17 weeks. In males, when fed a regular diet, Ts65Dn mice were significantly hyperactive compared to 2N mice concerning locomotion (horizontal movement; F(1,23) = 9.902, p = 0.0045) but not rearing (vertical movement) at both time points (Figures 5A,B). Cilostazol supplementation partially ameliorated the hyperactivity in Ts65Dn males, and there was no significant difference between Ts65Dn males fed cilostazol and 2N males fed a regular diet at either point. In females, when fed a regular diet, Ts65Dn mice behaved similarly to 2N mice with respect to both locomotion and rearing at both time points (Figures 5C,D). Cilostazol supplementation did not alter the behaviors in Ts65Dn females, but it unexpectedly and significantly increased both locomotion (F(3,44) = 4.884, post hoc p = 0.0003) and rearing (F(3,44) = 0.9577, post hoc p = 0.0416) in 2N females at 9 weeks but not at 17 weeks of age.
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FIGURE 5. Open-field activities. Spontaneous horizontal movement (locomotion) and vertical movement (rearing) were evaluated in the open-field test during 60-min sessions at 9 weeks and 17 weeks of age. The first 30 min was in a light environment, and the second 30 min was in a dark environment. Total activities during the 60-min session in males (A,B) and females (C,D) are shown. *P < 0.05 and **P < 0.01. Activities during 5-min increments throughout the 60-min session at 17 weeks of age are shown in males (E,F) and females (G,H). (a) P < 0.05, Ts65Dn males fed a regular diet vs. 2N males fed a regular diet. (b) P < 0.05, 2N females fed cilostazol vs. 2N females fed a regular diet. In male groups: 2N-Regular (n = 14), 2N-Cilostazol (n = 17), Ts65Dn-Regular (n = 11), Ts65Dn-Cilostazol (n = 14). In female groups: 2N-Regular (n = 18), 2N-Cilostazol (n = 13), Ts65Dn-Regular (n = 8), Ts65Dn-Cilostazol (n = 9). Mean ± SEM. AU, arbitrary unit.



We then analyzed temporal changes throughout the 60-min session in 5-min increments at 17 weeks of age. In males, when fed a regular diet, Ts65Dn mice were significantly more hyperactive than 2N mice concerning locomotion but not rearing during some of the 5-min increments in the dark environment (F(3,52) = 1.305, post hoc 35 min p = 0.0427, 45 min p = 0.0431; Figures 5E,F). In contrast, Ts65Dn males fed cilostazol were not hyperactive compared with 2N males fed a regular diet during any of the 5-min increments. In females, when fed a regular diet, Ts65Dn mice did not exhibit altered activities compared with 2N mice with respect to either locomotion or rearing during any of the 5-min increments (Figures 5G,H). 2N females fed cilostazol were significantly more hyperactive than 2N females fed a regular diet with respect to locomotion during some of the 5-min increments in both light and dark environments (F(3,44) = 2.972, post hoc 10 min p = 0.0174, 40 min p = 0.0264, 50 min p = 0.0136, 60 min p = 0.0160).



Rotarod Performance

We performed the rotarod test at 8 and 16 weeks of age to evaluate sensorimotor function. In males, rotarod performance did not differ between Ts65Dn and 2N mice fed a regular diet. Cilostazol supplementation did not change the performance in males of either chromosomal type (Figure 6A). In females, rotarod performance was worse in Ts65Dn mice than in 2N mice at 16 weeks of age when the mice were fed a regular diet (F(3,48) = 3.652, post hoc p = 0.0348; Figure 6B). The performance in Ts65Dn females fed cilostazol was slightly better than that in Ts65Dn females fed a regular diet, and there were no significant differences between 2N females fed a regular diet and Ts65Dn females fed cilostazol at 16 weeks of age. Unexpectedly, the performance in 2N females was worse with cilostazol supplementation (F(3,48) = 3.652, post hoc p = 0.0089).
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FIGURE 6. Rotarod performance. Sensorimotor performance was evaluated by the rotarod test at 8 weeks and 16 weeks of age. Rotarod performance, i.e., time on the rotarod, in males (A) and in females (B) is shown. *P < 0.05 and **P < 0.01. In male groups: 2N-Regular (n = 19), 2N-Cilostazol (n = 14), Ts65Dn-Regular (n = 13), Ts65Dn-Cilostazol (n = 8). In female groups: 2N-Regular (n = 17), 2N-Cilostazol (n = 18), Ts65Dn-Regular (n = 12), Ts65Dn-Cilostazol (n = 5). Mean ± SEM.





Muscle Strength

We measured the muscle strength of the four limbs using a traction meter at 10 weeks of age. Ts65Dn females (p = 0.0310) but not males exhibited significantly weaker peak muscle strength than 2N mice. Cilostazol supplementation did not change muscle strength significantly regardless of chromosomal type or sex (Figures 7A,B).
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FIGURE 7. Muscle strength in the four limbs was measured by a traction meter at 10 weeks of age. Peak muscle strength in males (A) and females (B) is shown. *P < 0.05. In male groups: 2N-Regular (n = 20), 2N-Cilostazol (n = 8), Ts65Dn-Regular (n = 8), Ts65Dn-Cilostazol (n = 10). In female groups: 2N-Regular (n = 10), 2N-Cilostazol (n = 13), Ts65Dn-Regular (n = 11), Ts65Dn-Cilostazol (n = 6). Mean ± SEM.





Cerebral Blood Flow

We measured CBF by laser speckle flowmetry at 12 weeks of age. CBF did not differ by chromosomal type or treatment in either males or females (Figures 8A–C).
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FIGURE 8. Cerebral blood flow. Cerebral blood flow (CBF) was measured by laser speckle flowmetry at 12 weeks of age. A representative image of surface CBF in 2N and Ts65Dn male mice is shown (A). The region of interest is indicated by the rectangle (solid lines), which was set to be square with bregma and lambda (dashed lines). The average CBF values in the bilateral hemispheres of males (B) and females (C) are shown. In male groups: 2N-Regular (n = 20), 2N-Cilostazol (n = 17), Ts65Dn-Regular (n = 6), Ts65Dn-Cilostazol (n = 14). In female groups: 2N-Regular (n = 8), 2N-Cilostazol (n = 16), Ts65Dn-Regular (n = 12), Ts65Dn-Cilostazol (n = 10). Mean ± SEM. AU, arbitrary unit.






DISCUSSION

This is the first study to examine the effects of cilostazol, a PDE3 inhibitor, on an animal model of Down syndrome. The supplementation of cilostazol began in the fetal period and continued until young adulthood. A battery of tests was used to discriminate different types of effects on different functions. Early and long-term supplementation with cilostazol altered behaviors; it ameliorated the low cognitive function and hyperactivity observed in the Ts65Dn mouse model of Down syndrome.

The Ts65Dn mouse is a well-established and widely used model of Down syndrome (Faizi et al., 2011) and has segmental trisomy of chromosome 16, which is highly (approximately 80%) homologous to human chromosome 21. The trisomy segment includes the APP gene (Salehi et al., 2007). Ts65Dn mice present an age-dependent increase in APP (Seo and Isacson, 2005) and Aβ (Hunter et al., 2004; Netzer et al., 2010) levels in the cortex and hippocampus. The Ts65Dn mouse exhibits several physical and functional abnormalities similar to those seen in people with Down syndrome (Faizi et al., 2011). People with Down syndrome have cognitive impairments, which usually range from mild to moderate, and behavioral problems, which include a short attention span and impulsive behavior (National Institute of Child Health and Human Development, in press; Bull, 2011). Attention-deficit/hyperactivity disorder (ADHD) is commonly found in people with Down syndrome (Capone et al., 2006), and both boys and girls with Down syndrome between the ages of 6 and 11 years are hyperactive (Pueschel et al., 1991). Other common symptoms include poor muscle tone (National Institute of Child Health and Human Development, in press; Bull, 2011). In the current study, Ts65Dn males that were fed a regular diet demonstrated poor learning and memory in the water maze test and increased locomotion activity in the open-field test compared with 2N males, and Ts65Dn females that were fed a regular diet demonstrated poor learning and memory in the novel-object-recognition test, poor sensorimotor performance in the rotarod test, and weaker muscle strength than 2N females. Previous studies using Ts65Dn mice have repeatedly demonstrated poor cognitive function (Faizi et al., 2011; Shichiri et al., 2011; Kleschevnikov et al., 2012; Vidal et al., 2012; Contestabile et al., 2013; Martínez-Cué et al., 2013; Nakano-Kobayashi et al., 2017) and hyperactivity (Coussons-Read and Crnic, 1996; Stewart et al., 2007; Faizi et al., 2011; Kleschevnikov et al., 2012; Martínez-Cué et al., 2013). Studies reported in the literature have also frequently demonstrated that there were no behavioral deficits in Ts65Dn mice compared with those in 2N mice, e.g., in the novel-object-recognition test (Kleschevnikov et al., 2012), the rotarod test (Martínez-Cué et al., 2013), and the grip strength test (Vidal et al., 2012). Behavioral tests are sensitive to various factors, such as the conditions of the test room, examiners, and differences in the examination tools, and the animal performances change as they grow older. These factors may be the reasons for the contradictory reports. A vast majority of studies assessed behaviors only in males (Rueda et al., 2010; Park et al., 2011; Kleschevnikov et al., 2012; Vidal et al., 2012; Contestabile et al., 2013; Martínez-Cué et al., 2013; Nakano-Kobayashi et al., 2017). Fewer studies assessed behaviors only in females (Netzer et al., 2010; Kida et al., 2013) or in both sexes together (Begenisic et al., 2011), and even fewer studies assessed behaviors in males and females separately; Martínez-Cué et al. (2002) reported sex differences, while others did not (Stewart et al., 2007; Faizi et al., 2011).

Cilostazol significantly ameliorated hyperactivity in Ts65Dn males and novel-object-recognition in Ts65Dn females and partially ameliorated sensorimotor function, as determined by the rotarod test, in Ts65Dn females. Cilostazol was observed to improve learning and memory, as tested by the water maze in Ts65Dn males. The drug significantly shortened the swimming distance required to reach the hidden platform. Cilostazol significantly slowed the swimming speed in Ts65Dn males and females as well as in 2N males and females. Muscle strength, as measured by the traction meter, was not affected by cilostazol supplementation. The cause of slow swimming speed in the cilostazol-fed groups may be the heavier weight of the mice compared to that observed in the regular diet-fed groups. There was a significant negative correlation between body weight and swimming speed in Ts65Dn females fed cilostazol (R2 = 0.573) and a trend toward a negative correlation in 2N males fed cilostazol (p = 0.070, R2 = 0.268), but no such correlation was observed in Ts65Dn males fed cilostazol or 2N females fed cilostazol. Apart from the slowing of swimming speeds observed in both sexes and the longer swimming duration observed in females, long-term supplementation with cilostazol starting during the fetal period did not cause any adverse effects in Ts65Dn mice according to the battery of tests we performed. Taken together, the results indicated cilostazol supplementation in Ts65Dn mice is moderately beneficial to behavior and cognitive function.

Sex differences in the effects of cilostazol were evident in the present study. The blood and tissue concentrations of the drug are significantly higher in female rats than in male rats (Akiyama et al., 1985), and these differences in pharmacodynamics may cause the sex-dependent effects of the drug. To the best of our knowledge, sex-dichotomy-specific cilostazol effects have not been reported apart from the aforementioned report, as earlier studies have been performed only in male animals (Watanabe et al., 2006; Lee et al., 2007; Hiramatsu et al., 2010; Miyamoto et al., 2010; Chen et al., 2011; Hase et al., 2012; Kasahara et al., 2012; Kitamura et al., 2017).

Cilostazol is mainly used for the prevention of the recurrence of cerebrovascular accidents and the reduction of symptoms of peripheral arterial disease (intermittent claudication) as an antiplatelet vasoactive agent in the clinical setting. Therefore, the roles that cilostazol plays in the brain have been explored mostly in models of ischemia. Experimental studies have shown that cilostazol affects not only platelets but also blood vessel integrity and blood flow (Hase et al., 2012; Kasahara et al., 2012). In our present study, cilostazol did not increase baseline CBF, which is in line with previous reports in rodent models of chronic cerebral hypoperfusion (Watanabe et al., 2006; Miyamoto et al., 2010; Kitamura et al., 2017). Studies in rodent models of chronic cerebral hypoperfusion showed that cilostazol reduces apoptotic cell death in association with decreased TNF-α; upregulates phosphorylated cAMP-responsive element-binding protein (CREB), leading to an increase in Bcl-2 and cyclooxygenase-2; increases mature oligodendrocytes, leading to the regeneration of white matter; and ameliorates increased endothelial adhesion molecules and gliosis (Lee et al., 2006; Watanabe et al., 2006; Miyamoto et al., 2010; Kitamura et al., 2017). An in vitro study with human umbilical vein endothelial cells showed that cilostazol reduces lipopolysaccharide-induced apoptotic cell death via cAMP-dependent protein kinase activation (Kim et al., 2006). A study showed that cilostazol promotes vascular smooth muscle cell differentiation both in vivo and in vitro (Chen et al., 2011). Taken together, in vivo studies demonstrated that cilostazol has pleiotropic effects on the brain and blood vessels, and in vitro studies demonstrated such effects on neurons, endothelial cells, and smooth muscle cells.

The mechanisms of the cilostazol-dependent behavioral alterations observed in a mouse model of Down syndrome were not explored in the present study. As this is the first study to examine the effects of cilostazol in a model of Down syndrome, the mechanisms underlying the behavioral alterations caused by this drug are not known. It is easily conceivable that cilostazol, a PDE3 inhibitor, exerts a variety of effects as it increases intracellular cAMP and cGMP (Kambayashi et al., 2003; Heckman et al., 2015). PDE3 is expressed at low levels in the human brain (Lakics et al., 2010; García-Osta et al., 2012). Our previous study in postmortem human brains showed that PDE3 is abnormally upregulated in cerebral blood vessels of patients with cerebral amyloid angiopathy and is closely correlated with the vascular amyloid burden (Maki et al., 2014). Our previous study in a transgenic mouse model of Alzheimer’s disease showed that cilostazol supplementation does not increase resting CBF but restores vascular reactivity, promotes intramural periarterial drainage of Aβ, and rescues cognitive deficits (Maki et al., 2014). However, the efficacy of cilostazol does not thoroughly depend on its modulation of vascular functions; the same study also demonstrated that cilostazol decreases endogenous Aβ production in cultured neurons (Maki et al., 2014). Few studies have examined cilostazol’s effects in models with cognitive impairment (Heckman et al., 2015). Oral administration of cilostazol attenuates learning and memory impairment caused by intracerebroventricular injections of Aβ25–35 in mice (Hiramatsu et al., 2010; Park et al., 2011). Cilostazol prevents the increase in malondialdehyde, which is a marker for lipid peroxidation, in the brains of model mice (Hiramatsu et al., 2010) and decreases Aβ levels and ApoE expression in N2a cells expressing the human APP Swedish mutation (Park et al., 2011). Cilostazol reportedly improves cognitive function in wild-type mice by increasing the hippocampal production of insulin-like growth factor-1 (Zhao et al., 2010).

In conclusion, long-term treatment with cilostazol, a PDE3 inhibitor, from very early in life moderately attenuated cognitive deficits and hyperactivity in the Ts65Dn mouse model of Down syndrome. With proven safety of its long-term administration in practice and its low cost, cilostazol may be a useful drug to ameliorate cognitive deficits and behavioral problems in people with Down syndrome.
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Brains depend on blood flow for the delivery of oxygen and nutrients essential for proper neuronal and synaptic functioning. French physiologist Rouget was the first to describe pericytes in 1873 as regularly arranged longitudinal amoeboid cells on capillaries that have a muscular coat, implying that these are contractile cells that regulate blood flow. Although there have been >30 publications from different groups, including our group, demonstrating that pericytes are contractile cells that can regulate hemodynamic responses in the brain, the role of pericytes in controlling cerebral blood flow (CBF) has not been confirmed by all studies. Moreover, recent studies using different optogenetic models to express light-sensitive channelrhodopsin-2 (ChR2) cation channels in pericytes were not conclusive; one, suggesting that pericytes expressing ChR2 do not contract after light stimulus, and the other, demonstrating contraction of pericytes expressing ChR2 after light stimulus. Since two-photon optogenetics provides a powerful tool to study mechanisms of blood flow regulation at the level of brain capillaries, we re-examined the contractility of brain pericytes in vivo using a new optogenetic model developed by crossing our new inducible pericyte-specific CreER mouse line with ChR2 mice. We induced expression of ChR2 in pericytes with tamoxifen, excited ChR2 by 488 nm light, and monitored pericyte contractility, brain capillary diameter changes, and red blood cell (RBC) velocity in aged mice by in vivo two-photon microscopy. Excitation of ChR2 resulted in pericyte contraction followed by constriction of the underlying capillary leading to approximately an 8% decrease (p = 0.006) in capillary diameter. ChR2 excitation in pericytes substantially reduced capillary RBC flow by 42% (p = 0.03) during the stimulation period compared to the velocity before stimulation. Our data suggests that pericytes contract in vivo and regulate capillary blood flow in the aging mouse brain. By extension, this might have implications for neurological disorders of the aging human brain associated with neurovascular dysfunction and pericyte loss such as stroke and Alzheimer’s disease.

Keywords: pericyte, optogenetics, channelrhodopsin, brain capillaries, red blood cell capillary flow


INTRODUCTION

Brains depend on blood flow for the delivery of oxygen and nutrients essential for proper neuronal and synaptic functioning (Zlokovic, 2011; Iadecola, 2017; Kisler et al., 2017a; Sweeney et al., 2019). Cerebral blood flow (CBF) is regulated by different cell types within the neurovascular unit (Zlokovic, 2011; Iadecola, 2017; Kisler et al., 2017a; Sweeney et al., 2019). The mammalian brain has developed a unique mechanism to control regional CBF known as neurovascular coupling. This mechanism ensures a rapid increase in the rate of blood flow and oxygen delivery to activated brain regions (Kisler et al., 2017a). Several studies have shown that smooth muscle cells (SMCs) on small brain arteries and arterioles, and pericytes on brain capillaries, physically contract and dilate small arteries and arterioles, and capillaries, respectively, to regulate blood flow responses to neuronal stimulation and/or neurotransmitters (reviewed in Attwell et al., 2016; Kisler et al., 2017a; Sweeney et al., 2018). However, the role of pericytes in regulating CBF has not been confirmed by all studies (Fernández-Klett et al., 2010; Hill et al., 2015; Wei et al., 2016).

French physiologist Rouget was first to describe pericytes in 1873 as regularly arranged longitudinal amoeboid cells on capillaries that have a muscular coat, implying that these are contractile cells that regulate blood flow (Rouget, 1873). There have been >30 publications from different labs, many of which from recent years, demonstrating that pericytes are contractile cells. This has been shown by in vitro studies using isolated brain, retinal and cochlear pericytes from different species (see Table 1 for details; Schor and Schor, 1986; Kelley et al., 1987, 1988; Das et al., 1988; Ferrari-Dileo et al., 1992; Haefliger et al., 1994, 1997, 2002; Murphy and Wagner, 1994; Chen and Anderson, 1997; Matsugi et al., 1997a,b,c; Dai et al., 2009, 2011; Neuhaus et al., 2017); ex vivo studies using cerebellar, cerebral and spinal cord slices and retinal microvessels or explants (see Table 2 for details; Schönfelder et al., 1998; Kawamura et al., 2003, 2004; Wu et al., 2003; Peppiatt et al., 2006; Yamanishi et al., 2006; Hall et al., 2014; Fernández-Klett and Priller, 2015; Mishra et al., 2016; Ivanova et al., 2017; Li et al., 2017; Zong et al., 2017; Alarcon-Martinez et al., 2019; Nortley et al., 2019); and in vivo studies in rodents (see Table 3 for details; Dai et al., 2009, 2011; Fernández-Klett et al., 2010; Hall et al., 2014; Hill et al., 2015; Biesecker et al., 2016; Mishra et al., 2016; Nelson et al., 2016; Wei et al., 2016; Bertlich et al., 2017; Kisler et al., 2017b; Hartmann et al., 2018; Khennouf et al., 2018; Alarcon-Martinez et al., 2019; Nortley et al., 2019). Recent optogenetic studies expressing light-sensitive channelrhodopsin-2 (ChR2) cation channels in mouse pericytes, however, were not conclusive. One using a chondroitin sulfate proteoglycan 4 (Cspg4) Cre-ChR2 mouse model did not show pericyte contractility after light stimulus (Hill et al., 2015), whereas the other one that used a platelet-derived growth factor receptor-β (Pdgfrb)-ChR2 mouse model demonstrated pericyte contractility (Hartmann et al., 2017, 2018). Another recent report suggested that capillaries do not dilate in response to neuronal stimulation, implying that pericytes do not control capillary diameter, although stimulation increased red blood cell (RBC) capillary flow (Wei et al., 2016).

TABLE 1. In vitro pericyte contractility.
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TABLE 2. Ex vivo pericyte contractility.
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TABLE 3. In vivo pericyte contractility.
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Since two-photon optogenetics provides a powerful tool for studying the mechanisms of blood flow regulation at the level of brain capillaries, we re-examined the contractility of brain pericytes in vivo using a new optogenetic model developed by crossing our new inducible pericyte-specific CreER mouse line (Nikolakopoulou et al., 2019) with ChR2 mice (Madisen et al., 2012). We induced the expression of ChR2 in pericytes by tamoxifen, activated ChR2 by 488 nm excitation light, and monitored pericyte contractility, brain capillary diameter changes, and RBC flow velocity in aged mice by in vivo two-photon microscopy. Since many studies have shown that a rise in intracellular calcium causes pericytes to contract (Wu et al., 2003; Kawamura et al., 2004; Peppiatt et al., 2006; Yamanishi et al., 2006; Dai et al., 2009; Khennouf et al., 2018; Alarcon-Martinez et al., 2019), we hypothesized that light-induced excitation of ChR2 in pericytes in vivo will depolarize pericytes causing them to contract and constrict the underlying capillary, which in turn will reduce the capillary flow of RBCs.



MATERIALS AND METHODS


Mice

We utilized a recently developed and characterized pericyte-specific CreER mouse line generated by a double-promoter strategy using a combination of Pdgfrb and Cspg4 promoters to drive CreER expression in pericytes (Nikolakopoulou et al., 2019). Briefly, Pdgfrb and Cspg4 transgenic constructs were generated, one expressing Flippase recombinase (Flp) under the control of the Pdgfrb promoter, and the other carrying an Frt-Stop-Frt-CreER cassette (Frt: flippase recognition target; CreER: recombinant protein between Cre recombinase and a mutated ligand binding domain of the estrogen receptor) under the control of the Cspg4 promoter (Nikolakopoulou et al., 2019). To test pericyte contractility, we utilized ChR2, a non-selective cation channel permeable to sodium, potassium and calcium that opens upon stimulation with 488 nm light and depolarizes the cell (Figure 1A). ChRs were initially used as tools to depolarize neuronal membranes (Zhang et al., 2006, 2007), but have also been used to study contractility of non-neuronal cells such as SMCs (Hill et al., 2015), cardiac myocytes (Johnston et al., 2017), and brain pericytes (Hill et al., 2015; Hartmann et al., 2017, 2018). We crossed pericyte-CreER mice (Nikolakopoulou et al., 2019) with mice that have a loxP-flanked STOP cassette that is excised in the presence of Cre to drive ChR2-EYFP fusion protein expression (Ai32, The Jackson Laboratory; Figure 1B). The progeny mice were termed pericyte-CreER; ChR2. Upon four consecutive daily injections of tamoxifen (40 mg/kg i.p.), approximately 40% of pericytes expressed Cre, as previously reported (Nikolakopoulou et al., 2019). ChR2 was expressed primarily in pericytes as shown by co-localization of ChR2-EYFP fusion protein with CD13+ pericytes on brain tissue sections 2 weeks after the last tamoxifen injection (Figure 1C), which was also visualized in vivo (Figure 1D, Supplementary Video S1).
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FIGURE 1. Expression of channelrhodopsin (ChR2) in pericytes. (A) Schematic demonstrating our hypothesis that excitation of ChR2 expressing pericytes by 488 nm light will depolarize pericytes causing them to contract and constrict the underlying capillary. (B) Schematic showing the breeding scheme of recently characterized double promoter pericyte-CreER mice with tamoxifen inducible Cre-recombinase expression in pericytes, with mice that have a loxP-flanked STOP cassette that is excised in the presence of Cre to drive ChR2-EYFP fusion protein expression in pericytes (Ai32, Jackson Laboratory); the crossed mice were termed pericyte-CreER; ChR2. (C) Representative images of EYFP expression (green) showing co-localization of ChR2 cation channels with CD13+ pericytes (red) on Lectin-649+ capillary profiles (blue) in pericyte-CreER; ChR2 mice treated with tamoxifen (40 mg/kg i.p. daily for 4 days) and studied 2 weeks after the last tamoxifen injection. (D) In vivo z-stack maximum projection image demonstrating EYFP (pink) in a pericyte along lectin-649 + (gray) capillary profiles in a 32-month-old female pericyte-CreER; ChR2 mouse.



Since neurovascular dysfunction is typically observed in neurological disorders associated with aging, such as stroke and neurodegenerative diseases including Alzheimer’s disease (Sweeney et al., 2018, 2019), we used 23–32-month-old mice in these studies. We also used 18 month old control mice that do not express ChR2. A 32-month-old mouse was only used to visualize ChR2YFP+ pericytes on lectin+ capillaries (Figure 1D and Supplementary Video S1) and was not used in any statistical analysis. All statistical analysis in pericyte-CreER; ChR2 mice in Figures 2, 3 was performed in 23-month-old mice. Both male and female animals were used for experiments. Mice were housed in plastic cages on a 12 h light cycle with ad libitum access to water and a standard laboratory diet. During in vivo surgery and experiments, body temperature was maintained with electric heating pads, with thermal feedback and respiration monitoring. Intraperitoneal injections of 5% glucose in isotonic saline (0.2 ml per 25 g) were administered every 2 h. Experiments were performed under isoflurane anesthesia (SomnoSuite, Kent Scientific), unless otherwise specified. For details, see specific experiments below.
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FIGURE 2. Effects of ChR2 excitation in pericytes on the underlying capillary diameter. (A) Schematic of experimental paradigm. Control mice not expressing ChR2 (ChR2−; 18-month old, two males, one female, n = 3) or Pericyte-CreER; ChR2 (ChR2+; 23-month old, two males and one female, n = 3) mice received four consecutive tamoxifen injections (40 mg/kg i.p. daily), and 2 weeks later cranial windows were implanted and imaging was performed on a Nikon A1R confocal/multiphoton microscope under light anesthesia using 0.9% isofluorane. We used 950 nm light for imaging and 488 nm light for excitation of ChR2 cation channels. Capillaries (<6 μm) with ChR2− or ChR2+ pericytes were imaged before, during, and after light stimulus. (B) Representative images of capillaries with ChR2− pericytes visualized by NeuroTrace 500/525 (left) and ChR2+ pericytes visualized by YFP expression (right). The cyan dashed line (top panels) indicates regions of interest stimulated with 488 nm light, and the fuschia dashed lines indicate the capillary diameters before stimulation. White arrows indicate areas of capillary constriction. (C) Average time courses by mouse of capillary diameter changes of capillaries covered with ChR2− pericytes (gray circles) or ChR2+ pericytes (fuschia circles). Each single point along the time axis represents mean ± SEM, from n = 25 capillaries with ChR2+ pericytes from three pericyte-CreER; ChR2 mice and n = 29 capillaries with ChR2− pericytes from three control mice not expressing ChR2. Capillary diameter before stimulation was arbitrarily taken as zero (0). The dashed cyan line indicates the 60 s 488 nm stimulation period. The unbroken cyan line indicates the 10 s period quantified in panels (D,E). (D) Quantification of relative mean capillary diameter change (%) by mouse for ChR2− (gray circles) vs. ChR2+ pericyte (fuschia circles) capillaries over the last 10 s period during stimulation indicated in (C). (E) Quantification of absolute mean capillary diameter change (μm) by mouse for ChR2− (gray circles) vs. ChR2+ (fuschia circles) pericyte capillaries over the last 10 s period during stimulation indicated in (C). In (D,E) mean ± SEM, individual values averaged per mouse derived from n = 25–29 pericyte-covered capillaries from three mice per group. P = 0.006 and 0.010, respectively by one-tailed student’s t-test.
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FIGURE 3. Contraction of ChR2-positive pericytes leads to reduced capillary red blood cell (RBC) velocity. (A) Representative image of a capillary with a ChR2− pericyte demonstrating how RBCs are visualized in locations that are not 70 kDa dextran-positive, and an example line for a kymograph drawn along the length of the capillary (fuschia dashed line). The dashed box indicates the location shown in Supplementary Video S2. (B) Representative RBC kymographs acquired pre-stimulation and during light stimulation (488 nm) of capillaries with a ChR2− or ChR2+ pericyte. Black arrows indicate areas of slowed or stalled RBC flow. (C) Representative lower magnification image of the vessel segment with ChR2+ pericyte visualized in panel (B) showing stalled RBC in brain capillaries after stimulation of ChR2+ pericytes. The dashed box indicates the location shown in Supplementary Video S3. (D) Average time courses by mouse of capillary RBC velocity changes for capillaries covered with ChR2− pericytes (gray circles) or ChR2+ pericytes (fuschia circles). Each single point along the time axis represents the mean ± SEM, from n = 26 capillaries with ChR2− pericytes from three control mice that do not express ChR2 and n = 14 capillaries with ChR2+ pericytes from three pericyte-CreER; ChR2 mice. RBC velocity before stimulation was arbitrarily taken as zero (0). The dashed cyan line indicates the 60 s 488 nm stimulation period. The unbroken cyan line indicates the 10 s period during stimulation quantified in panel (E). (E) Quantification of mean reduction in capillary RBC velocity (%) by mouse for ChR2− (gray circles) vs. ChR2+ pericyte (fuschia circles) capillaries over the last 10 s period during stimulation indicated in (D). Mean ± SEM, individual values averaged per mouse derived from n = 14–26 pericyte-covered capillaries from three mice per group. P = 0.033, by one-tailed student’s t-test.





Cranial Window Implantation

Mice were initially anesthetized with 100 mg/kg of ketamine and 50 mg/kg of xylazine and fixed in a stereotaxic frame (Kopf Instruments). A circular cranial window was drilled over the hindlimb region of the somatosensory cortex (center at AP = −0.94 mm, L = 1.5 mm) and the underlying dura was removed. To visualize pericytes in control mice that did not express ChR2 or YFP, 50–100 μl of NeuroTrace 500/525 dye [1:25 dilution in sterile artificial cerebrospinal fluid (aCSF)] was applied topically to the exposed cortical surface of the open cranial window for 5 min, then thoroughly washed with sterile aCSF (Damisah et al., 2017). The window was filled with sterile aCSF and covered with a 3-mm round coverslip. Mice were transitioned to isoflurane following cranial window implantation.



In vivo Multiphoton and Confocal Microscopy

In these studies, we used a Nikon A1R multiphoton and confocal microscopy system with NIS-Elements software control (25× objective, 1.1 numerical aperture, point spread function is 0.300 μm). For in vivo multiphoton imaging mice were anesthetized with 0.9% isoflurane. The vasculature was labeled via retro-orbital injection of 75 μl of 70 kDa Texas Red-dextran (0.1 ml of 10 mg/ml) or DyLight 649 labeled Lycopersicon Esculentum (Tomato) Lectin (1 mg/ml, DL-1178, Vector Labs) and imaged through the cranial window. In control mice not expressing ChR2, we utilized a previously described fluoro-Nissl dye that labels capillary pericyte somas that are alpha-smooth muscle cell actin (α-SMA)-negative (Damisah et al., 2017) to visualize and stimulate capillaries with a pericyte, including the soma. In vivo images were acquired at depths up to 200 μm below the pial surface using a mode-locked Ti:sapphire laser (Insight DS+; Spectra Physics) set to 950 nm (power ~10 mW) for EYFP and Texas Red excitation. The image acquisition area (512 × 64 pixels) was restrained to maintain high spatial resolution (0.12 μm/pixel) and a fast frame rate (118.2 frames per second) to accurately measure RBC flow changes. Glucose in isotonic saline 5% weight/volume solution (200 μl/25 g mouse) was applied every 2 h i.p. for the duration of experiment, as we previously reported (Kisler et al., 2018).



Pericyte Stimulation

A region of interest was identified and set as the stimulation area by the NIS-Elements software to outline the pericytes on the capillary segment in the visible field. Concurrently with multiphoton imaging, 488 nm light excitation from the confocal microscope laser source (power ~2.5 mW) was triggered using a set protocol which consisted of a 20 s baseline (no 488 nm illumination), followed by 40 s of 488 nm stimulation (0.1 s duration, 1 s intervals). We did not collect topological information about where the stimulated capillaries were located, but since our pericyte-CreER line and the NeuroTrace dye labeled SMA-negative pericytes on capillaries (<6 μm), the stimulated cells were likely mid-capillary pericytes.



Capillary Diameter Measurements

For diameter measurements, images of the 70 kDa Texas Red-dextran signal were taken using the resonance scanner at 60–120 frames per second, generating an image of the vessel over time. Using NIS-Element-Advanced Research software, 3–5 lines were drawn perpendicular to the capillary equidistant along the length of the vessel approximately 5–10 μm apart to generate a kymograph, where the vessel diameter was recorded as a line of pixels in one axis, and time in the other, as we previously reported (Kisler et al., 2018). We did not measure diameter directly under the soma of pericytes in either ChR2+ or ChR2− mouse capillaries due to NeuroTrace dye fluorescence bleed through of the pericyte soma signal in ChR2− mice. Each kymograph was thresholded and analyzed with custom protocols written in Igor Pro 6 (WaveMetrics), as we previously reported (Kisler et al., 2018): first, images were smoothed with a 3 × 3 pixel Gaussian filter to remove noise and thresholded using the Igor Pro built-in “fuzzy entropy” threshold routine to generate a black-and-white (binary) image of the vessel diameter vs. time. The Igor Pro custom analysis protocol identified the transitions between black/white and white/black in each line of the image, indicating the edges of the vessel, and then calculated the width of the vessel for each line in the image. The resulting diameter data were low-pass filtered (1 Hz cut off) and notch filtered (0.5 Hz), then smoothed with a 1 s window box filter. Vessels with basal diameter <6 μm were considered capillaries. Basal diameters were calculated as an average over 20 s prior to stimulus, with basal diameters set to zero. For each capillary, 3–5 lines were averaged together to represent an individual capillary diameter. Diameter changes during stimulus were determined as a percent of basal diameter. For statistical comparisons, the percentage average diameter changes (Figure 2D) and absolute mean diameter changes (Figure 2E) over the last 10 s of stimulation (50–60 s after stimulation start) of individual values averaged per mouse from ChR2+ pericyte capillaries were calculated and statistically compared to ChR2− pericytes from n = 25–29 pericyte-covered capillaries from three mice per group.



Red Blood Cell (RBC) Velocity Measurements

For RBC velocity, only 70-kDa Texas Red-dextran was used for imaging. Kymographs were generated parallel to each capillary along the vessel midline. RBCs appear as dark spots in the dye-labeled blood plasma. Velocity data were analyzed using a MatLab algorithm as previously described (Kim et al., 2012; Kisler et al., 2018) and then low-pass filtered (1 Hz cut off) and notch filtered (0.5 Hz), then box filtered with a 1 s window to remove heartbeat and breathing artifacts using custom written protocols in Igor Pro to automate the filtering process, as we previously described (Kisler et al., 2018). Basal RBC velocities were calculated as an average over 20 s prior to stimulus, with individual basal capillary RBC velocities set to zero. RBC velocity changes during stimulus were determined as a percentage of basal velocity. For comparison in Figure 3E, individual values were averaged per mouse from ChR2+ and ChR2− pericyte capillary RBC velocities over the last 10 s of stimulation (averaging between 50 s and 60 s after stimulation start) were used to determine the average velocity change during stimulus and statistically compared.



Immunohistochemistry of ChR2-EYFP Protein Co-localization With Pericytes

Mice were anesthetized with 4% isoflurane and then transcardially perfused with 50 ml of phosphate buffered saline containing ethylenediaminetetraacetic acid. Brains were removed and embedded into O.C.T. compound (Tissue-Tek) on dry ice. They were cryosectioned at a thickness of 18 μm. The sections were cut sagittally and those from depths of 50–150 μm, to coincide with TPLSM imaging depths, were used for assessment. The sections were subsequently blocked with 5% normal donkey serum (Vector Laboratories) and Triton (0.05%) for 1 h and incubated in goat anti-CD13 (1:200) primary antibody (Kisler et al., 2017b) diluted in donkey serum blocking solution overnight at 4°C. To visualize CD13+ pericytes, donkey anti-goat IgG, Alexa 568 (1:500; Invitrogen, A-11057) secondary antibody was used for incubation for 1.5 h at room temperature. To visualize brain microvessels, sections were incubated with fluorescein-conjugated L. esculentum lectin (Vector Laboratories FL-1171, 1:200). In each animal five randomly selected fields from the cortex were analyzed in six nonadjacent sections (~100 μm apart).



Statistics

Since ChR2-positive and ChR2-negative capillaries were assessed within the same animals, experiments were analyzed, but not performed, in a blinded fashion. Sample sizes were calculated using nQUERY assuming a two-sided α-level of 0.05, 80% power, and homogenous variances for the two samples to be compared, with the means and common s.d. for different parameters predicted from published data (Peppiatt et al., 2006; Hall et al., 2014; Mishra et al., 2016; Nortley et al., 2019) and our previous studies (Kisler et al., 2017b, 2018). Using nQUERY, we calculated that a sample size of three mice in each group will have 80% power to detect a difference in means of 6% diameter change (the difference between a Group 1 mean of 8% and a Group 2 mean of 2%) assuming that the common standard deviation is 2 using a two group t-test with a 5% one-sided significance level. Thus, we used three mice per group. Individual values in each mouse are averaged from n = 14–29 pericyte-covered capillaries. All data are expressed as mean ± SEM. Normality was determined with a Shapiro–Wilk test, and statistical significance was determined by a one-tailed student’s t-test (GraphPad Prism 8.1). The accepted level of statistical significance was P ≤ 0.05.




RESULTS


Excitation of ChR2-Positive Pericytes Contracts the Cell and Constricts the Underlying Capillary

Pericyte-CreER; ChR2 mice at 23 months of age and control mice not expressing ChR2 at 18 months of age were administered daily tamoxifen (40 mg/kg i.p.) for four consecutive days. Approximately 2 weeks later, cranial windows were implanted over the hindlimb somatosensory cortex. Mice were fixed in a stereotaxic frame under 0.9% isoflourane anesthesia and imaged with 950 nm light. Capillaries defined as vessels <6 μm in diameter with ChR2− or ChR2+ pericytes were imaged and stimulated on a Nikon A1R confocal and multiphoton microscope, and the diameter of the underlying capillary was measured (Figure 2A). Intermittent 60 s stimulation with 488 nm light caused ChR2+ pericytes to contract and constrict the underlying capillary resulting in a significant reduction in capillary diameter compared to capillaries with ChR2− pericytes (Figures 2B,C, Supplementary Videos S2, S3). The kinetics of the constriction during light stimulation had a rapid phase within the first few seconds in both capillaries with ChR2− and ChR2+ pericytes, though to a much greater degree in capillaries with ChR2+ pericytes. There was also a slower phase of contraction over tens of seconds occurring in capillaries with ChR2+ pericytes (Figure 2C). Previous studies have shown light-induced stimulation and contraction of neurovascular SMCs resulted in constriction of the underlying arteriole (Choi et al., 2010; Kimbrough et al., 2015). Therefore, it is possible that pericytes, or perhaps endothelial cells, have similar light-induced capabilities causing contraction possibly explaining why we observed a small diameter decrease in capillaries with ChR2− pericytes. Excitation of ChR2+ pericytes resulted in an 8.29 ± 1.51% and 0.50 ± 0.01 μm decrease in capillary diameter compared to baseline values, whereas ChR2− pericytes stimulated in a similar way showed only a small decrease in capillary diameter of 1.56 ± 0.47% and 0.06 ± 0.02 μm (Figures 2D,E; mean ± SEM; p = 0.006 and 0.010, respectively).



Pericyte Contraction Leads to Reduced RBC Velocity

Since, we found a significant decrease after light stimulation in the capillary diameter in capillaries covered with ChR2+ pericytes, we next studied if RBC flow was affected after pericyte stimulation. The contraction of ChR2+ pericytes upon 488 nm stimulation and constriction of the underlying capillary led to a reduction in RBC velocity compared to the velocity before stimulation (Figures 3A–D). This was visualized by irregular RBCs kymographs (Figure 3B) and stalled RBCs appeared as black gaps in the white pseudo colored 70 kDa Texas red-dextran in the capillary after ChR2 excitation (Figure 3C). RBC velocity was decreased during light stimulation in capillaries with ChR2+ pericytes, with minimal changes observed in ChR2− capillaries, averaged by mouse (Figure 3D). Compared to ChR2− pericytes, there is greater variability in RBC velocity change during stimulation of ChR2+ pericyte capillaries as in some capillaries the RBC flow not only slows down but also stalls and occasionally speeds up, possibly due to backlogged pressure in the stalled vessels (Figure 3D). Upon excitation of ChR2+ pericytes, RBC capillary velocity was reduced resulting in an average reduction of 42.44 ± 15.55% compared to the respective RBC velocity values before excitation, and significantly reduced compared to the excitation of ChR2− pericytes (Figure 3E, mean + SEM; p = 0.03).




DISCUSSION

Using two-photon optogenetics and our new pericyte-CreER; ChR2 mouse line (Figure 1), here we show that pericytes contract brain capillary diameter and regulate capillary blood flow in the aging mouse brain. Our findings are consistent with the majority of previous studies suggesting that pericytes are contractile cells that control CBF, including studies using isolated brain, retinal and cochlear pericytes (see fully referenced Table 1), ex vivo cerebellar, cerebral and spinal cord slices, and retinal microvessels or explants (see fully referenced Table 2), and in vivo studies in rodents (see fully referenced Table 3). The present study shows that light excitation of the ChR2 cation channel in pericytes directly leads to their contraction on brain capillaries <6 μm in diameter, which in turn leads to constriction of the underlying capillary and a significant 8% decrease in capillary diameter (Figure 2) accompanied by a 42% reduction in RBC flow during stimulation including some capillaries with stalled RBCs flow (Figure 3).

That pericytes are contractile cells is supported by single-cell RNAseq studies showing that mouse pericytes express several genes encoding for contractile proteins such as vimentin, desmin, titin, myosin heavy chains 9, 10 and 11, and myosin light chains 6, 9, 12a, and 12b, and other myosin genes (Myo1c, 1d, 5a, 6, 10 and 18a; He et al., 2018; Vanlandewijck et al., 2018). It has been debated whether or not pericytes can express low levels of α-SMA as this is typically considered as an SMC contractile protein (Hill et al., 2015; He et al., 2018; Vanlandewijck et al., 2018). Interestingly, it has been shown that the detection of α-SMA in capillary pericytes by immunostaining requires prevention of filamentous actin depolymerization, which when controlled, shows detectable levels of α-SMA protein in pericytes (Alarcon-Martinez et al., 2018). Nonetheless, a recent study suggested that optogenetic stimulation of pericytes lacking α-SMA produces a decrease in capillary diameter in the living mouse brain (Hartmann et al., 2018), supporting the concept that contractile proteins other than α-SMA can mediate pericyte contraction. Furthermore, our results provide evidence that α-SMA-negative pericytes likely use some alternative contractile mechanism to alter capillary tone. Altogether, these studies suggest that pericytes express contractile protein machinery that is different from SMCs. This, again, is consistent with their role in regulating blood flow in capillary vessels with a much narrower diameter compared to arterioles and small arteries, which might require a more robust contractile protein system. The exact role of proteins that mediate pericyte contraction remains, however, unclear at present. This could possibly be determined by future studies using our new pericyte-CreER model to delete specific pericyte genes encoding different contractile proteins from the brain.

A recent optogenetic study using Cspg4-driven ChR2 expression found that SMCs, but not pericytes, contract upon ChR2 stimulation (Hill et al., 2015). Although it is not entirely clear why this earlier study (Hill et al., 2015) was not able to show that pericytes contract after ChR2 excitation, there are several possibilities that could potentially account for the differences between the previous and the present study. It has been found that SMCs and pericytes express different contractile proteins and calcium channels (Kisler et al., 2017a; Vanlandewijck et al., 2018). This raises a possibility that a threshold for the optogenetic stimulation of ChR2 between SMCs and pericytes linked to contractility could also be different and might depend on the source and duration of the light stimulus. With regards to the potential differences in sensitivity to ChR2 stimulation between SMCs and pericytes, future studies should investigate the threshold of ChR2 stimulation between these two cell types with concurrently expressing genetically encoded calcium indicators, such as GCaMP6, to measure how much intracellular calcium rise is required to induce contractility in each of these two cell types vs. the duration and source of light stimulus.

Furthermore, we used 0.9% isoflurane, the minimum dose required to lightly anesthetize mice during our experiments to reduce potential off-target effects of anesthesia. Previous studies have shown that inhaled anesthetics have neurovascular effects. For example, 1–3% sevoflurane, but not 1–3% isoflurane, increases BBB breakdown in aged rats (Acharya et al., 2015). Furthermore, 2% isoflurane has vasomotor effects that either constricts or dilates vessels depending on the tone of vessels at the time of administration (Park et al., 1998). Hill et al. (2015) used ketamine/xylazine anesthetic during ChR2 imaging experiments, which increases blood flow by vasodilation (Oren et al., 1987) and alters neuronal function impairing neurovascular coupling (Masamoto and Kanno, 2012). Future studies should evaluate the impact of ChR2 excitation of pericytes in awake mice.

Other factors such as the resolution of the microscope may also play a role in detecting pericyte contractility and diameter changes since the resting diameter of arteries and arterioles is quite large, and the contractility of SMCs and alteration of the underlying vessel diameter is much larger and easier to detect compared to the resting diameter of capillaries. Thus, observing significant changes in capillary diameter requires higher resolution and carefully considered experimental and statistical design, as previously discussed (Kisler et al., 2018). Recent in vivo studies reported that hindlimb or forepaw stimulation for 10 s (Mishra et al., 2016; Kisler et al., 2017b) and whisker pad stimulation for 15 s (Hall et al., 2014) both lead to capillary dilation ahead of arterioles, which resulted from isotonic pericyte relaxation and correlated with the degree of pericyte coverage. On the other hand, a reduced time of whisker pad stimulation of 2 s was not sufficient to produce changes in capillary diameter despite producing an increase in RBCs capillary flow (Wei et al., 2016); this could possibly result from an initial isometric relaxation of pericytes that with longer stimulation as used in other studies (Hall et al., 2014; Mishra et al., 2016; Kisler et al., 2017b) converts into isotonic relaxation causing a detectable change in capillary diameter. Because the present study was focused on constrictive responses of pericytes, it would be difficult to make any direct comparison with previous studies focused on dilation of capillaries and relaxation of pericyte tone. However, future optogenetic studies using hyperpolarization models of pericytes expressing, for example, halorhodopsin (e.q. eNpHR3.0) or archaerhodopsin-3 (e.q. ArchT) channels (Madisen et al., 2012), should be able to directly address the relationship between pericyte relaxation and dilation of the underlying capillary.

Recent studies found that Alzheimer’s amyloid-β (Aβ) oligomers induced pericytes to contract and constrict the underlying capillary in acute cerebral slices from rats and humans, and that capillaries covered with pericytes were typically constricted in Alzheimer’s disease brains post-mortem (Nortley et al., 2019). Since pericyte contractility may provide the force for intramural periarterial drainage at the capillary level (Aldea et al., 2019) this could potentially impact periarterial drainage of Aβ (Diem et al., 2016) and/or its trans-vascular clearance across the BBB (Shibata et al., 2000; Deane et al., 2004; Nelson et al., 2017), or via meningeal lymphatic vessels (Da Mesquita et al., 2018). Future studies should therefore investigate how Aβ directly interacts with a receptor on brain pericytes to trigger contractility, and how this could influence perivascular flow, BBB and meningeal lymphatic clearance, and BBB integrity, given that early pericyte injury is shown to be an early independent biomarker of human cognitive dysfunction (Montagne et al., 2015; Nation et al., 2019).

Altogether, our findings show that pericytes contract in vivo and regulate capillary blood flow in the aging mouse brain which might have broader implications for the understanding of CBF regulation in the aging human brain, particularly in neurological diseases associated with pericyte loss, degeneration and neurovascular dysfunction. This includes disorders such as stroke, Alzheimer’s disease and possibly other neurodegenerative diseases (Sweeney et al., 2018, 2019). Future studies should compare young vs. old mice to determine if there is an effect of aging on pericyte contractility. Furthermore, prospective studies should also provide a better understanding of how age-dependent pericyte dysfunction occurs in different neurological diseases, and whether pericytes can be targeted therapeutically to correct for neurovascular and neuronal dysfunction associated with these neurological disorders.
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Cerebral small vessel disease (SVD) refers to a group of disease conditions affecting the cerebral small vessels, which include the small arteries, arterioles, capillaries, and postcapillary venules in the brain. SVD is the primary cause of vascular cognitive impairment and gait disturbances in aged people. There are several types of SVD, though arteriolosclerosis, which is mainly associated with hypertension, aging, and diabetes mellitus, and cerebral amyloid angiopathy (CAA) comprise most SVD cases. The pathology of arteriolosclerosis-induced SVD is characterized by fibrinoid necrosis and lipohyalinosis, while CAA-associated SVD is characterized by progressive deposition of amyloid beta (Aβ) protein in the cerebral vessels. Brain magnetic resonance imaging (MRI) has been used for examination of SVD lesions; typical lesions are characterized by white matter hyperintensity, lacunar infarcts, enlargement of perivascular spaces (EPVS), microbleeds, cortical superficial siderosis (cSS), and cortical microinfarcts. The microvascular changes that occur in the small vessels are difficult to identify clearly; however, these consequent image findings can represent the SVD. There are two main strategies for prevention and treatment of SVD, i.e., pharmacotherapy and lifestyle modification. In this review, we discuss clinical features of SVD, experimental models replicating SVD, and treatments to further understand the pathological and clinical features of SVD.

Keywords: white matter, lacuna, Alzheimer’s disease, blood-brain barrier, neurovascular unit


INTRODUCTION

Advances in neuroimaging technology have led to the recognition of the existence of various small vessel pathologies affecting the brain, including both ischemia and hemorrhages, called cerebral small vessel disease (SVD). The term SVD is an umbrella term used to describe several conditions that share common pathological, clinical, and neuroimaging features (Pantoni, 2010), and the two major types of SVD are arteriolosclerosis, which is mainly associated with hypertension, and cerebral amyloid angiopathy (CAA; Pantoni, 2010; Tomimoto, 2011). Brain magnetic resonance imaging (MRI) shows diverse vascular lesions in patients with SVD, such as white matter lesions, lacunar infarcts, hematomas, microbleeds (MBs), and cortical superficial siderosis (cSS; Pantoni, 2010; Wardlaw et al., 2019). Because MRI technology has allowed for improved visualization of SVD, not only can acute ischemic and hemorrhagic strokes be detected, but also chronic microvascular changes that lead to dementia, as SVD is not only associated with strokes but also with Alzheimer’s disease (Tomimoto, 2011).

Since the underlying pathophysiological mechanisms of SVD are complicated, both in vivo and in vitro experiments are necessary to understand the disease etiology and the associated vascular changes induced by disease progression. Indeed, clinical features of SVD exhibit heterogeneity ranging from pure vascular disease to admixture with Alzheimer’s disease, and thereby treatment strategy is now controversial. Moreover, recent MRI studies have shown that SVD lesions are detectable in clinical situations, allowing for early identification and treatment of patients with SVD.

Although SVD is associated with pathological and/or functional abnormalities of cerebral small vessels, as its name suggests, SVD shares many characteristics with atherosclerotic large vessel and cardiovascular diseases. Indeed, intracranial carotid arterial calcifications and internal carotid artery stenosis can be associated with changes in the imaging markers used to identify SVD (Chen et al., 2019; Shen et al., 2020), and lobar MBs are also seen in patients with atrial fibrillation (Horstmann et al., 2015). These findings suggest that upstream blood vessels can affect those downstream; this phenomenon is known as “large and small artery cross-talk.”

In this mini review article, we will summarize the experimental models and clinical findings of SVD to further understand the pathological conditions in SVD.



TYPES OF CEREBRAL SMALL VESSEL DISEASE

SVD is the main cause of vascular cognitive impairment, mood disorders, and gait disturbances in aged people (Pantoni, 2010). Most SVD cases are related to hypertension, or other vascular risk factors, and CAA. Although few in number, some patients may develop SVD due to genetic variants that place them at higher risk, such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL; Wardlaw et al., 2019) Neuroradiological findings of SVD vary depending on disease etiology. Representative images of SVD typically show white matter hyperintensities (WMH) in MRI, as well as lacunar infarcts, and cerebral MBs (Pantoni, 2010). Moreover, enlargement of perivascular spaces (EPVS), cSS, convexity subarachnoid hemorrhages, and cortical microinfarcts (CMIs) are also indicators of SVD (van Veluw et al., 2017; Wilson et al., 2017; Raposo et al., 2018; Ii et al., 2013, 2019; Wardlaw et al., 2019).

Because SVD can be caused by a number of different conditions, SVD classification was proposed by Pantoni (2010). The two most common types of SVD are arteriolosclerosis (type 1) and CAA (type 2). Type 1 SVD, caused by arteriolosclerosis, is related to aging and certain vascular factors, such as diabetes and, especially, hypertension (Furuta et al., 1991; Pantoni, 2010). The pathophysiology of type 1 SVD is characterized by fibrinoid necrosis, lipohyalinosis, fibrohyalinosis, microatheroma, and microaneurysm (Pantoni, 2010; Ogata et al., 2011). Type 2 SVD, caused by CAA, is characterized by the progressive deposition of amyloid beta (Aβ) protein in the cerebral vessels; the major peptide isoforms of Aβ mainly consisted of Aβ1–40 and Aβ1–42 (Figure 1; Thal et al., 2008; Pantoni, 2010). The deposition of Aβ in cerebral vessels appears mainly in leptomeningeal and cortical arteries, and capillary Aβ-deposition is not always confirmed (Thal et al., 2008). Positive immunostaining with Congo red dye and thioflavin S is a specific histopathological feature of CAA (Pantoni, 2010). The capillary type of CAA is associated with advanced stages of Alzheimer’s disease-related pathology, the presence of the apolipoprotein E (APOE) ε4 allele, and complement immune system activation (Matsuo et al., 2018). Moreover, lobar MBs and CMIs are often observed in severe CAA cases, and these lesions are typically associated with cognitive impairments (van Veluw et al., 2016). Other types of SVD include inherited or genetic SVD (Type 3), inflammatory and immunologically mediated SVD (Type 4), SVD caused by venous collagenosis (Type 5), and SVD related to other causes (Type 6; Ii et al., 2019). CADASIL and Fabry disease are well-known causes of inherited or genetic SVD. Inflammatory and immunologically mediated SVD is usually a component of a systemic disease, including Wegener’s granulomatosis, Churg-Strauss syndrome, and microscopic polyangiitis (Pantoni, 2010; Jennette and Falk, 1997). Type 5 SVD, caused by venous collagenosis, is observed in people of advanced age, and the pathological features include noninflammatory collagenosis of venous walls resulting in small vessel narrowing (Moody et al., 1995). Other types of SVD include postradiation angiopathy, as well as nonamyloid microvessel degeneration observed in Alzheimer’s disease (Pantoni, 2010).
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FIGURE 1. Pathological features of Type 1 and Type 2 cerebral small vessel disease (SVD). Fibrinoid necrosis detected by hematoxylin & eosin (H&E) staining in the postmortem brain of a patient with arteriolosclerosis (A). Immunohistochemistry of the postmortem brain affected by cerebral amyloid angiopathy (CAA) shows immunopositive-staining for beta-amyloid peptides Aβ1–40 (Aβ40) and Aβ1–42 (Aβ42) in arterioles (B,C). Immunoreactive staining of senile plaque (Aβ40) and neurofibrillary tangles (phosphorylated tau; AT8) is also detected in CAA patients (D–F). Cortical microinfarct stained with HE is observed in a CAA patient (arrowheads, G). Aβ40 and Congo red-positive vessels are observed close to the cortical microinfarct (arrows, H,I). Scale bars in (A–F): 50 μm; in (G–I): 200 μm.





EXPERIMENT MODELS FOR EVALUATION OF SMALL VESSEL DISEASE

Several rodent models have been used to evaluate subcortical white matter changes caused by ischemia. Although animal models of chronic cerebral hypoperfusion cannot explain all features of SVD in humans, large vessel occlusion/stenosis models are widely accepted animal models of SVD for assessing large and small artery cross-talk. Two-vessel occlusion of the common carotid arteries is a common rat model of white matter ischemia (Wakita et al., 1994) in which a permanent occlusion causes pathophysiological changes in the corpus callosum, the internal capsule, and the optic nerve (Wakita et al., 2002; Farkas et al., 2004), and white matter demyelination similar to the white matter lesions in humans. Although this model results in analogous neuropathological changes, the visual pathway is damaged by the carotid artery occlusion, making it difficult to assess neuropsychological changes in behavioral testing paradigms (Farkas et al., 2004). To counteract these drawbacks, we have developed mice models which are subjected to bilateral carotid artery stenosis (BCAS) by attaching microcoils from outside of both carotid arteries (Shibata et al., 2004, 2007). This model exhibits white matter lesions and cognitive decline after chronic cerebral hypoperfusion for 1 month, and delayed hippocampal atrophy at 8 months after chronic cerebral hypoperfusion (Nishio et al., 2010), whereas there are little optic nerve damages and visual impairment. This BCAS mouse model has been most widely accepted as a model for vascular dementia with white matter pathologies, such as demyelination, axonal damage, oligodendrocyte loss, and blood-brain barrier (BBB) damage (Miyamoto et al., 2014). Because the two-vessel occlusion/stenosis model acutely decreases cerebral blood flow (CBF), a device that can narrow the arteries gradually has also been introduced. Ameroid constrictor devices applied to the bilateral common carotid arteries could replicate white matter pathologies, can reduce CBF gradually, and can induce changes resembling those associated with chronic cerebral hypoperfusion in humans (Kitamura et al., 2012; Hattori et al., 2016). The gradual common carotid artery stenosis (GCAS) model gradually and continuously reduces CBF (Hattori et al., 2016). A mouse asymmetric common carotid artery stenosis (ACAS) model is used to mimic white matter infarcts accompanied by motor deficits and dementia; the model is generated by the implantation of an ameroid constrictor and a microcoil in both carotid arteries (Hattori et al., 2015). The spontaneously hypertensive rat two-vessel gradual occlusion (SHR-2VGO) model is also generated using ameroid constrictors, and is used to model the evolution of white matter abnormalities and the associated impairments of spatial working memory (Kitamura et al., 2015). A nongenetic model of SVD is the stroke-prone spontaneously hypertensive rat (SHRSP), in which this rat strain has malignant hypertension, and reveals white matter loss and reductions in the levels of tight junction proteins (Yamori and Horie, 1977; Hainsworth and Markus, 2008; Bailey et al., 2011; Rajani and Williams, 2017).

Focal injection of vasoconstrictors has been used to model certain characteristics of human white matter stroke such as lacunar infarcts. For example, direct stereotaxic injection of vasoconstricting agents such as endothelin-1 (ET-1) and N5-(1-iminoethyl)-L-ornithine (L-NIO) into subcortical white matter can induce focal strokes in both rats and mice (Sozmen et al., 2009, 2012; Hinman et al., 2013). ET-1 can also reduce local blood flow, causing ischemic lesions, and injection into the white matter can induce a demyelinated and necrotic region in rats and a demyelinated area in mice (Silasi et al., 2015). Likewise, L-NIO injection can also cause focal white matter strokes in animals (Hinman et al., 2013).

Transgenic mouse lines for SVD are used to further understand the mechanisms of CAA and CADASIL. Although CAA is often seen sporadically, CAA can also be genetically inherited. Certain mutations in the amyloid precursor protein (APP) gene are a common cause of hereditary CAA. Dutch APP (E693Q) mice accumulate amyloid deposits in brain vessels at ~22–25 months, resulting in brain hemorrhages (Herzig et al., 2004). APP23 transgenic mice, which express mutant human APP751, develop Aβ deposits in the neocortex and hippocampus (Sturchler-Pierrat et al., 1997), and develop similar Aβ deposits in cerebral vessels as those caused by CAA beginning at 9 months of age (Kuo et al., 2001). Another transgenic mouse line expressing human Swedish, Dutch, and Iowa triple-mutant APP (Tg-SwDI) has been used to model CAA as well (Davis et al., 2004). Tg-SwDI mice develop microvascular Aβ deposition in the thalamus and subiculum, and exhibit apoptotic vascular cells, and a loss of smooth muscle cells in vessel walls (Miao et al., 2005). Moreover, models combining chronic hypoperfusion models and transgenic mice have been reported, and chronic hypoperfusion could exacerbate BBB dysfunction in APP23 transgenic mice and increase the frequency of microinfarctions (Salvadores et al., 2017; Shang et al., 2019). On the other hand, CADASIL is linked to a mutation in the NOTCH3 gene, with the pathological feature being the accumulation of granular osmiophilic material within the tunica media of vascular smooth muscle cell membranes (Ayata, 2010). Notch3 knockout, knock-in, and transgenic mouse models, and notch3 mutant zebrafish have been developed to better understand the pathological features of CADASIL (Ayata, 2010; Zaucker et al., 2013; Cognat et al., 2014). These models have demonstrated that white matter deficits are associated with oligodendrocyte death (Cognat et al., 2014), reduced expression of myelin basic protein, and a decreased number of oligodendrocyte progenitor cells (OPCs; Zaucker et al., 2013).

Several kinds of in vitro models are used for the evaluation of cellular changes associated with SVD, such as oxygen-glucose deprivation, hypoxia, growth factor deprivation, and glutathione depletion (Shindo et al., 2016). To mimic chronic mild hypoxic conditions, cobalt chloride was selected for use in some of these experiments (Miyamoto et al., 2013; Shimada et al., 2019). Recently, induced pluripotent stem (iPS) cell technology (Takahashi and Yamanaka, 2006) has been acknowledged as a useful cellular tool for the evaluation and treatment of various disease conditions, and iPS cell derived from the dermal fibroblasts of the patients with hereditary cerebral hemorrhage with amyloidosis-Dutch type (HCHWA-D) is considered to be a model for sporadic CAA (Daoutsali et al., 2019). Moreover, CADASIL and Fabry disease iPS cells have been used in several studies (Kawagoe et al., 2013; Ling et al., 2019). It is desired that these iPS cell-based SVD models can be used to help understand the pathogenic mechanisms of SVD and lead to the development of novel treatment strategies.



NEUROIMAGING OF CEREBRAL SMALL VESSEL DISEASE (FIGURE 2)

Brain MRI is typically used to examine SVD lesions, which are often characterized by WMH, lacunar infarcts, EPVS, MBs, cSS, and CMIs (Wardlaw et al., 2019).
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FIGURE 2. Radiological features of cerebral SVD. A lacunar infarct in the left corona radiata (A) and white matter lesions, assessed by fluid attenuated inversion recovery (FLAIR) imaging, is detected in patients with hypertension (arrows, A,B). The arrow shows enlarged perivascular spaces in T2-weighted (T2WI) magnetic resonance imaging (MRI) in a patient with CAA (C). Cerebral microbleeds (MBs) are classified as two types: deep MBs or lobar MBs. Deep MBs are detected in patients with hypertension on MRI T2*-weighted image (T2*WI; arrows, D). Both lobar MBs and cortical superficial siderosis (cSS) are seen in susceptibility-weighted imaging (SWI) sequences in CAA patients (arrows, E,F, and arrowheads, F). Both double inversion recovery (DIR; G,J) and FLAIR (H,K) imaging can clearly detect the cortical microinfarcts (CMIs). T1*-weighted imaging (T1WI) can also reveal CMIs but less obviously (I,L). CAA and cerebral embolisms can cause CMIs. CMIs from patients with CAAs (G–I) showed that all lesions were localized within cortical structures, with a size of <5 mm (Ishikawa et al., 2020). CMIs caused by embolisms involved subcortical areas, and the size of the lesions was ≥5 mm (Ishikawa et al., 2020).



WMH are often observed in both stroke patients and in nonstroke elderly people (Longstreth et al., 2002; Vermeer et al., 2002). In MRI, these hyperintensities are observed on T2-weighted images (WI) and fluid-attenuated inversion recovery (FLAIR), while hypointensities are observed on T1-WI, with no low intensity cavities in FLAIR images (Wardlaw et al., 2019). Although both hypertensive SVD and CAA show WMH in MRI on T2-WI and hypointensities on T1-WI, the distribution of these hyperintense regions differs; peri-basal ganglia WMH are strongly indicative of hypertensive arteriopathy, while multiple punctate FLAIR images are associated with CAA (Charidimou et al., 2016). Lacunar infarcts are round or ovoid, subcortical, fluid-filled cavities, 3–15 mm in diameter (Wardlaw et al., 2013). A common imaging feature of lacunar infarcts is a central hypointensity with a hyperintense rim in FLAIR images, but there are some cases without a central hypointensity lesion (Wardlaw et al., 2013). These WMH and silent lacunar infarcts can become important stroke risk factors, and might be associated with increased mortality rates (Bokura et al., 2006). EPVS are important markers of vascular dysfunction leading to brain damage (Wardlaw et al., 2019). MRI findings of EPVS are similar to cerebrospinal fluid on all sequences; they can be linear, round, or ovoid lesions with a diameter generally smaller than 3 mm (Wardlaw et al., 2013). The perivascular space is considered an important feature of glymphatic pathways as that is one of the main clearance pathways for the removal of amyloid-beta peptides, and changes in these areas are indicated in increased risk of Alzheimer’s disease (Iliff et al., 2015).

Cerebral MBs are detected as small, hypointense, round lesions with a diameter of 5–10 mm on T2*-weighted gradient-echo (GRE) or susceptibility-weighted image (SWI) sequences (Fazekas et al., 1999; Charidimou et al., 2013). Two main types contribute to pathological features of cerebral MBs have been identified: hypertensive vasculopathy and CAA (Greenberg et al., 2009). Differential distribution patterns of these two types of MBs are observed; hypertensive vasculopathy is typically associated with deep MBs in the basal ganglia, thalamus, and brainstem, while advanced CAA is associated with lobar MBs (Greenberg et al., 2009). Moreover, there is a possibility of mixed types of MBs, which may indicate advanced hypertensive arteriopathy, or alternatively both hypertensive arteriopathy and CAA (Matsuyama et al., 2017; Pasi et al., 2018). On the other hand, based on the pathophysiological mechanisms producing these MBs, they can be classified as either primary or secondary (Fisher, 2014). Primary cerebral MBs are visualized as extravasated erythrocytes from cerebral small vessels upon histopathological examination (Fazekas et al., 1999); secondary MBs are caused by other mechanisms such as hemorrhagic transformation of cerebral infarction/microinfarction (Fisher, 2014; Ito et al., 2019; Ogawa Ito et al., 2019).

The MRI finding of cSS is a linear or curvilinear lesions at the gyral cortical surface, detected as a signal loss on T2*-weighted GRE and SWI sequences (Charidimou et al., 2015a). cSS is one of the key features of CAA and is associated with transient focal neurological episodes (Charidimou et al., 2012, 2015a). Moreover, cSS is a risk factor for intracerebral hemorrhage in CAA patients (Charidimou et al., 2015b), and multifocal cSS correlates with disease severity in patients with CAA (Charidimou et al., 2017). Although the neuropathological feature of cSS may be associated with complement immune system activation (Matsuo et al., 2018), the details of this possible relationship remain unclear.

CMIs are frequently detected in autopsied brains of elderly people. Even though there is no visible macroscopic cerebral infarct, CMIs are frequently associated with cognitive impairment (Brundel et al., 2012; Kövari et al., 2017). CMIs are caused by various pathologies such as CAA, arteriolosclerosis, and microembolisms (Kövari et al., 2017). Although detection of CMIs has been difficult, historically, using MRI (Smith et al., 2012), recent reports have shown that in vivo visualization of MCIs is possible using higher resolution 7-Tesla (7T; van Veluw et al., 2013) and 3-Tesla (3T; Ii et al., 2013; van Veluw et al., 2015) MRI, and a combination method using three-dimensional double inversion recovery (3D-DIR) and three-dimensional FLAIR (3D-FLAIR) imaging with 3T-MRI has reportedly been able to detect CMIs (Ii et al., 2013; Umino et al., 2019). MRI features of CMIs show small, high-intensity intracortical lesions on 3D-DIR and 3D-FLAIR imaging, and hypointensities on T1-WI. Histopathological studies have demonstrated neuroradiological and pathological correlations (Niwa et al., 2017; Ishikawa et al., 2018). A recent study using 3T-MRI has shown that it may be possible to distinguish between CMIs due to CAA and those due to microembolism (Ishikawa et al., 2020). They say that CMIs in CAA patients are localized within the cortex, predominantly in the occipital lobe, smaller <5 mm in diameter, with fewer than three lesions (Ishikawa et al., 2020). On the other hand, CMIs resulting from microembolisms may involve the cortico-subcortical junction, are predominantly distributed in the frontal or parietal lobes, larger (≥5 mm) in diameter with multiple lesions, typically at least three (Ishikawa et al., 2020).



CLINICAL SYMPTOMS AND TREATMENT OF CEREBRAL SMALL VESSEL DISEASE

Symptoms of SVD vary depending on several factors, including the type and localization of vascular lesions. For lacunar infarcts, the symptoms include acute lacunar motor and/or sensory syndromes. Total number and volume of SVD lesions can be associated with cognitive impairment, gait disturbance, and mood disorders (Wardlaw et al., 2019). Even though MRI may show several SVD-related lesions, some patients may have symptoms that are clinically silent or may even be asymptomatic (Pantoni, 2010; Huijts et al., 2013). To determine the total MRI burden of SVD, calculation of a total SVD score has been described (Klarenbeek et al., 2013), based on four MRI features of SVD, including the presence of lacunae, the presence of MBs, the severity of the basal ganglia perivascular space, and the degree of WMH. This weighted score has been shown to be associated with age, sex, and vascular risk factors, including hypertension and smoking (Staals et al., 2014). Moreover, the total SVD score has been associated with cognitive impairment (Huijts et al., 2013), and may have predictive value for assessing risk of recurrent stroke after ischemic stroke (Lau et al., 2017), as well as mild parkinsonian signs (Hatate et al., 2016).

There are two main approaches of prevention and treatment strategies for SVD: pharmacotherapy and lifestyle modification. Pharmacotherapy includes anti-hypertensive drugs, statins, and antiplatelet treatments. Because hypertension is a risk factor for SVD, one of the most important treatments is anti-hypertensive therapy. The secondary prevention of small subcortical stroke (SPS3) trial enrolled patients with symptomatic lacunar infarctions, which were divided into two groups: those with a systolic blood pressure target of 130–149 mm Hg and those with a blood pressure less than 130 mm Hg (Benavente et al., 2013). Although there was no significant difference in the frequency of all strokes, the rate of intracerebral hemorrhage was significantly lower in the group with lower blood pressure (Benavente et al., 2013). This SPS3 trial showed that a systolic blood pressure target of less than 130 mm Hg is beneficial in reducing risk in lacunar stroke patients. Moreover, a systematic review of SVD treatment showed that anti-hypertensive treatment has a protective role in limiting the progression of WMH, but does not affect the degree of brain atrophy (van Middelaar et al., 2018). Statins may have beneficial effects for SVD patients, as rosuvastatin has been shown to prevent WMH in patients expressing the APOEε4 allele (Ji et al., 2018). Diabetes mellitus is also associated with SVD, especially lacunar stroke and the low fractional anisotropy observed on MRI (Liu et al., 2018). Most patients with diabetes have another risk factor, such as hypertension, and blood pressure and lipid control is effective for stroke prevention (Chen et al., 2016).

In terms of antiplatelet treatment, the SPS3 trial also demonstrated that all-cause mortality was increased in dual antiplatelet therapy with aspirin and clopidogrel, and that there was no significant difference in recurrent stroke risk between single antiplatelet therapy and dual antiplatelet therapy in lacunar stroke patients (Benavente et al., 2012). A recent meta-analysis showed a significant risk reduction in recurrence of any type of stroke and ischemic stroke in patients with a lacunar stroke using any single antiplatelet medication (Kwok et al., 2015). Likewise, cilostazol, a phosphodiesterase 3 inhibitor, may have an advantage for treating lacunar stroke. A randomized double-blind, placebo-controlled trial in Japan, the Cilostazol Stroke Prevention Study (CSPS), showed that cilostazol reduced the risk of recurrent stroke compared with placebo (Matsumoto, 2005), and the Cilostazol for Prevention of Secondary Stroke study (CSPS2) demonstrated that there was no significant difference in stroke prevention measures between cilostazol and aspirin, but cilostazol resulted in fewer hemorrhagic events than aspirin alone (Shinohara et al., 2010). Moreover, dual antiplatelet therapy with cilostazol and aspirin or clopidogrel can reduce the incidence of ischemic stroke recurrence and bleeding compared with aspirin or clopidogrel alone (Toyoda et al., 2019). In addition, in vivo experiment data has shown that cilostazol had a protective effect against hypertension-induced endothelial dysfunction (Oyama et al., 2011), and may reduce the risk of developing dementia (Tai et al., 2017; Saito et al., 2019). These data may suggest that cilostazol can be a safe and effective treatment for SVD in certain cases.

Lifestyle modification is another important intervention for preventing and treating SVD. Smoking and high sodium diets exacerbate the risk of stroke, dementia, and WMH revealed in MRI (Staals et al., 2014; Karama et al., 2015; Hankey, 2017; Wardlaw et al., 2019). The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) trial demonstrated that multidomain intervention, including diet, exercise, cognitive training, and vascular risk monitoring, improved cognitive function and reduced the risk of cognitive decline in elderly subjects (Ngandu et al., 2015). Although the number of patients enrolled was relatively small, another study showed that an aerobic exercise training program might have beneficial effects for patients with subcortical ischemic vascular cognitive impairments (Liu-Ambrose et al., 2016).



CONCLUSION

SVD is clinically important because it is not only associated with ischemic or hemorrhagic stroke but also with dementia. As SVD is an umbrella term for various conditions affecting cerebral vasculature, clinical characteristics of SVD can vary greatly depending on the etiology, which can affect optimization of treatment. In this mini review article, we have summarized the experimental models and the pathological and radiological features of SVD. Further elucidating the characteristics and pathophysiology of SVD may help identify novel therapeutic approaches and allow for earlier diagnoses to protect the human brain from disease progression.
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Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a hereditary cerebral small vessel disease caused by mutations in NOTCH3, is characterized by recurrent stroke without vascular risk factors, mood disturbances, and dementia. MRI imaging shows cerebral white matter (WM) hyperintensity, particularly in the external capsule and temporal pole. Missense mutations related to a cysteine residue in the 34 EGFr on the NOTCH3 extracellular domain (N3ECD) are a typical mutation of CADASIL. On the other hand, atypical mutations including cysteine sparing mutation, null mutation, homozygous mutation, and other associate genes are also reported. From the viewpoint of gain of function apart from Notch signaling or loss of function of Notch signaling, we review the research article about CADASIL and summarized the pathogenesis of small vessel, stroke, and dementia in this disease.
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INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is one of the most common hereditary cerebral small vessel diseases caused by mutations in NOTCH3. C was first recognized as a clinical and genetic hereditary small-vessel disease entity that induces cerebral infarction, white matter (WM) disease, microbleeds, and finally, vascular dementia. Understanding the impact of this disease is important for analyzing small-vessel diseases as well as vascular dementia. This review article is summarized in terms of whether CADASIL is caused by the gain of NOTCH3 function or by loss of NOTCH signaling function. Supporting data for a gain of function is pro-aggregatory property of cysteine related or cysteine-sparing NOTCH3 mutations as well as homozygous NOTCH3 mutation. Also, pathological findings of the accumulation of extracellular matrix and granular osmiophilic material (GOM) supported the hypothesis that Notch extracellular domain (NECD) can be a core of aggregation. Looking from the other side, nonsense NOTCH3 mutation or constitutive activation of NOTCH3 signaling can be related to the pathogenesis of different cerebral small vessel disease from CADASIL (Figure 1).
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FIGURE 1. NOTCH3 is related to small vessel disease. ECD, extracellular domain; N3ECD, Notch3 extracellular domain; EGFrs, Epidermal Growth Factor repeats; GOM, granular osmiophilic material; TIMP3, tissue inhibitor of metalloproteinases 3.





GENETICS


NOTCH3 Mutations

Notch signaling is evolutionarily conserved, and four members of the Notch receptor family: NOTCH1-4 exist in humans. NOTCH3 encodes a single-pass transmembrane receptor, NOTCH3, which consists of a NECD including 34 epidermal growth factor-like repeats (EGFrs) and an Notch intracellular domain (NICD). The Notch protein is thought to undergo complex proteolytic processing events. The first cleavage, named as S1 cleavage of the receptor occurs on the Golgi for the maturation of the receptor (i.e., the formation of the NECD-NICD heterodimer). The second proteolysis, named as S2 cleavage by A disintegrin and metalloprotease 10 (ADAM10), occurs on the cell surface when the receptor interacts with NOTCH ligand, Jagged or Delta/Serrate/LAG-2 (DSL), on neighboring cells (Brou et al., 2000). The third cleavage, named as S3 cleavage: γ-secretase–dependent intra-membrane proteolysis, NICD is moved into the cytoplasm and shuttles to the nucleus. Finally, NICD activated target genes with transcriptional cofactors of the CBF1-Su(H)-Lag1 (CSL) family (Bray, 2006). While NOTCH3 mainly expressed in the central nervous system in the fetus, NOTCH3 is expressed predominantly in vascular smooth muscle cells (VSMCs) to maintain vascular contractility in adults (Joutel et al., 2000).




NOTCH3 MUTATIONS IN CADASIL PATIENTS


Cysteine-Related

To date, more than 200 cysteine-related mutations, most of which are single nucleotide changes, have been reported (Supplementary Table S1, Joutel et al., 1997; Rutten et al., 2014; Koizumi et al., 2019; Leiden Open Variation Database, or references therein). A few exceptions include in-frame insertion/deletion mutations and splicing-site mutations (Tikka et al., 2009). Also, a rare mutation of in-frame 15 bp duplication in exon 7 is reported (Lee et al., 2011). CADASIL-associated mutations are localized from exon2 to 24, which encode EGFrs. Each EGFr contains six cysteine residues that likely participate in forming three pairs of disulfide bonds to maintain the normal NOTCH3 protein conformation. Most of the mutations are of the missense type, resulting in an even number to an odd number of cysteine residues (Joutel et al., 1997; Mizuta et al., 2017). The resulting unpaired cysteine is predicted to cause abnormal disulfide bridge formation that leads to aggregation of NECD (Duering et al., 2011).

The mutations accumulate in EGFrs 1–6, apart from the ligand-binding domain, EGFrs 10 and 11. Cellular experiments showed that most of the mutations do not affect Notch signaling, suggesting that CADASIL is not caused by signaling dysfunction. However, NOTCH3 harboring a p.Cys428Ser mutation in EGFr 10 and p.Cys455Arg in EGFr 11 exhibits attenuated ligand-binding activity, resulting in a significant reduction of NOTCH3 signaling (Joutel et al., 2004; Peters et al., 2004b). A previous report showed that mutations in EGFrs 10 and 11 are associated with milder cognitive deficits and a trend toward a lower volume of lacunar infarcts compared with the common mutations in EGFrs 2–5 (Monet-Leprêtre et al., 2009). This association remains to be elucidated, but it is possible that Notch signaling may affect the clinical symptoms.

Cases with duplication (Lee et al., 2011) or deletion of NOTCH3 (Dichgans et al., 2000) are reported. These mutations also change the number of Cysteine residue as well as point mutation and GOM was detected in the cases with these mutations (Lee et al., 2011).



Biological Effect of CADASIL-Associated Mutations

A popular hypothesis holds that the NOTCH3 mutations causing CADASIL are gain-of-function rather than loss-of-function mutations (Carare et al., 2013). One of the evidence supporting this hypothesis was the identification of hypomorphic mutations in individuals without the CADASIL phenotype. Rutten et al. (2013) reported two NOTCH3 nonsense mutations, c.307C>T, p.Arg103*, in two brothers aged in their 50s; brain MRI and skin biopsy results showed incompatible with CADASIL. Also, they reported a CADASIL patient with compound heterozygous for a pathogenic NOTCH3 mutation, p.Tyr710Cys, and an intragenic frameshift deletion. In that patient’s family, p.Tyr710Cys segregated with the affected parent, whereas the intragenic frameshift deletion was also identified in the normal parent of the patient. They concluded that these hypomorphic NOTCH3 alleles do not cause CADASIL (Rutten et al., 2013). According to previous case reports, complete loss of, and also constitutive activation of NOTCH3 signaling are thought to cause arteriopathy. Pippucci et al. (2015) reported a 24 years-old man with childhood-onset arteriopathy and cavitating leukoencephalopathy. Exome analysis of the patient and his consanguineous parents identified homozygous NOTCH3 null mutation c.C2898A (p.C966*) in the patient. Fouillade et al. (2008) reported a 53-year-old woman with 35-years-onset stroke and MRI finding of WM hyperintensity. They identified NOTCH3 c.4544T>C resulting in p.L1515P mutation which localizes in the C-terminal end of NOTCH3 extracellular domain (N3ECD). Although the precise mechanism remains unknown, cellular experiments suggested increased NOTCH3 signaling of this mutation in a ligand-independent manner (Pippucci et al., 2015). It is of note that the pathological hallmark of CADASIL, GOM, was not detected in either of these patients (Fouillade et al., 2008; Pippucci et al., 2015), suggesting that arteriopathy related to abnormal NOTCH3 signaling is different from CADASIL. In a study using a transgenic mouse model of CADASIL, Joutel described the toxic gain-of-function properties of mutant NOTCH3. Mice harboring human NOTCH3 with p.Arg90Cys, p.Cys428Ser, or p.Arg169Cys mutations exhibited CADASIL-like pathologic changes, N3ECD accumulation, and deposition of GOM (see below). Notably, transgenic mice with p.Cys428Ser, which cannot mediate Notch signaling (see above), also showed GOM deposition, suggestive of toxic gain-of-function mutations leading to aggregation of mutated N3ECD (Joutel, 2011).



Cysteine-Sparing Mutations

Muino et al. (2017) recently reviewed cysteine-sparing NOTCH3 missense mutations and proposed criteria for their pathogenicity: (a) typical clinical CADASIL syndrome; (b) diffuse white matter hyperintensity (WMH); (c) 33 NOTCH3 exons analyzed; (d) mutations that were not polymorphisms; and (e) GOM deposits noted in skin biopsy. Of the 25 mutations reviewed, they concluded that p.Arg61Trp, p.Arg75Pro, p.Asp80Gly, and p.Arg213Lys fulfilled these criteria. To uncover the pathogenicity of cysteine-sparing mutations, analysis of pro-aggregatory property may be important. Some cysteine-involving mutations (Duering et al., 2011) and also p.Arg75Pro and p.Asp80Gly (Wollenweber et al., 2015) was reported to be prone to aggregation by using a single-particle aggregation assay. In the very recent report of the patient with p.Gly73Ala, unfortunately, skin biopsy was declined, cellular and in vitro experiments showed pro-aggregatory property of the mutation (Huang et al., 2020).

Of the pathogenic cysteine-sparing mutations, p.Arg75Pro is probably the most frequent, and this mutation is primarily reported in eastern Asians (Kim et al., 2006; Mizuno et al., 2008; Ueda et al., 2015). In addition to positive skin biopsy findings, we also noted co-segregation in a p.Arg75Pro family and demonstrated the predicted conformational change in the EGFr harboring this mutation (Mizuno et al., 2008). Japanese CADASIL patients with p.Arg75Cys exhibit atypical and mild phenotypes, including a lower frequency of stroke/TIA and temporal pole lesions, with a tendency toward an older age at onset (Ueda et al., 2015; Koizumi et al., 2019).



Homozygous Mutations

Although CADASIL is generally caused by heterozygous mutations in NOTCH3, several CADASIL cases involving homozygous mutations have been reported (Mukai et al., 2018). Interestingly, some cases involving homozygous mutations showed a more-severe clinical phenotype than cases involving heterozygous mutations, but other cases were within the spectrum of the heterozygous phenotype.

The most frequent homozygous mutation is p.Arg544Cys. Mukai et al. (2018) reported a 63-year-old male case presenting first stroke attack with only mild weakness of the left leg and recovered well, involving a homozygous p.Arg544Cys mutation; GOM around the basement membrane of VSMCs on skin biopsy were detected in this case. No other stroke patients were detected in his parents and siblings indicated the tendency toward a mild phenotype with the p.Arg544Cys mutation in agreement with previous reports (Liao et al., 2015; Lee et al., 2016). p.Arg544Cys locates not in EGFr, but between the 13th and 14th EGFrs. Therefore, we hypothesize that p.Arg544Cys may contribute to a milder effect to a conformational change of EGFr resulting in a milder phenotype. The p.Arg544Cys mutation is also notable because of its geographic accumulation. The frequency of this mutation in CADASIL patients is 93.6% in Jeju Island, Korea, and 70.5% in Taiwan (Liao et al., 2015; Lee et al., 2016).




DISEASE-MODIFYING GENES


Genome-Wide Association Study of CADASIL

Opherk et al. (2014) performed a genome-wide association study to identify genetic modifiers of WMH volume in CADASIL. They analyzed SNP array data for 466 patients and found no SNPs reaching genome-wide significance. However, polygenic score analyses which included SNPs with weak p-values, indicated significant association with WMH volume when 10,574 SNPs (each p-value < 0.1) or 52,125 SNPs (each p-value < 0.5) were included. They suggested that multiple variants exert small effects on the WMH burden in CADASIL.



RNF213

We recently reported ring finger protein 213 (RNF213)-related susceptibility to intracranial arterial stenosis (ICAS) in CADASIL patients (Yeung et al., 2018). The frequency of RNF213 variants was 23.5% in CADASIL patients with ICAS, compared with 1.9% in those without ICAS. CADASIL is recognized as a small-vessel disease, but intracranial major artery stenosis was reported in some CADASIL patients (Choi et al., 2005). The susceptibility variant rs112735431, c.14576G>A (p.R4859K) or c.14429G>A (p.R4110K) in RNF213, was originally identified as prominently associated with moyamoya disease, mainly reported in eastern Asia. Miyawaki et al. (2012) found the variant was linked to susceptibility to ICAS even in sporadic cases. These associated genes may contribute to the clinical phenotypes of CADASIL.




PATHOMECHANISM FROM THE PERSPECTIVE OF MUTATION AND PATHOLOGY


Pathology

CADASIL affects small vessels in the brain WM and deep gray matter, resulting in thickening of vascular walls and luminal stenosis. In the tunica media, degeneration of VSMCs, positive PAS staining, and granular deposits of N3ECD immunoreactivity are observed (Baudrimont et al., 1993; Joutel et al., 2000). In the tunica adventitia, accumulation of various fibrous extracellular matrices is observed, including collagen, laminin, and clusterin. However, vessel occlusion or thrombosis is rarely found (Ruchoux et al., 1995). Therefore, the direct pathogenic mechanism leading to lacunar infarction in CADASIL remains to be elucidated. A popular hypothetical pathomechanism involves hemodynamic disturbance of lesion-affected arterioles and loss of compliance and autoregulation (Tikka et al., 2014).



GOM

The first ultrastructural descriptions of perivascular deposits surrounding small, penetrating arteries in the brain, designated GOM, were reported by Baudrimont et al. (1993). This material has been examined mainly in the brain, but GOM is also found surrounding VSMCs in other tissues, including muscle and skin (Ruchoux et al., 1995). Tikka et al. (2009) investigated the GOM in CADASIL patients and concluded that COM is specific to CADASIL. Immunohistochemistry and immunogold electron microscopy studies revealed the distribution of GOM and N3ECD protein in the microvasculature of brain gray matter and WM. Immunogold electron microscopy using an antibody to N3ECD revealed abundant particles in the GOM within microvessels, VSMC membranes, and perivascular cells (Yamamoto et al., 2013). These results suggest that NOTCH3 fragments are major components of GOM deposits.



Transendocytosis of NOTCH3

Cisendocytosis of either the DSL ligands or the Notch receptor itself into the cytoplasm has been recognized as playing an important role in regulating Notch signaling (Bray, 2006; Fortini and Bilder, 2009; Pratt et al., 2011). Also, genetic and cellular biological studies have shown that Notch is endocytosed into neighboring ligand-expressing cells in Drosophila (Klueg and Muskavitch, 1999) and that endocytosis of NECD promotes Notch proteolysis and downstream signaling in mammals (Nichols et al., 2007). Therefore, endocytosis of NECD into ligand-expressing cells, known as trans-endocytosis, is believed to be more critical for Notch activation than proteolytic events (Nichols et al., 2007). Because CADASIL causing mutations localize in N3ECD, we hypothesized that impairment of N3ECD trans-endocytosis may be a pathological mechanism of CADASIL. We addressed this issue by using HEK293 cells harboring a single copy of mutant or wildtype human NOTCH3 cDNA cocultured with Jagged1-expressing cells (Watanabe-Hosomi et al., 2012). In this co-culture system, Notch signaling quantified by HES1 expression was similar between mutant and wildtype N3ECD, in agreement with previous reports. However, we found that C185R mutant N3ECD on the cell surface is degraded significantly more slowly than wild-type N3ECD in NOTCH3 cells. While vesicles containing N3ECD were observed in Jag1-expressing cells co-cultured with wild-type NOTCH3, vesicles with mutant N3ECD within the Jag1-expressing cells were significantly fewer in number. These results indicate that the process of degradation of mutant N3ECD on the cell surface is disturbed due to the impairment of trans-endocytosis (Watanabe-Hosomi et al., 2012). It can also explain the abnormal accumulation of N3ECD in vascular walls without accumulation of the intracellular domain of Notch3 intracellular domain (N3ICD) or full-length protein, and signaling is activated normally. Further approach is necessary to uncover the process between impaired trans-endocytosis and abnormal accumulation of N3ECD and GOM deposit.



TIMPS3 and VTN

Using cultured cells, Monet-Leprêtre et al. (2013) provided evidence that excess levels of or multimerization of mutant Notch3 ECD facilitate interactions with key components of the vascular extracellular matrix, including tissue inhibitor of metalloproteinases 3 (TIMP3) and VTN. Brain vessels from transgenic mice and patients with CADASIL exhibit elevated levels of both insoluble cross-linked and soluble TIMP3 species (Monet-Leprêtre et al., 2013). Later, Capone et al. (2016) showed that reducing TIMP3 or VTN ameliorated CADASIL phenotype using transgenic mice, suggesting TIMP3 or VTN may be a novel therapeutic target of CADASIL.



Downstream Signaling Related to TGF-β

It is well known that transforming growth factor-β (TGF-β) signaling is important in the regulation of fibrotic events in vessels and other various tissues. Increased TGF-β signaling was reported as the pathophysiology of cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL; Hara et al., 2009), suggesting TGF-β signaling as a key pathway to cerebral small vessel diseases. Kast et al. (2014) examined molecules involving in the regulation of TGF-β bioavailability, fibronectin, fibrillin-1, and latent TGF-β–binding protein 1 (LTBP-1), in post-mortem brain tissue from CADASIL patients. All the three molecules were enriched in the CADASIL vessel. However, fibronectin and fibrillin-1 did not colocalize with N3ECD deposits, whereas, LTBP-1 showed a striking co-localization with N3ECD deposits, suggesting specific recruitment of LTBP-1 into aggregates. Also, increased levels of the TGF-β prodomain indicate dysregulation of the TGF-β pathway in CADASIL development. In vitro co-aggregation assay showed a direct interaction between LTBP-1 and mutant N3-ECD but no interaction between LTBP-1 and wildtype N3-ECD. These suggested a specific co-aggregation of LTBP-1 with mutant NOTCH3 and possible TGF-β signaling impairment in CADASIL (Kast et al., 2014).



Reconstruction of Small Vessels

To examine the degree and extent of the pathologic changes, Okeda et al. (2002) analyzed the entire length of vessels by reconstructing 1,000 serial sections of the 11 cerebral medullary arteries in an autopsy of a CADASIL patient who was 75 years old. The predominant findings were loss of VSMCs in the tunica media and fibrosis in the tunica adventitia. Most arteries exhibited continuous complete loss of VSMCs in the WM. Severe adventitial fibrosis was found in all arteries but restricted to WM. However, no stenosis or occlusion was found in the arteries studied. Considering their results collectively, they used a “so-called earthen pipe state” to describe the state of lesioned arteries and proposed failure of autoregulation of cerebral blood flow due to the earthen pipe state as underlying the pathogenesis of CADASIL (Okeda et al., 2002).



Pericytes

As the receptor protein encoded by the NOTCH3 gene is expressed not only on VSMCs but also on pericytes, pericytes and capillary vessels can be damaged by CADASIL (Dziewulska and Lewandowska, 2012). Degeneration and loss of pericytes in capillary vessels were detected in the microvessels in the autopsy of the brain and skin-muscle biopsy in CADASIL patients (Dziewulska and Lewandowska, 2012). GOM was usually seen near pericyte cell membranes or within infoldings (Dziewulska and Lewandowska, 2012). These findings suggested increased permeability of the capillary vessels and disturbances in cerebral microcirculation; this degeneration can also cause defective vasomotor reactivity in CADASIL (Okeda et al., 2002; Qin et al., 2019).



Why Clinical Symptoms Occur Only in the Brain

Because NOTCH3 is expressed ubiquitously in VSMCs, it is not surprising that pathological changes including GOM can be detected not only in the brain but also in other organs. It is reported that peripheral vascular function, as well as in the brain, was also impaired in patients with CADASIL and also a transgenic mice model of CADASIL (Fujiwara et al., 2012).

Clear phenotypes are restricted to the brain, but several studies suggested cardiovascular (van den Boom et al., 2003; Rufa et al., 2007) and renal (Kusaba et al., 2007; Guerrot et al., 2008; Ragno et al., 2012) involvement, though their causal relationship is still unclear. A recent article by Kelleher et al. (2019) showed that CADASIL iPSC-derived mural cells, including VSMCs and pericytes were susceptible to apoptotic stress. This may explain why major symptoms are restricted to the brain, because the blood-brain barrier, the crucial structure to maintain brain homeostasis, consists of astrocytes and pericytes (Ihara and Yamamoto, 2016).




CLINICAL FEATURES OF CADASIL


Incidence

To date, thousands of families with CADASIL have been diagnosed worldwide in many different ethnic groups. The disorder is often overlooked and misdiagnosed. Its minimum prevalence has been estimated at between 2 and 5 in 100,000 but may vary between populations (Razvi et al., 2005; Narayan et al., 2012; Moreton et al., 2014; Bianchi et al., 2015).



Genotype-Phenotype Correlation

There have been a limited number of studies involving genotype-phenotype analyses, some of which reported negative results (Adib-Samii et al., 2010). On the other hand, a German study including 371 CADASIL patients showed positive findings in genotype-phenotype analyses of eight of the most frequent genotypes: p.Arg90Cys, p.Cys117Phe, p.Arg133Cys, p.Arg14.

1Cys, p.Arg153Cys, p.Arg169Cys, p.Cys174Tyr, and p.Arg182Cys (Opherk et al., 2004). Both p.Cys174Tyr and p.Cys117Phe was significantly associated with a lower median age at death, and p.Cys117Phe alone was significantly associated with a lower median age at onset of stroke and immobilization (Opherk et al., 2004). Genotype-phenotype correlation analyses of each mutation should be carefully conducted due to the wide phenotype distribution, even in the same family harboring the same mutation.



EGF Repeats 1–6 vs. 7–34

Rutten et al. (2019) recently demonstrated the effect of mutation location on the severity of the disease. By comparing CADASIL patients with mutations in EGFr 1–6 and EGFr 7–34, those in the EGFr 1–6 group had a 12-year earlier onset of stroke, lower survival, and higher WMH volume than those in the EGFr 7–34 group. As described above, NOTCH3 mutations in CADASIL patients accumulate in EGFr 1–6, at 71.8% in Europeans (Rutten et al., 2019). It is noteworthy that NOTCH3 pathogenic variants were identified in a recent analysis of a large-scale genome variation database of a general population (Rutten et al., 2016). NOTCH3 pathogenic variants in a general population accumulated in EGFr 7–34, at 97.5% in the general European population, based on the Genome Aggregation Database (Rutten et al., 2016). Taken together, the results of Rutten et al. (2019) suggest a predisposition toward EGFr 1–6 in the classical, more-severe CADASIL phenotype. They also suggest a broad disease spectrum involving EGFr 7–34, from a mild phenotype to possible non-penetrance, and these results highlight the significant role of NOTCH3 pathogenic variants in general populations.



Environmental Factors

The difference between clinical symptoms and course in the same family harboring the same NOTCH3 mutation indicates the importance of environmental factors. Of the two twin studies of CADASIL, the first reported one found apparent different phenotypes, including 14 years difference of the age at onset between the twins, suggesting an effect of environmental factors on the disease (Mykkänen et al., 2009). The second reported one found similar phenotypes, including the age at onset of 74–75 years old and parkinsonism in the twin (Ragno et al., 2016). A similar phenotype indicates similar lifestyle-related factors, and Ragno’s cases did not contradict the possible effect of environmental factors on the CADASIL phenotype (Ragno et al., 2016). Conventional vascular risk factors may influence the severity of the disease. Adib-Samii et al. (2010) analyzed 200 symptomatic CADASIL patients in the UK; they found that hypertension (odds ratio 2.57) and pack-years of smoking (odds ratio 1.07) were associated with an increased risk of stroke. Ciolli also assessed the influence of vascular risk factors and revealed that hypertension was related to both disability assessment for dementia (DAD) score and disability (Ciolli et al., 2014). In our cohort, 62.9% of CADASIL patients had vascular risk factors, including hypertension, diabetes mellitus, hyperlipidemia, smoking, or alcohol consumption, and they were more prone to stroke (Mizuta et al., 2017). Management of these factors are essential in CADASIL as well as sporadic cases.




DIAGNOSIS


Criteria for CADASIL Diagnosis

Original criteria for CADASIL diagnosis were proposed by Davous in 1997 (Davous, 1998). This precious work contributed to the core concept of CADASIL when CADASIL was not well recognized by physicians yet. However, genetic tests of NOTCH3 revealed atypical cases, and the clinical phenotype of CADASIL was diverse, ranging from asymptomatic to severe. The Davous’s criteria cannot be applied to atypical CADASIL cases because the criteria are strict and have low sensitivity. In particular, cases involving elderly onset, no family history, or positive cardiovascular risk factors might be overlooked using these criteria. To avoid missing suspected CADASIL patients before genetic testing, we proposed more-sensitive criteria from Japanese CADASIL cases (Mizuta et al., 2017; Supplementary Table S2). The sensitivity of our new criteria is 97%, sufficient to screen candidates for CADASIL and to aid genetic testing (Mizuta et al., 2017).



CADASIL Scale and CADASIL Scale-J

To prioritize access to genetic testing for suspected CADASIL patients, a quantitative evaluation of CADASIL-specific features possessed by each patient is necessary. Markus proposed a diagnostic procedure based on skin biopsy and involvement of the anterior temporal lobe on MRI (Markus et al., 2002). As pre-genetic screening approaches are desirable, Pescini et al. (2012) developed the CADASIL scale, a screening tool applied in the clinical setting due to the high cost and time-consuming nature of genetic testing. The weighted scores to common disease features based on frequencies obtained in a pooled analysis of selected international CADASIL series. The cut-off score of the definitive CADASIL scale had a sensitivity of 96.7% and specificity of 74.2%. Unfortunately, the sensitivity of the CADASIL scale was 52.1% in our Japanese cohort because of some clinical differences about the CADASIL group as well as NOTCH3-negative CADASIL-like patients (non-NOTCH3) group between the European population and the Japanese population (Koizumi et al., 2019). Several studies revealed a low prevalence rate of migraine in Japanese CADASIL compared to European CADASIL patients (Uchino et al., 2002). Although WM lesion at the temporal pole is specific CADASIL patients in both cohort, WM lesion at the external capsule was different in the non-NOTCH3 group in each cohort. These differences decreased the sensitivity and specificity of the original CADASIL scale when applied to the Japanese cohort. Therefore, we modified the CADASIL scale based on the clinical features of 126 Japanese CADASIL patients and 53 Non-NOTCH3 to develop CADASIL scale-J (Supplementary Table S3; Koizumi et al., 2019). In CADASIL scale-J, the score ranged from 0 to 25 and a cut-off value of 16, using eight items. The sensitivity and specificity of the CADASIL scale-J were enough quality for prioritizing tool before genetic testing.




IMAGING


White Matter Lesions

MRI can visualize the characterization of WM lesions and lacunar infarction in stroke syndromes. In CADASIL, T2-weighted hyperintensity was noted in the deep WM, internal and external capsules, and the temporal pole. Temporal pole hyperintensity on T2-weighted and FLAIR MR sequences can be detected even in the early 20s of CADASIL patients (Chabriat et al., 1998; Mizuno, 2012). Dilated perivascular spaces (PVS) in CADASIL patients are located in the lentiform nuclei (94%) and subcortical WM of the temporal lobes (66%; Chabriat et al., 1998). PVS around small perforating arteries are pial-lined, interstitial fluid-filled spaces, readily seen to be enlarged in the WM of elderly subjects. Yamamoto et al. (2009) performed a postmortem study to quantify the degree and extent of PVS and arteriopathic changes within the temporal pole WM of CADASIL subjects. They concluded that the MRI hyperintensity in the temporal pole of CADASIL patients could be explained by enlarged PVS and degeneration of myelin rather than lacunar infarcts.



Lacunar Infarction

Viswanathan analyzed clinical data from 147 consecutive patients and revealed a significant independent association between age, volume of lacunar lesions, and global cognitive function scales, although WMH and microbleeds had no independent influence on cognitive function. Disability was associated with the volume of lacunar lesions, microbleeds, systolic blood pressure, and age but not with WMH (Viswanathan et al., 2007). Liem et al. (2007) analyzed 62 symptomatic and 15 asymptomatic members of CADASIL and revealed that the severity of cognitive dysfunction in mutation carriers is independently associated with MRI infarct lesion load. In contrast, WMH lesion load and microbleeds were not associated with cognitive dysfunction after correcting for age. These data indicate the importance of lacunar infarction in the progression of CADASIL.

Viswanathan examined the relative impact of lesion burden and location of these MRI markers on cognitive impairment and disability combined with whole-brain mean apparent diffusion coefficient (mean-ADC) and brain parenchymal fraction (BPF). In multivariate models accounting for lesion burden and location, the volume of lacunar lesion, mean-ADC, and BPF each had an independent influence on global cognitive function and disability (Viswanathan et al., 2010). Particularly, brain atrophy was shown to have the strongest independent influence on clinical impairment in CADASIL when all MRI markers in the disease are considered together. These results suggest that the clinical impact of cerebral cortical loss is important for CADASIL dementia (Viswanathan et al., 2010).



7-T MRI Reveals Micro-cortical Infarction

Jouvent et al. (2011b) used high-resolution postmortem 7-T MRI to examine infarcts of the cerebral cortex in a CADASIL patient with pathology examination. These lesions were not visible on the in vivo MRI obtained at 1.5 T. They examined cortex morphology and clinical worsening in 190 CADASIL patients and showed that reduction of sulcal depth is independently associated with increased time to complete trail making test A and B and that of cortical thickness to increased disability. They also showed that the impact of volume of lacunar lesions on cortical changes is greater than that of the volume of WMH and that cortical changes related to lacunar lesions evolve parallel to clinical worsening. These results support the hypothesis that cortical changes in CADASIL play a role in disease pathophysiology (Jouvent et al., 2011a).



Natural History

Few prospective studies have examined the natural history of CADASIL. Davous summarized the natural history of 134 documented cases and showed a mean age at onset of 40.3 years. The mean duration of the disease was 13.6 years, and the mean age at death was 56.7 years (Davous, 1999). Opherk summarized the natural history of a larger CADASIL cohort and reported a median age at onset of stroke of 50.7 years in men and 52.5 years in women, the median age at death of 64.6 years in men and 70.7 years in women (Opherk et al., 2004). In our cohort including 200 CADASIL patients, the mean age at onset of stroke was 48.3 years in men and 52.2 years in women (Koizumi et al., 2019). These results indicated a similar clinical course in any ethics, but more studies need to clarify a difference in each ethics before starting a disease-modifying-therapy on CADASIL.

Peters et al. (2004a) reported that their cohort deteriorated for all clinical scales over 2 years. There were 18 strokes within 173 person-years, giving an average incidence rate of stroke of 10.4 per 100 person-years. Age at baseline was found to be a predictor of clinical progression (Peters et al., 2004a). These data indicate a younger age of onset of stroke and death compared with the general population. CADASIL researchers should thus develop new approaches to improve this natural history.
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Objectives: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is the most common hereditary small vessel disease, with reported frequencies of 2-5/100,000 individuals. Recently, it has been reported that some patients with NOTCH3 gene mutations show atypical clinical symptoms of CADASIL. Assuming that CADASIL is underdiagnosed in some cases of lacunar infarction, this study was designed to examine the prevalence of NOTCH3 gene mutations in the patients at highest risk who were admitted for lacunar infarctions.

Methods: From January 2011 to April 2018, 1,094 patients with lacunar infarctions were admitted to our hospital, of whom 31 patients without hypertension but with white matter disease (Fazekas scale 2 or 3) were selected and genetically analyzed for NOTCH3 gene mutations (Phase 1). Furthermore, 54 patients, who were 60 years or younger, were analyzed for NOTCH3 mutations (Phase 2). NOTCH3 exons 2–24, which encode the epidermal growth factor-like repeat domain of the NOTCH3 receptor, were analyzed for mutations by direct sequencing of genomic DNA.

Results: Three patients presented NOTCH3 p.R75P mutations: two in the Phase 1 and one in the Phase 2 cohort. Among patients aged 60 years or younger and those without hypertension but with moderate-to-severe white matter lesions, the carrier frequency of p.R75P was 3.5% (3/85), which was significantly higher than that in the Japanese general population (4.7KJPN) (odds ratio [95% CI] = 58.2 [11.6–292.5]). All three patients with NOTCH3 mutations had family histories of stroke, and the average patient age was 51.3 years. All three patients also showed white matter lesions in the external capsule but not in the temporal pole. The CADASIL and CADASIL scale-J scores of the three patients were 6, 17, 7 (mean, 10.0) and 13, 20, 10 (mean, 14.3), respectively.

Conclusion: Among patients hospitalized for lacunar infarctions, the p.R75P prevalence may be higher than previously estimated. The NOTCH3 p.R75P mutation may be underdiagnosed in patients with early-onset lacunar infarctions due to the atypical clinical and neuroimaging features of CADASIL. Early-onset, presence of family history of stroke, external capsule lesions, and absence of hypertension may help predict underlying NOTCH3 mutations despite no temporal white matter lesions.

Keywords: CADASIL, CADASIL scale-J, NOTCH3, R75P mutation, lacunar infarction


INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is an autosomal dominant disorder caused by mutations in the NOTCH3 gene in chromosome 19p13 (Tournier-Lasserve et al., 1993; Joutel et al., 1996) and is the most common hereditary small vessel disease, with clinical frequencies of 2-5/100,000 individuals (Joutel et al., 1997; Rutten et al., 2016). Patients with CADASIL have various clinical symptoms, such as lacunar infarction, migraines, progressive cognitive decline, and psychiatric problems (Chabriat et al., 2009), and the most specific imaging feature of patients with CADASIL are bilateral white matter hyperintensities (WMHs), especially WMHs of anterior temporal pole on magnetic resonance imaging (MRI) (Chabriat et al., 1995, 1998; Coulthard et al., 2000; Auer et al., 2001; Tomimoto et al., 2006; Bersano et al., 2018). However, some patients with NOTCH3 mutations do not show the typical clinical and imaging features of CADASIL (Kim et al., 2006; Mizuno et al., 2008; Sari et al., 2019). Furthermore, it has been recently clarified that the potential prevalence of CADASIL may be higher than previously estimated (Rutten et al., 2016). Assuming that NOTCH3 gene mutations may be involved in some cases of lacunar infarction, a representative small vessel disease, this study was designed to investigate the prevalence and clinical characteristics of NOTCH3 gene mutations in the patients at highest risk who were admitted for lacunar infarction, using a whole sequence analysis of NOTCH3 genes.



METHODS


Study Design and Participants

This single-center cross-sectional study was performed at the National Cerebral and Cardiovascular Center (NCVC) of Osaka, Japan, and conducted in accordance with Declaration of Helsinki standards and after approval by the local NCVC ethical committee (M29-117-3). All participants signed a comprehensive NCVC biobank consent form.

The subjects of this study were patients with lacunar infarction with hyperintense signal on MRI Diffusion-weighted imaging (DWI).

Lacunar infarction was divided into two types based on the diameter of the occluded vessels: lacunar infarction of 20 mm or less in diameter and penetrating artery occlusion stroke exceeding 20 mm in diameter. Lacunar infarction was defined as lesions of 20 mm or less in the brainstem or subcortex in the territory of a penetrating artery. In principle, there was no major artery stenosis and no embolic sources. Penetrating artery occlusion stroke was defined as lesions exceeding 20 mm in the brainstem or subcortex in the territory of a penetrating artery. In principle, there was no major artery stenosis and no embolic sources.

We defined the inclusion criteria for cohort 1 and 2 to evaluate the frequency of CADASIL in the patients with the highest risk because genetic testing of all 1,094 patients is impractical in terms of cost and time.

In this study, therefore, hypertension and aging were used as exclusion criteria for patient selection because these are the two strongest risk factors for lacunar infarction (Veglio et al., 2009; Regenhardt et al., 2018; Kalaria and Hase, 2019). In addition, white matter lesions were used as inclusion criteria for patient selection because white matter lesions were the most representative imaging finding of CADASIL (Chabriat et al., 1998; Koizumi et al., 2019).

Among patients with acute lacunar infarctions, patients without hypertension but with white matter disease (Fazekas scale 2 or 3) were selected and genetically analyzed for NOTCH3 gene mutations, in order to strictly target patients with lacunar infarction of 20 mm or less in diameter (Phase 1). Furthermore, patients with acute lacunar infarctions or penetrating artery occlusion stroke aged 60 years old or younger were genetically analyzed for NOTCH3 gene mutations in order to broadly target patients with lacunar infarctions or penetrating artery occlusion stroke (Phase 2).

Patients who satisfied the following criteria were included in this study:

- Phase 1 cohort: (1) patients who deposited samples in the NCVC biobank from January 2011 to April 2018, (2) patients with lacunar infarction (20 mm or less in diameter) without a past history of hypertension, and (3) patients with deep white matter hyperintensity (DWMH) or periventricular hyperintensity (PVH) of grade 2 or higher on the Fazekas scale (Fazekas et al., 1991).

- Phase 2 cohort: (1) patients who deposited samples in NCVC biobank from January 2011 to April 2018 and (2) patients with acute lacunar infarctions (20 mm or less in diameter) or penetrating artery occlusion stroke (exceeding 20 mm in diameter) who experienced their first stroke at the age of 60 years or younger.

- Lacunar infarction, penetrating artery occlusion stroke, and white matter lesions were diagnosed based on MRI. Patients who had already been diagnosed with CADASIL were excluded.

- A patient selection flow diagram is detailed in Figures 1, 2.


[image: Figure 1]
FIGURE 1. Patient selection flow diagram for the phase 1 cohort. NCVC, National Cerebral and Cardiovascular Center; CADASIL, Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; DWMH, deep white matter hyperintensity; PVH, periventricular hyperintensity.



[image: Figure 2]
FIGURE 2. Patient selection flow diagram for the phase 2 cohort. NCVC, National cerebral and cardiovascular center.




Clinical Assessment

We collected clinical information that included data on clinical background (age at onset, sex, family history, and vascular risk factors), neurological symptoms, and MRI findings. The neurological symptoms that were evaluated included stroke, migraine, motor palsy, sensory disturbance, dizziness, pseudobulbar palsy, seizure, mood disturbance, and cognitive impairment.

Lacunar infarctions were diagnosed according to the Trial of Org 10172 Acute Stroke Treatment Criteria (Adams et al., 1993). Hypertension was defined as a blood pressure of at least 140/90 mmHg on two separate measurements or the use of antihypertensive drugs. Diabetes mellitus was defined as a fasting blood glucose level of at least 126 mg/dL, HbA1c 6.5% or higher, or the use of antidiabetic medications. Dyslipidemia was defined as a fasting serum low-density lipoprotein cholesterol level of at least 140 mg/dL or use of cholesterol-lowering therapy. Smoking status was determined by self-reporting as either a smoker (current or ex-smoker) or a nonsmoker. A family history of stroke was determined based on combined responses of the patient, sibling, and child to questions.



Magnetic Resonance Imaging Protocol

Participants underwent imaging of the brain with a 3.0 Tesla MRI (Magnetom Verio or Spectra; Siemens Medical Solutions, Erlangen, Germany) scanner. A standardized clinical protocol was employed that included DWI and apparent diffusion coefficient (ADC), fluid-attenuated inversion recovery (FLAIR), T2 star weighted imaging (T2*WI), and MR angiography.



Application of the CADASIL Scale and CADASIL Scale-J

The CADASIL scale of Pescini et al. (2012) is a simple scale that can be applied in a clinical setting as a screening tool for predicting a genetic diagnosis of CADASIL. The scale involves the additive score of 12 items (ranging from 0 to 25), whose cut-off value is 15. Result categories of the CADASIL scale were determined as positive (≥15) or negative (<15).

The CADASIL scale-J of Koizumi et al. (2019) is a modified, Japanese version of the CADASIL scale, with a score range from 0 to 25 and cut-off value of 16. This version uses eight items: hypertension, diabetes, young onset (≤ 50 years old), pseudobulbar palsy, stroke/TIA, family history, subcortical infarction, and temporal pole lesion.



Genetic Examination

Genetic testing of NOTCH3 was performed as described previously (Mizuta et al., 2017). In brief, NOTCH3 exons 2–24, which encode the epidermal growth factor-like repeat (EGFr) domain of the NOTCH3 receptor, were analyzed for mutations by direct sequencing of genomic DNA that was extracted from the peripheral blood. The sequence data were analyzed with SEQUENCHER (Gene Codes, HITACHI) to screen for mutations. Nucleotide substitutions were confirmed by restriction fragment length polymorphism analysis. We concluded that the variation was pathogenic when it was previously reported as pathogenic and/or when it resulted in a cysteine-related missense mutation in one EGFr.




RESULTS


Baseline Demographics and Participants

During the study period, 1,094 patients with lacunar infarctions were admitted to the hospital (mean age ± standard deviation (SD), 72.0 ± 11.0; 61.0% men). In total, 292 of 1,094 patients participated in the NCVC biobank after providing written informed consent.

Of the overall cohort, 31 patients without hypertension but with white matter disease (Fazekas scale 2 or 3) were selected and genetically analyzed for NOTCH3 gene mutations in the phase 1 cohort (mean age ± SD, 77.4 ± 9.6 11.0; 76.5% men) (Figure 1). The demographic data of the 31 patients in the phase 1 cohort are shown in Table 1.


Table 1. Demographic data of the 31 patients in the Phase 1 cohort.

[image: Table 1]

Furthermore, 54 patients, who were 60 years old or younger, were genetically analyzed for NOTCH3 gene mutations in the phase 2 cohort (mean age ± SD, 53.0 ± 5.7; 77.8% men) (Figure 2). The demographic data of the 54 patients in the phase 2 cohort are shown in Table 2.


Table 2. Demographic data of the 54 patients in the Phase 2 cohort.
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Prevalence of NOTCH3 Mutations Among Patients With Lacunar Infarctions

Three patients had NOTCH3 p.R75P mutations (ClinVar accession number: VCV000632306.1): two in the Phase 1 cohort (cases 1 and 2) and one in the phase 2 cohort (case 3). Among patients aged 60 years or younger or patients without hypertension with moderate-to-severe white matter lesions, the carrier frequency of p.R75P was 3.5% (3/85), which was significantly higher than that in the Japanese general population (4.7KJPN) (n = 4773) (odds ratio [95% CI] = 58.2 [11.6–292.5]) (Table 3). The p.R75P carrier frequency in biobank patients with lacunar infarction (1.0%, 3/292) was also significantly higher than that in 4.7KJPN (odds ratio [95% CI] = 16.5 [3.3–82.1]).


Table 3. Frequency of NOTCH3 p.R75P mutations in patients and controls.
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The three patients with p.R75P mutations had no blood causality each.



Clinical Characteristics of Patients With p.R75P Mutations

The clinical characteristics of patients with p.R75P mutations are shown in Table 4. The average patient age was 51.3 years. All patients had dyslipidemia and family histories of stroke; however, only the patient in case 2 showed cognitive impairment while the patient in case 3 had hypertension. No history of diabetes mellitus or cigarette smoking was found. Furthermore, the patients in case 1 and 3 had symptoms of dysarthria and dysesthesia but did not show typical clinical characteristics of CADASIL such as migraine and temporal pole lesions. The patient in case 2 showed relatively typical clinical symptoms, such as migraines and cognitive impairment.


Table 4. Clinical characteristics of patients with R75P mutations.
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Brain MRI Characteristics of Patients With p.R75P Mutations

All three patients with p.R75P mutations had no temporal pole lesions (Figures 3A,E,I), while hyperintensity lesions were noticeable at the external capsule (Figures 3B,F,J), and the white matter lesions that were evaluated by the Fazekas scale were of grades 2-3 (Figures 3C,D,G,H,K,L). The patients in cases 1 and 2 exhibited several cerebral microbleeds, while the patient in case 3 had no cerebral microbleeds on T2*WI. MR angiography showed no arterial stenoses in all three patients with CADASIL.


[image: Figure 3]
FIGURE 3. Brain MRI findings of patients with NOTCH3 mutation. (A–D) FLAIR images of a patient with a NOTCH3 p.R75P mutation (Case 1). (E–H) FLAIR images of a patient with a NOTCH3 p.R75P mutation (Case 2). (I–L) FLAIR images of a patient with a NOTCH3 p.R75P mutation (Case 3). (A,E,I) No patients presented lesions on their temporal pole lobes. (B,F,J) Arrows indicate hyperintensity lesions at external capsules. (C,D,G,H,K,L) Arrows indicate periventricular hyperintensity.




CADASIL Scale and CADASIL Scale-J Scores

The CADASIL and CADASIL scale-J scores of the three patients were 6, 17, 7 (mean, 10.0) and 13, 20, 10 (mean, 14.3), respectively (Table 4). The CADASIL scale-J score was higher than that of the CADASIL scale, although both scale scores were below their respective cut-off values (CADASIL scale: ≥15/25); CADASIL scale-J: ≥16/25).




DISCUSSION

In this study, the frequency of NOTCH3 mutations was investigated for the first time in a Japanese lacunar stroke cohort; three patients had cysteine-sparing NOTCH3 p.R75P mutations: two in the phase 1 cohort and one in the phase 2 cohort. The carrier frequency of p.R75P in this study was 3.5% (3/85), which was significantly higher than that in the Japanese general population (4.7KJPN) (odds ratio [95% CI] = 58.2 [11.6–292.5]). Furthermore, all three patients with NOTCH3 mutations had family histories of stroke and showed hyperintensity lesions at external capsules and moderate-to-severe white matter lesions. However, these patients did not show typical CADASIL clinical and imaging features, such as temporal pole lesions. The CADASIL scale-J score was higher than that of the CADASIL scale.

CADASIL is the most common hereditary small vessel disease, and the estimated prevalence is 2-5/100,000 individuals in clinical practice (Joutel et al., 1997). The most frequent clinical symptoms are ischemic events (59%) and psychiatric disturbances (48%) (Bianchi et al., 2015). Migraine with aura and subcortical vascular cognitive impairment, which are associated with pseudobulbar palsy and urinary incontinence, are also characteristic symptoms of CADASIL (Chabriat et al., 2009). However, it has recently been reported that a subset of patients with NOTCH3 gene mutations show atypical clinical symptoms of CADASIL, such as absence of temporal pole lesions (Ueda et al., 2015), elderly onset (Watanabe et al., 2012), and cerebellar atrophy (Sari et al., 2019). Furthermore, the exome aggregation consortium (ExAC) database study identified 206 EGFr cysteine-altering NOTCH3 mutations in the ExAC, with an overall prevalence of 3.4/1,000 individuals (Rutten et al., 2016). The prevalence of CADASIL may be higher than previously thought; in fact, Dong Y et al. reported that one patient with a p.C697T mutation was found among 218 consecutive patients with lacunar infarction in the United Kingdom (Dong et al., 2003). Furthermore, Choi et al. reported that six patients with p.R544C mutations were found among 151 consecutive Korean patients with acute ischemic stroke (Choi et al., 2013), four of whom presented with large artery atherosclerosis and two with lacunar infarction. Our findings echo recent findings in Taiwan and the United Kingdom. Lee et al. reported that the NOTCH3 p.R544C mutation was present in a significant number of individuals in Taiwan, including 60 of 7,038 healthy controls (0.9%), 17 of 800 patients with ischemic stroke (2.1%), and 16 of 245 patients with small vessel occlusion stroke (6.5%) from the Taiwan Biobank and that the other two cysteine-altering mutations (p.C853Y, and p.C884Y) were rarely detected (Lee et al., 2020). Furthermore, from the UK DNA Lacunar Stoke Study, Tan et al. identified single gene mutations in 14 patients (eight cysteine-altering NOTCH3 variants in 11 patients, two HTRA1 variants in two patients, and one missense COL4A1 variant in one patient) among 950 patients with younger-onset apparently sporadic small vessel disease stroke using a targeted sequencing panel (14 of 950; 1.5%; Tan et al., 2019). These results strongly support our findings, which indicate that NOTCH3 gene mutations may be involved in some cases of lacunar infarction, which is a representative small vessel disease. CADASIL is probably underdiagnosed in the wider stroke population.

In this study, all three patients with NOTCH3 p.R75P mutations were relatively young and had family histories of stroke. Furthermore, all three patients showed hyperintensity lesions at external capsules and moderate-to-severe white matter lesions, but did not show temporal pole lesions. Temporal pole white matter lesions on MRI is one of the most characteristic imaging features of patients with CADASIL (Singhal et al., 2005; Yamamoto et al., 2009); however, some patients with CADASIL do not show temporal pole lesions. Abnormal temporal pole white matter lesions are less common in Asian patients than among Caucasians (Wang et al., 2011), and the prevalence of temporal pole involvement is only between 33.8–71% in the Japanese population (Ueda et al., 2015). In particular, cysteine-sparing NOTCH3 missense mutations, such as p.R75P (Kim et al., 2006), p.R61W (Brass et al., 2009), p.D80G (Wollenweber et al., 2015), and p.R213K (Santa et al., 2003) are associated with atypical MRI findings with less anterior temporal lobe involvement (Matsushima et al., 2017; Muino et al., 2017). In a prior study of patients with CADASIL, 91% of cysteine-sparing NOTCH3 mutations did not have anterior temporal pole involvement (Muino et al., 2017). Furthermore, the cysteine at codon 76 could be related to fixation of the double hairpin in the NOTCH3 EGFr, and the substitution of the basic arginine for a proline at codon 75 could induce a partial three-dimensional conformational change in the EGFr that leads to less involvement of the anterior temporal lobe (Mizuno et al., 2008). The precise mechanisms by which cysteine-sparing NOTCH3 missense mutations induce CADASIL remains to be elucidated. We previously showed that temporal pole changes partially reflect dilated perivascular spaces (Yamamoto et al., 2009). Therefore, the p.R75P mutation may be less likely to dilate perivascular spaces than the cysteine-substitution mutations of NOTCH3. Cysteine-sparing mutations should be further studied to confirm their pathological role in CADASIL (Rutten et al., 2014; Coupland et al., 2018). Interestingly, CADASIL patients with NOTCH3 p.R75P were frequently found throughout Japan. The allele frequency of p.R75P in the general population is 0.0003, according to the largest Japanese whole genome reference panel 4.7KJPN (https://jmorp.megabank.tohoku.ac.jp/202001/variants [accessed 25 March 2020], in the Japanese Multi Omics Reference Panel [jMorp], Tohoku Medical Megabank Organization).

It is of note that the carrier frequency of p.R75P in this study was 3.5% (3/85), which was significantly higher than that in 4.7KJPN (odds ratio [95% CI] = 58.2 [11.6–292.5]). The p.R75P carrier frequency in biobank patients with lacunar infarction (1.0%, 3/291) was also significantly higher than that in 4.7KJPN (odds ratio [95% CI] = 16.5 [3.3–82.1]). Our finding is compatible with the high frequency of p.R75P (9.2–11.4%) among Japanese CADASIL patients (Ueda et al., 2015; Koizumi et al., 2019). Mukai et al. analyzed the genotype–phenotype correlation based on the three most common mutations in Japanese CADASIL patients: the cysteine-sparing NOTCH3 mutation p.R75P and cysteine-altering NOTCH3 mutations p.R141C and p.R182C. p.R141C showed the most typical CADASIL phenotypes while p.R75P showed mild and atypical phenotypes, with a low frequency of temporal pole lesions, high frequency of hypertension, and low frequency of stroke/transient ischemic attack (TIA). Phenotypes of p.R182C were similar to those of p.R141C, except for a lower frequency of stroke/TIA. Initial symptoms of the 14 probands with p.R75P were none (four of 14; 28.6%), cognitive impairment (three of 14; 21.4%), depression (one of 14, 7.1%), and stroke/TIA (six of 14; 42.9%; Mukai et al., 2020). p.R75P presents as clinical symptoms that resemble sporadic lacunar infarcts, and head MRI often shows external capsule lesions and white matter lesions without temporal pole lesions (Kim et al., 2014; Ueda et al., 2015). Therefore, cysteine-sparing NOTCH3 p.R75P mutation may be underdiagnosed in early-onset lacunar infarctions in daily clinical practice. Lacunar infarctions and white matter lesions of the external capsule, along with family history of stroke, can be prognostic factors that suggest the need for further genetic testing for possible underlying NOTCH3 mutations.

NOTCH3 genetic testing remains the diagnostic gold standard, and a clinical screening tool is eagerly desired because genetic testing is costly and time-consuming. Pescini et al. proposed the CADASIL scale, a screening tool that can be used to select patients for NOTCH3 gene analysis (Pescini et al., 2012). The CADASIL scale showed high sensitivity in European studies; however, low sensitivity was reported in Chinese patients, possibly due to ethnic differences in clinical manifestations (Liu et al., 2015). Recently, Koizumi et al. developed the CADASIL scale-J, which can effectively discriminate between patients with CADASIL and patients with NOTCH3-negative CADASIL-like symptoms, among Japanese patients. The CADASIL scale-J exhibited a higher diagnostic accuracy than that of the CADASIL scale (Koizumi et al., 2019). The CADASIL scale-J was also well validated in 69 consecutive patients who underwent genetic testing. As a result, the sensitivity and specificity of the CADASIL scale-J were 78.9 and 85.7%, respectively (Koizumi et al., 2019). Furthermore, the CADASIL scale and the CADASIL scale-J scores of the patients with p.R75P were 6, 7, 17, and 10, 13, 20, respectively, in this study. While the CADASIL scale-J score was higher than that of the CADASIL scale, both scores were below their respective cut-off values (CADASIL scale: ≥15/25, CADASIL scale-J: ≥16/25). The low average scores in patients with p.R75P mutations may be due to a lower frequency of temporal pole lesions and older age onset compared with other CADASIL subtypes, such as cysteine-altering NOTCH3 mutations (Ueda et al., 2015). The p.R75P mutation, which involves an arginine residue rather than a cysteine, is related to less frequent involvement of the anterior temporal area, thus hampering the clinical utility of CADASIL screening tools. It has been also reported that there is no single pathogenomic clinical or neuroimaging finding that can distinguish patients with CADASIL from those with sporadic stroke (Pantoni et al., 2010). Therefore, the present study supports the notion that clinicians should exercise caution concerning the possibility that atypical patients with NOTCH3 mutations, such as p.R75P, may be unrecognized among patients with lacunar infarctions due to the atypical clinical and neuroimaging features of CADASIL.

From management and therapeutic perspectives, no definitive treatment has been established for CADASIL progression (Bersano et al., 2017). However, the early diagnosis and treatment for CADASIL, including the strict management of modifiable vascular risk factors, can improve patient prognosis. There are several reports about management options for CADASIL, and active smoking should be avoided, because it is independently associated with an earlier age of CADASIL onset and increased risk of stroke (Singhal et al., 2004; Chabriat et al., 2016). Additionally, the adequate control of homocysteine levels could decrease the risk of migraines (Singhal et al., 2004). Hypertension is also associated with an increased risk of stroke (Adib-Samii et al., 2010), cerebral microbleeds (Lee et al., 2017), intracerebral hemorrhage, and brain volume changes (Peters et al., 2006), as well as clinical progression. Other modifiable risk factors, such as diabetes mellitus (Viswanathan et al., 2006), alcohol abuse, and obesity, should also be controlled to prevent disease progression (Bersano et al., 2017). Furthermore, the administration of lomerizine, a diphenylmethylpiperazine Ca2+ channel blocker, could improve cognitive impairment and cerebral hypoperfusion in patients with CADASIL (Mizuno et al., 2009). Thus, the early detection of underdiagnosed CADASIL in patients who are initially admitted for lacunar infarctions should be carefully monitored to improve prognosis.

There are several limitations associated with the present study that warrant mentioning. First, this study is based on a relatively small number of patient because the genetic examination of all 1,094 patients was impractical in terms of cost and time. Patients aged 60–70 years and/or with white matter disease could be good targets for genetic testing (Tan et al., 2019; Lee et al., 2020). Age (60 years or younger), hypertension, and white matter lesions were used as criteria for patient selection in this study but these cohort selection criteria could be seen as arbitrary. Other characteristic findings of CADASIL, such as migraine, psychiatric symptoms, dementia, and family history of stroke could also be useful criteria for patient selection. More data are necessary to confirm the validity of our findings and their generalizability across other patient populations in the future. Second, this study was conducted at a single-center that was specialized for stroke and cardiovascular disease. Thus, selection biases may have led to an insufficient estimation of the frequency of NOTCH3 gene mutations across more general populations. Further multi-center studies are needed to confirm the precise association of NOTCH3 gene mutations with lacunar infarctions. Third, we only analyzed patients with lacunar infarctions in this study, and this could cause a bias in examining the exact prevalence of NOTCH3 mutations among patients with overall subtypes of ischemic stroke, including large artery atherosclerosis, cardioembolism, and ischemic stroke of undetermined etiology. Further analyses including overall subtypes of ischemic stroke are necessary to confirm the exact prevalence of NOTCH3 mutations in the future.



CONCLUSION

Among patients hospitalized for lacunar infarction, the carrier frequency of p.R75P may be higher than previously estimated. Furthermore, the NOTCH3 p.R75P mutation may be underdiagnosed in early-onset lacunar infarctions due to the atypical clinical and neuroimaging features of CADASIL. Early-onset, non-hypertensive lacunar infarcts and white matter lesions of the external capsule, and a family history of stroke are candidate factors that suggest the need for further genetic testing for underlying NOTCH3 mutations.
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Excessive Production of Transforming Growth Factor β1 Causes Mural Cell Depletion From Cerebral Small Vessels
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It is increasingly becoming apparent that cerebrovascular dysfunction contributes to the pathogenic processes involved in vascular dementia, Alzheimer’s disease, and other neurodegenerative disorders. Under these pathologic conditions, the degeneration of cerebral blood vessels is frequently accompanied by a loss of mural cells from the vascular walls. Vascular mural cells play pivotal roles in cerebrovascular functions, such as regulation of cerebral blood flow and maintenance of the blood-brain barrier (BBB). Therefore, cerebrovascular mural cell impairment is involved in the pathophysiology of vascular-related encephalopathies, and protecting these cells is essential for maintaining brain health. However, our understanding of the molecular mechanism underlying mural cell abnormalities is incomplete. Several reports have indicated that dysregulated transforming growth factor β (TGFβ) signaling is involved in the development of cerebral arteriopathies. These studies have specifically suggested the involvement of TGFβ overproduction. Although cerebrovascular toxicity via vascular fibrosis by extracellular matrix accumulation or amyloid deposition is known to occur with enhanced TGFβ production, whether increased TGFβ results in the degeneration of vascular mural cells in vivo remains unknown. Here, we demonstrated that chronic TGFβ1 overproduction causes a dropout of mural cells and reduces their coverage on cerebral vessels in both smooth muscle cells and pericytes. Mural cell degeneration was also accompanied by vascular luminal dilation. TGFβ1 overproduction in astrocytes significantly increased TGFβ1 content in the cerebrospinal fluid (CSF) and increased TGFβ signaling-regulated gene expression in both pial arteries and brain capillaries. These results indicate that TGFβ is an important effector that mediates mural cell abnormalities under pathological conditions related to cerebral arteriopathies.
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INTRODUCTION

The neurovascular unit is composed of endothelial cells, vascular mural cells, astrocytes, and neurons and plays a central role in rigorous brain functions. Vascular mural cells have been described as a heterogeneous cell population but are mainly divided into two types of cells, vascular smooth muscle cells (SMCs) and pericytes, which are distinguished by their cellular localization, structure, and gene expression profiling (Holm et al., 2018). Vascular SMCs surround brain pial arteries and arterioles, and pericytes envelope cerebral capillaries. These cells are involved in maintaining precise regulation of cerebral blood flow, blood-brain-barrier (BBB) integrity, and homeostasis of the central nervous system (Armulik et al., 2010; Hall et al., 2014; Hill et al., 2015). Therefore, maintaining the soundness of vascular mural cells is necessary to meet the high energy demand of the brain and BBB function. Impairment or deficiency of vascular mural cells has been reported in some neurodegenerative diseases, including Alzheimer’s disease and amyotrophic lateral sclerosis, and in non-amyloid cerebral small vessel diseases (Ervin et al., 2004; Oide et al., 2008; Winkler et al., 2013). Vascular mural cell loss or dysfunction leads to BBB dysfunction, neuroinflammation, and disrupted coordination between cerebral blood flow and local neuronal activity, ultimately resulting in neuronal loss and dementia. However, the molecular mechanism underlying these impairments of vascular mural cells is unknown.

Transforming growth factor β (TGFβ) signaling promotes cell differentiation, maturation, proliferation, migration, and attachment of endothelial cells and mural cells (Holm et al., 2018). Canonical and normally controlled TGFβ signaling exerts beneficial functions in the vascular milieu. TGFβ signaling promotes the barrier function of the BBB through the upregulation of tight junction proteins (Ronaldson et al., 2009) and induces the differentiation of mural cells. On the other hand, disrupted TGFβ signaling is a common denominator in Alzheimer’s disease and non-amyloid cerebral small vessel disease (Hara et al., 2009). In Alzheimer’s disease, TGFβ protein and its mRNA levels have been reported to be upregulated (Chao et al., 1994; Wyss-Coray et al., 1997). Also, TGFβ protein and mRNA levels are positively correlated with the degree of angiopathy. Moreover, hypertension, which is the strongest risk factor for non-amyloid cerebral small vessel disease, upregulates TGFβ expression. Cerebrovascular accumulation of TGFβ is also observed in hereditary cerebral small vessel disease (Wyss-Coray et al., 1997; Hara et al., 2009; Müller et al., 2017). Although increased TGFβ levels and vascular mural cell abnormalities are important, common characteristics in several cerebral angiopathies, the direct relationships have not been fully investigated.

In this study, we investigated the alterations of vascular mural cells in an environment in which the cells are exposed to excess and long-term TGFβ signaling. To achieve this goal, we used transgenic mice expressing the bioactive form of TGFβ1 (TGFβ1 Tg mice) and assessed the effect on vascular mural cells.



MATERIALS AND METHODS


Animals

In this study, we used transgenic mice overexpressing bioactive porcine TGFβ1 under the control of a glial fibrillary acidic protein (GFAP) promoter (GFAP-TGFβ1 mice; line T64; Wyss-Coray et al., 1995). The animal study was approved by the Animal Use and Care Committee of Niigata University and followed the guidelines of the National Institutes of Health (USA). We maintained and used the Tg mice in the C57BL/6 genetic background as heterozygotes.



Tissue Preparation

Mice were deeply anesthetized with isoflurane, transcardially perfused with Hank’s balanced salt solution (HBSS), and fixed with 4% paraformaldehyde. For paraffin sections, brains were processed for paraffin embedding. Coronal slices (4 μm) were sectioned from each paraffin-embedded brain block. For vibratome sections, fixed brains were embedded in 3% agarose. Coronal sections (50 μm) were cut on a vibratome.



Immunohistochemistry

Paraffinized brain sections were rehydrated and then boiled in a microwave oven in 0.01 M sodium citrate buffer (pH 6.0) for antigen retrieval. Brain slices were blocked in 5% fetal bovine serum in PBS + 0.1% Triton X-100 for 1 h at room temperature. Samples were incubated at 4°C with biotinylated anti-α-smooth muscle actin (αSMA) antibody (1:100, LS-C87562, LifeSpan BioScience Inc.), DyLight 594-labeled Lycopersicon esculentum (tomato) lectin (DL-1177, 1:100, Vector Lab.) for visualization of the endothelial cell layer, anti-porcine TGFβ1 antibody (CPT-001, 1:500, Cell Sciences), anti-GFAP antibody (MAB-360, 1:50, Merck Millipore) and anti-Nestin antibody (sc-23927, 1:100, Santa Cruz Biotech.) overnight. Excess antibody was removed by rinsing in PBS. Samples were then incubated at room temperature for 1 h with the secondary fluorescently labeled antibody. Excess antibody was removed by rinsing in PBS. Slides were mounted in Vectashield mounting medium with DAPI (Vector Labs, Burlingame, CA, USA) and imaged with an all-in-one microscope (Keyence; BioRevo BZ-9000). The vessel wall structure was visualized by detecting tissue autofluorescence along with the fluorescently labeled lectin signal.

Vibratome sections were blocked with 5% normal swine serum/1% BSA in PBS containing 0.5% Triton X-100 overnight at 4°C and incubated with rat anti-CD13 antibody (1:50, R3-63, AbD Serotec) with DyLight 594-labeled tomato lectin or rat anti-platelet endothelial cell adhesion molecule-1 (PECAM1) antibody (1:20, DIA-310, Optistain) for 48 h at 4°C. Then, the samples were incubated at 4°C for 24 h with the secondary fluorescently labeled antibody. Three-dimensional fluorescence microscopy images were captured by confocal laser microscopy (LSM710, Carl Zeiss).



Image Analysis

The occupancy of SMCs in the vascular wall was determined as the ratio of the αSMA-positive area to the vascular wall area. We analyzed micrographic images of cross-sections of the pial artery (anterior cerebral artery) at equal intervals, avoiding arterial branching points. Four to five images were analyzed per mouse using Imaris software (ver. 6.2.0, Bitplane). The size of each SMC was measured using Imaris software. The luminal area of the pial arteries was analyzed using ImageJ software.

To measure pericyte coverage and capillary diameter, three to four three-dimensional fluorescence microscopy images obtained from the motor cortex or the hippocampus were analyzed per mouse. At the time of blood vessel imaging, the region including the parenchymal arterioles was excluded, and only capillaries (~5 μm diameter) were imaged (Ma et al., 2018). Imaris software was used for three-dimensional volume rendering of pericytes and quantification of capillary diameter.



Quantification of TGFβ1 in Cerebrospinal Fluid (CSF)

Mouse CSF was sampled from the cisterna magna using a glass capillary tube. CSF TGFβ1 was quantified with a Mouse/Rat/Porcine/Canine TGFβ1 Quantikine ELISA Kit (R&D System) according to the manufacturer’s guidelines.



Pial Artery Collection

Blood was removed by transcardial perfusion with HBSS. The segments of the middle and anterior cerebral arteries with medium-sized branches (referred to as the pial artery) were isolated from mouse brains under a dissecting microscope, immediately frozen on dry ice, and stored at −80°C.



Brain Capillary Purification

Brain capillaries were purified as previously described (Olson and Soriano, 2011). Cerebral cortexes with the leptomeninges and pial arteries removed were triturated and incubated in 5 mg/ml collagenase type 1 (GIBCO) for 30 min at 37°C. Capillaries were filtered through a 40-μm nylon mesh. The capillaries on the mesh were collected by washing with cold PBS containing 0.1% BSA and 2 mM EDTA and purified from the tissue slurries by affinity purification with anti-PECAM-1 antibody (550274, BD Biosciences) binding magnetic Dynabeads (Thermo Fisher Scientific) for 30 min at 4°C followed by RNA extraction.



RNA Isolation and cDNA Synthesis

RNA was isolated from the above-collected tissues using a Direct-zol RNA Kit (ZYMO Research). The quantitation and quality of RNA were determined using a Nanodrop 2000c spectrophotometer. Then, RNA from each sample was reverse transcribed to synthesize cDNA using SuperScript IV VILO MasterMix (ThermoFisher).



Quantitative RT-PCR

For quantitative RT-PCR analysis, reverse-transcribed cDNA was subjected to RT-PCR using the SYBR Green master mix and a Thermal Cycler Dice® Real Time System (Takara).



Cerebrovascular SMC Culture

Cerebrovascular SMCs isolated from human brains (ScienCell) were maintained in SMC medium (ScienCell) containing 5% FBS at 37°C with 5% CO2-95% room air.



Proliferation Assay

The cell proliferation rate was measured by 5-ethynyl-2′-deoxyuridine (EdU), a thymidine analog, incorporation assay. Following starvation in 1% FBS for 24 h, EdU incorporation into cerebrovascular SMCs was assessed with or without recombinant human TGFβ1 (5 or 50 ng/ml) for 24 h. Recombinant TGFβ1 was dissolved in 4 mM HCl with 2% BSA. After EdU incorporation, cells were stained with a Click-iT EdU Imaging Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.



Cell Death Assay

For the cell death assay, cerebrovascular SMCs were treated with recombinant human TGFβ1 (5 or 50 ng/ml) for 3 days. Dying cells were detected using an Apoptosis/Necrosis Assay Kit (Abcam) according to the manufacturer’s instructions. As a positive control for this assay, cerebrovascular SMCs were also treated with camptothecin (6 μM).



Statistical Analysis

Statistical computation was performed using IBM SPSS 22. Data were first subjected to the Shapiro–Wilk test (for fit to the Gaussian distribution) and Levene’s test (for equal variance). Either a one-way analysis of variance or a two-tailed unpaired t-test was adopted for data with a Gaussian distribution and equal variance. Subsequently, a Bonferroni test was applied to the data as a post hoc test. Alternatively, the Mann–Whitney U-test was applied to data with unequal variance. P < 0.05 was regarded as statistically significant.



Study Approval

All animal experiments described were approved by the Animal Use and Care Committee of Niigata University and followed the guidelines of the National Institutes of Health (USA).




RESULTS

First, we investigated pericytes on brain capillaries that were directly enveloped by the endfeet of astrocytes overexpressing TGFβ1 in Tg mice at 8 and 24 months of age. Indeed, TGFβ1 overexpression was confirmed in astrocytes in the brains of TGFβ1 Tg mice (Figure 1A). Also, overexpression of TGFβ1 was observed in Nestin-positive neural stem cells, which are a subpopulation of astrocytes that express GFAP and Nestin, around the lateral ventricle (Figure 1B; Gonzalez-Perez and Quiñones-Hinojosa, 2012). The pericyte coverage rate on the capillary walls was significantly lower in both the cerebral cortex and the hippocampus in TGFβ1 Tg mice than in wild-type (WT) mice at 24 months of age. The decrease in pericyte coverage in TGFβ1 Tg mice was not found at 8 months of age (Figures 2A–C). A decrease in pericyte coverage has been associated with the expansion of the capillary vessel diameter (Armulik et al., 2010). We examined capillary diameter by morphometric analysis of immunostained capillary endothelial cells and found that the capillary diameter in TGFβ1 Tg mice was significantly larger than that in WT mice only at 24 months of age but not at 8 months of age (Figures 2D–F).
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FIGURE 1. Cellular distribution of porcine transforming growth factor β (TGFβ1) transgene expression. (A) Brain slices of 8-week-old TGFβ1 Tg mice were double-labeled with glial fibrillary acidic protein (GFAP) and porcine TGFβ1 antibodies. TGFβ1 immunoreactivity was specifically detected in astrocytes of TGFβ1 Tg mice but not wild-type (WT) mice. The overexpression of porcine TGFβ1 was also observed in perivascular astrocytes (lower images). Filled white arrowheads depict GFAP-positive astrocytes. L, vascular lumen. Scale bar = 50 μm. (B) Porcine TGFβ1 expression in Nestin-positive cells around the lateral ventricle was detected in the brains of 8-week-old TGFβ1 Tg mice. L.V., lateral ventricle. Empty arrowheads depict Nestin-positive cells. No detectable signal of TGFβ1 expression was found in the age-matched WT brain slices. Scale bar = 25 μm.
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FIGURE 2. Pericyte coverage analysis and quantification of brain capillary diameter. Pericyte coverage on brain capillaries and capillary diameter were quantified in 8- and 24-month-old mouse brain samples. (A) Representative 3D volume-rendered images of endothelial cells (red) and pericytes (green) in the cerebral cortex. The analysis was conducted using images obtained from the cerebral cortex (B) and the hippocampus (C). Bar graphs show the results of quantifications of pericyte coverage in each brain region. Three images were analyzed in each brain region per mouse. (D) Representative images of endothelial cells depicted by PECAM1 immunostaining in the cerebral cortex. The bar graphs show the mean capillary diameter in the cerebral cortex (E) and the hippocampus (F) at 8 and 24 months of age. Two images were analyzed in each brain region per mouse. Data represent the mean ± SE, *P < 0.05 and **P < 0.01 according to a two-tailed unpaired t-test (n = 4–5 animals per group). Scale bar = 30 μm.



Next, we investigated the effect of TGFβ1 overexpression on vascular SMCs in brain pial arteries by immunohistochemistry at 8 and 24 months of age. The entire circumference of the pial arteries in WT mice was covered by stratified SMCs, even at 24 months of age. In contrast, SMC loss from the vascular walls was frequently observed in TGFβ1 Tg mice at 24 months of age, resulting in a decreasing coverage rate of SMCs on the vascular walls (Figures 3A,B). At 24 months of age, the mean size of the remaining SMCs was also significantly smaller in TGFβ1 Tg mice than in age-matched WT mice (Figures 3A,C). Morphologically, the luminal area of the pial arteries was significantly larger in TGFβ1 Tg mice (Figures 3A,D). These abnormalities were not found in the pial arteries of 8-month-old TGFβ1 Tg mice (Figures 3A–D).
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FIGURE 3. Analysis of smooth muscle cell (SMC) occupancy in pial arteries and morphometric analysis. (A) Representative images of pial arteries depicted by anti-α-smooth muscle actin (αSMA) immunostaining (green) and tissue autofluorescence (A.F.). Each bar graph shows the SMC area occupancy to the area of the vascular wall (B), the mean size of each SMC (C), and the luminal area (D) in 8- and 24-month-old mice. Data represent the mean ± SE, **P < 0.01 according to a two-tailed unpaired t-test (n = 4–5 animals per group).



Vascular SMCs mainly lie on the pial arteries and the perforating arteries.

However, these types of brain vessels lack direct contact with astrocytes because the pial arteries or perforating arteries and astrocytes (astrocytic glia limitans) are separated by the subarachnoid space or the perivascular space, which contains CSF. Quantification of active TGFβ1 content in the CSF revealed that active TGFβ1 content was upregulated in TGFβ1 Tg mice compared with WT mice (Figure 4A). We also quantified the expression levels of mRNA regulated by TGFβ signaling using samples of dissected pial arteries and purified brain parenchymal small vessels. In both types of cerebral vessels, the expression levels of genes regulated by TGFβ signaling were significantly upregulated in TGFβ1 Tg mice compared with WT mice (Figures 4B,C).
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FIGURE 4. (A–C) Quantification of TGFβ1 content in the cerebrospinal fluid (CSF) and gene expression levels regulated by TGFβ1 signaling. (A) TGFβ1 content in the CSF of 7-month-old TGFβ1 Tg mice and WT mice. **P < 0.01 according to the Mann-Whitney U-test (n = 3 animals per group). (B,C) Gene expression levels regulated by TGFβ1 signaling in pial arteries (B) and brain capillaries (C) of 7-month-old TGFβ1 Tg mice and WT mice. *P < 0.05 and **P < 0.01 according to a two-tailed unpaired t-test (n = 5 animals per group). (D) Cell proliferation rate under treatment with vehicle or recombinant TGFβ1 was detected by an EdU incorporation assay. Representative images of vehicle- (4 mM HCl with 2% BSA) or 50 ng/ml recombinant TGFβ1-treated cells are shown. Recombinant TGFβ1 repressed the proliferation rate of cerebrovascular SMCs in a dose-dependent manner (n = 5 independent experiments). (E) Cerebrovascular SMCs treated with recombinant TGFβ1 or camptothecin (6 μM). Inducible apoptotic, necrotic, and living cells were detected by a phosphatidylserine sensor (green), 7-AAD (red), and cytocalcein violet 450 (blue), respectively. Apoptotic and necrotic cell signal areas were quantified and normalized by the area of the living cell signal. Data are represented as a relative value to non-treated control cells. *P < 0.05, **P < 0.01 and ***P < 0.001 according to Bonferroni’s multiple comparison post hoc test (n = 5 independent experiments). Data represent the mean ± SE.



The effects of TGFβ signaling on vascular mural cells have been reported in several studies. However, the response to signaling depends on the state of gene expression in cells receiving this signal (Grainger et al., 1994; Suwanabol et al., 2012). Because cerebral blood vessels have specialized gene expression profiling, we examined the direct response of cerebrovascular SMCs to TGFβ signaling (Jambusaria et al., 2020). EdU incorporation assay revealed that TGFβ1 exerts a dose-dependent inhibitory effect on cerebrovascular SMC proliferation (Figure 4D). On the other hand, even high concentrations of TGF did not induce cell death of vascular SMCs (Figure 4E).



DISCUSSION

We demonstrated that the constitutive overproduction of TGFβ1 from astrocytes results in the degeneration of vascular mural cells. While various cell types express TGFβ in the central nervous system, the main sources of increased TGFβ under pathological conditions are astrocytes and microglia (Finch et al., 1993; Buckwalter and Wyss-Coray, 2004; Yan et al., 2014). TGF production increases with aging as well as vascular injury (Yan et al., 2014). Astrocytes highly interact with cerebral blood vessels by enwrapping through their endfeet. Thus, the increased TGFβ production from astrocytes should more directly and strongly affect blood vessels than TGFβ production from other cell types. The adverse effect is extended not only to parenchymal pericytes surrounded by astrocyte endfeet but also to SMCs that were not in direct contact with astrocytes. Our analysis of mouse CSF revealed that TGFβ1 content was upregulated in TGFβ1 Tg mice. The entire subarachnoid space is sealed by the astrocytic glia limitans superficialis. We assume that TGFβ1 secreted from superficial glia limitans affects SMCs in pial arteries. Indeed, in concurrence with gene expression levels in the capillaries, gene expression levels regulated by TGFβ signaling were higher in the pial arteries of TGFβ1 Tg mice than in those of WT mice. The lowering of mural cell coverage was accompanied by dilation of brain vessels, which is compatible with reports of pericyte-deficient model mice (Armulik et al., 2010).

We speculate that the suppression of mural cell proliferation by TGFβ signaling is involved in the mechanism of the decrease in mural cell coverage rates of cerebral blood vessels in TGFβ1 Tg mice. It has been reported that the proliferation of vascular SMCs, which are derived from peripheral blood vessels, is suppressed by TGFβ treatment (Grainger et al., 1994; Martin-Garrido et al., 2013). In this study, we observed a similar inhibitory effect on the proliferation of brain-derived SMCs without cell death. Maintenance of medial SMC number involves the proliferation of resident vascular SMCs. Vascular SMC death induces cell proliferation of adjacent SMCs, and the portion that lost SMCs is repaired (Yu et al., 2011). The decreased mural cell coverage of cerebral blood vessels and the degenerative alteration may be due to impairment of cell proliferation-related tissue maintenance mechanisms. Our results that mural cell alterations manifest with age are compatible with this interpretation. Also, in an in vitro study of some progenitor or stem cells, TGFβ signaling has an inhibitory effect on the proliferation of these cells (Larsson et al., 2003). In this study, we found overexpression of TGFβ1 in Nestin-positive neural progenitor cells in TGFβ1 Tg mice. Indeed, reduced proliferation and fewer neural progenitor cells have been reported in TGFβ1 Tg mice (Buckwalter et al., 2006). As another source of vascular SMCs, local adventitial vascular SMC progenitors are known in peripheral blood vessels (Majesky et al., 2011). Whether these cells are present in cerebral blood vessels remains unknown, but the effect on the self-proliferation of progenitor cells may also be related to the results obtained here.

Wyss-Coray et al. (1997) reported that astrocytic TGFβ1 overproduction in human β-amyloid precursor protein (hAPP) mice exacerbated cerebral amyloid angiopathy. Aβ exerts cell toxicity against vascular mural cells. In the monogenic TGFβ1 Tg mice used in this study, thioflavin S-positive amyloid is also deposited to the basement membrane of cerebral vessels (Wyss-Coray et al., 2000). Although the substances composing the amyloid deposition in monogenic TGFβ1 Tg mice are currently unknown, this amyloid deposition may be involved in mural cell degeneration. In addition to amyloid deposition, increases in basement membrane proteins, perlecan, and fibronectin have been observed in the cerebral vessels of TGFβ1 Tg mice (Wyss-Coray et al., 2000). The accumulation of extracellular matrix proteins precedes amyloid deposition. The brain drainage system flows from the brain parenchyma along the basement membrane to the lymph nodes. Therefore, altered basement membrane compositions may impede the elimination of toxic waste products and lead to harmful deposition of these products in cerebral vessels.

Notably, these accumulated extracellular matrix proteins identified in TGFβ1 Tg mice have been observed in both hereditary and sporadic non-amyloid cerebral small vessel disease (Nag and Kilty, 1997; Zellner et al., 2018). Conventionally, blood pressure overload, and high blood glucose levels have been noted to increase the expression of extracellular matrix proteins and cause vascular accumulation under these pathological conditions. In recent years, it has become clear that extracellular matrix abnormalities in hereditary non-amyloid cerebral small vessel disease also occur through sequestration of regulator protein or proteolytic dysregulation (Monet-Leprêtre et al., 2013; Zellner et al., 2018). Extracellular matrix abnormalities have attracted attention as a major factor in the molecular pathogenesis of cerebral small vessel disease. In considering treatments, it is imperative to understand how TGFβ signaling participates in extracellular matrix abnormalities in various cerebral arteriopathies (Humphrey et al., 2014).

We demonstrated that TGFβ1 overproduction causes a dropout of mural cells from the vascular wall and decreases the coverage of small vessels. However, a long amount of time is needed for this phenotype to become apparent. The major limitation of this study is that it remains unclear whether the two phenomena are directly linked in vivo. Canonically, TGFβ signaling promotes the development of blood vessels and induces mural cells around blood vessels at the developmental stage. However, TGFβ signaling exerts context-dependent effects. In particular, the effect depends on the status of downstream signaling effectors, including their receptors (Armulik et al., 2005). TGFβ signaling also has pleiotropic effects on immune systems. For example, TGFβ signaling engages in crosstalk with interleukin-6 (IL-6) in orchestrating inflammatory responses. In vascular systems, IL-6 has the potential to increase pericyte coverage. Enhanced TGFβ signaling may inhibit the effect of IL-6 on promoting pericyte coverage by attenuating IL-6 signaling (Ricard et al., 2014; Wiegertjes et al., 2019). In addition to the immune system, TGFβ engages in crosstalk with various signal cascades that function in the vasculature, such as platelet-derived growth factor and vascular endothelial growth factor. We assume that not a single but multiple mechanisms are involved in the process of mural cell abnormalities in TGFβ1 Tg mice. Further research is required to clarify these issues.

In summary, our analysis using TGFβ1 Tg mice provides a link between the increased production of TGFβ and the degeneration of mural cells, both of which are observed in several cerebral arteriopathies. Mural cell degeneration has serious effects on brain functions that require high spatiotemporal regulation of blood flow. While further exploration is needed, our results indicate that TGFβ signaling may be a therapeutic target for protecting mural cell degeneration.
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Objectives: Clinical characteristics of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) include migraine, recurrent stroke, white matter lesions, and vascular dementia. CADASIL is one of the most common hereditary cerebral small vessel diseases. Clinical presentation of CADASIL varies and a racial gap may exist between the Asian and Caucasian populations. This is the first nationwide epidemiological survey which aimed to elucidate the clinical features of CADASIL in Japan. Moreover, the registration database of CADASIL was constructed.

Methods: Subjects included CADASIL patients who visited the hospitals (totally 1,448 hospitals) certified by the Japanese Society of Neurology and/or Japan Stroke Society in 2016. This study consisted of a two-step survey; patients with CADASIL were identified genetically by the first questionnaire, and their clinical features were assessed by the second questionnaire. Selected 6 hospitals registered the data of all CADASIL patients using a Research Electronic Data Capture (REDCap) system for the second questionnaire.

Results: Based on the criteria, 88 patients (50 male and 38 female) with CADASIL were enrolled. The mean age of symptom onset was 49.5 years. Sixteen (18.2%) patients had an elderly onset (>60 years). Thirteen patients (13.6%) had history of migraine with aura and 33 patients (37.5%) had vascular risk factor(s). From among the 86 patients who were examined using magnetic resonance imaging, abnormal deep white matter lesions were detected in 85 patients (98.8%), WMLs extending to anterior temporal pole in 73 patients (84.9%), and cerebral microbleeds in 41 patients (47.7%). Anti-platelet therapy was received by 65 patients (73.9%). Thirty-eight patients (43.2%) underwent treatment with lomerizine hydrochloride. Thirty-four different mutations of NOTCH3 were found in exons 2, 3, 4, 5, 6, 8, 11, 14, and 19. Most of the mutations existed in exon 4 (n = 44, 60.3%). The prevalence rate of CADASIL was 1.20 to 3.58 per 100,000 adults in Japan.

Conclusion: This questionnaire-based study revealed clinical features and treatment status in Japanese CADASIL patient, although it may not be an exhaustive search. We have constructed the REDCap database for these CADASIL patients.

Keywords: small vessel disease, CADASIL, NOTCH3, risk factors, migraine, microbleeds


INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is an autosomal dominant disease and a common type of ischemic cerebral small artery disease and subcortical vascular dementia (Roman et al., 2002). First identified in 1996, mutations in the NOTCH3 gene cause CADASIL and lead to small vessel arteriopathy in the central nervous system (Joutel et al., 1996). Patients with CADASIL commonly exhibit migraines with aura around at the age of 30 years, subcortical ischemic events at 50 years, and cognitive impairment between 50 and 60 years (Chabriat et al., 2009). Brain magnetic resonance imaging (MRI) displays extensive white matter hyperintensities including those in the anterior temporal lobe and external capsule. Although CADASIL is genetic small vessel disease, several reports have revealed the presence of vascular risk factors, such as hypertension, hyperlipidemia, and diabetes mellitus (Chabriat et al., 2009).

Although, Mizuta et al. (2017) found no significant difference in the clinical features of CADASIL between Japan and other countries, a nationwide survey in Japan was not conducted until 2019. The prevalence of migraines in Japanese CADASIL patients has been reported to be approximately 26.9–44.3% (Santa et al., 2003; Ueda et al., 2015; Mizuta et al., 2017; Koizumi et al., 2019), whereas a much lower prevalence of migraine has been reported in other Asian countries (Kim et al., 2006; Wang et al., 2011; Kang and Kim, 2015). While the clinical features of Asian CADASIL patients could be different from Caucasian patients (Kim et al., 2006; Wang et al., 2011; Choi et al., 2013; Kang and Kim, 2015), Japanese CADASIL patients might have other clinical characteristics.

Herein, this study aimed to elucidate the epidemiological and clinical features of Japanese CADASIL patients based on a Japanese nationwide survey. Moreover, we constructed a database for patients with CADASIL for future clinical studies.



MATERIALS AND METHODS


Study Design and Subjects (Figure 1)

We conducted a two-step postal survey in 1,448 hospitals in all 47 Japanese prefectures. This study was carried out in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Mie University Graduate School of Medicine (permit number 2918).
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FIGURE 1. Flow diagram of study enrollment.




The Two-Step Postal Survey


First-Step Postal Survey

Target subjects were CADASIL patients who visited the hospitals between April 1st, 2011 and June 30th, 2016. The hospitals surveyed were certified by the Japanese Society of Neurology and/or Japan Stroke Society in 2016 (in total 1,448 hospitals) and covered all 47 prefectures in Japan. In the first survey, a simple questionnaire asked whether there were any patients with CADASIL, and if so, how many.



Second-Step Survey

We obtained a response to the first questionnaires from 687 hospitals (47.4%). Of those, 78 hospitals had one or more patients with CADASIL and agreed to the next step. We sent a second questionnaire to the 78 hospitals to obtain further details. Detailed clinical information including age, sex, age at the onset (excluding migraine), height, weight, blood pressure (BP), birthplace, clinical presentations (stroke-like episodes, dementia, pyramidal sign, pseudobulbar palsy), migraine (with or without aura), ischemic stroke, hemorrhagic stroke, past medical history (hypertension, hyperlipidemia, diabetes mellitus, renal dysfunction, ischemic heart disease, and atrial fibrillation), type of the mutation of NOTCH3 gene, family history, treatment, modified Rankin Scale (Japanese version) (Shinohara et al., 2006), findings of magnetic resonance imaging (MRI) including Fazekas scale (Fazekas et al., 1987), findings of single photon emission computed tomography (SPECT), and skin biopsy were requested. We received a response to the second questionnaire from 38 hospitals (48.7%) and 61 patients with cases defined as CADASIL were enrolled.



REDCap Survey

We sent out a simple second-step questionnaire to six core hospitals, including Mie University Hospital, Niigata University Hospital, Kumamoto University Hospital, National Cerebral and Cardiovascular Center, Kyoto Prefectural University of Medicine Hospital, and Juntendo University Urayasu Hospital with questions regarding age, sex, age at onset, birthplace, and type of NOTCH3 mutation. After the two-step postal survey, data for core hospitals were also collected using a Research Electronic Data Capture (REDCap) system (Harris et al., 2009). The REDCap database was built to elucidate the natural history, clinical features, and clinical studies for patients with CADASIL in Japan. After obtaining the consent and approval of the Local Institutional Review Board (IRB) Committee to participate, the physician sent a registration form to the secretariat at National Cerebral and Cardiovascular Center of Japan. Detailed data same as the second postal survey was obtained from REDCap. A written consent form was obtained from each patient. REDCap survey enrolled a total 29 patients with CADASIL and all data remained anonymous without any patients’ identifying clinical information.



Diagnosis of CADASIL

The diagnosis of CADASIL was based on the genetic criteria that either the patient or a third-degree relative had NOTCH3 mutations. Seventy-nine patients were identified to have NOTCH3 mutations, and the other nine patients had the gene mutations present in their relatives.



Statistical Analysis

Three types of prevalence rates of CADASIL: the most conservative estimate, the moderate estimate, and the most aggressive estimate, were estimated from the questionnaire sampling process and the Japanese population in 2017, i.e., 106,367,000 adults (over 18 years old) data from the Ministry of Internal Affairs and Communications.

The most conservative estimate was based on the assumption that there were no patients in the not answered site in the first survey, and that the number of patients of the not answered site in the second survey was at least one. The moderate estimate was based on the assumption that there were no patients in the not answered site in the first survey, and that the percentage of patients in the not answered site in the secondary survey was same that in the answered site. The most aggressive estimate was based on the assumption that the percentage of patients in the not answered site in the first survey was same that in the answered site, and that the percentage of patients in the not answered site in the secondary survey was same that in the answered site.



RESULTS


Study Patients

A total of 90 patients with CADASIL were registered from 44 hospitals (38 hospitals by questionnaires and 6 hospitals using the REDCap system). Of those, we excluded 2 patients as they had no family history nor they filled the genetic diagnostic criteria. Data from 88 CADASIL patients were collected and analyzed (Figure 1).



Age at the Onset and Geographic Data

The mean age at onset was 49.5 years old (20–76) for all patients and for the 58 patients (65.9%), the age of onset was between 40 and 59 years old. Sixteen of the patients had an onset over 60 years of age (18.2%), and 4 patients had an onset over 70 years of age (Figure 2).


[image: image]

FIGURE 2. Distribution of ages at the onset.


The current residence region and place of birth are shown in Figure 3. Kansai region has the highest number of CADASIL patients, followed by the Kanto and Kyusyu/Okinawa region. Birthplace tends to be the same as the current residence. Only a few patients with CADASIL were found in Hokkaido, Tohoku, and Chugoku/Shikoku regions. Two patients were born in out of Japan, and their birthplace was Taiwan.


[image: image]

FIGURE 3. Current residence region and birthplace of CADASIL patients in Japan.




Demographic and Clinical Data in Japanese CADASIL Patients (Table 1)

Body mass index (BMI) was calculated using the patients’ height and weight, and the mean BMI was 22.8 kg/m2. Mean systolic BP was 120.0 mmHg, and mean diastolic BP was 74.2 mmHg. NOTCH3 mutations were detected in 79 patients (89.7%) and 28 patients (31.8%) had a close family member with NOTCH3 mutations. Nineteen patients were identified to have NOTCH3 mutations in both the patients and their relatives. Skin biopsy was performed in 15 patients (17.0%), and granular osmiophilic material (GOM) was detected in 8 patients (9.1%). The detection rate of GOM was 53.3%.


TABLE 1. Demographic data in 88 Japanese CADASIL patients.

[image: Table 1]From past history, migraine was noted in 25 patients (28.4%) and migraine with aura in 12 patients (13.6%). Vascular risk factors including hypertension, dyslipidemia, and diabetes mellitus were detected in 13 (14.8%), 31 (35.2%), and 1 (1.1%) patients, respectively. There were 33 patients (37.5%) who possessed one or more of these vascular risk factors. None of the patients had any ischemic heart disease.

Stroke and the stroke-like episode was the most common symptom in 59 patients (67.0%) and dementia was reported in 31 patients (35.2%). Pyramidal sign and pseudobulbar palsy were detected in 41 (46.6%) and 20 (22.7%) patients, respectively. Two patients (2.3%) did not show these before mentioned symptoms. Modified Rankin scale outcome at the time of this investigation was excellent [0–2] in 59 (67.0%), moderate [3, 4] in 21 (23.9%), poor [5] in 5 (5.7%), and death [6] in 2 patients (2.3%).

Regarding the neuroimaging findings, brain MRI was performed in 86 patients (97.7%), from among whom, white matter lesions were detected in 85 patients (98.8%) and anterior temporal lobe lesions were detected in 73 patients (84.9%). Fazekas score 2 was reported in 23 patients (26.7%) and score 3 for 56 patients (65.1%). Cerebral microbleeds were detected in 41 patients (47.7%). Although, SPECT was performed in 53 patients (60.2%), findings suggestive of CADASIL were reported in only 40 patients (45.4%). Decreased in cerebral blood flow was detected 25 patients in frontal lobe (62.5%, out of 40 patients), in 22 patients in temporal lobe (55.0%), in 26 patients in parietal lobe (65.0%), and in seven patients in occipital lobe (17.5%).

Sixty-five patients (73.9%) underwent an antiplatelet therapy, 16 (18.2%) had aspirin, 42 (47.7%) had cilostazol, and 16 patients had (18.2%) clopidogrel. Dual antiplatelet therapy was given to 6 patients (6.8%). Thirty-eight patients were treated with lomerizine hydrochloride (43.2%).



NOTCH3 Mutations

Of the total 88 CADASIL patients, we confirmed NOTCH3 gene mutations in 73 patients (83.0%) (Table 2). There was no description on the type of gene mutation in 15 patients. Thirty-four different mutations of NOTCH3 were found in exons 2, 3, 4, 5, 6, 8, 11, 14, and 19. Most of the mutations existed in exon 4 (n = 44, 60.3%), and the most common mutations were p.R141C, p.R182C, p.R133C, and p.R153C. A novel mutation (p.C318Y) was found in one case.


TABLE 2. Summary of NOTCH3 mutations in Japanese CADASIL patients.
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Prevalence Rate of CADASIL in Japan

In terms of the most conservative estimate, 128 CADASIL patients were estimated and the prevalence rate was 1.20 per 100,000 adults. In terms of the moderate estimate, 180.6 CADASIL patients were estimated and the prevalence rate was 1.70 per 100,000 adults. In terms of the most aggressive estimate, 380.7 CADASIL patients were estimated and the prevalence rate was 3.58 per 100,000 adults. The prevalence rate of CADASIL in Japan was estimated to between 1.20 to 3.58 per 100,000 adults.



DISCUSSION

This is the first nationwide study for Japanese CADASIL patients. We show that the prevalence rate of migraines in Japanese CADASIL patients to be lower than European populations. The presence of vascular risk factors with hypertension and/or diabetes mellitus had a lower tendency than other European and Asian populations. The prevalence rate of CADASIL was 1.20 to 3.58 per 100,000 adults, and Kansai, Kanto, and Kyusyu/Okinawa regions had the largest distribution of CADASIL patients in Japan.

We also described a tendency of a low prevalence rate of migraine with aura in Japanese patients (13.6%) compared to the European counterparts. Table 3 shows the difference in CADASIL patients between Japan and other countries (Peters et al., 2004; Singhal et al., 2004; Kim et al., 2006; Herve et al., 2009; Adib-Samii et al., 2010; Wang et al., 2011; Pescini et al., 2012; Ciolli et al., 2014; Bianchi et al., 2015; Kang and Kim, 2015; Ueda et al., 2015; Nannucci et al., 2018; Koizumi et al., 2019). This table reveals a trend: a higher prevalence rate of migraine in European countries (34–75.3%) (Peters et al., 2004; Adib-Samii et al., 2010; Pescini et al., 2012; Ciolli et al., 2014; Bianchi et al., 2015; Nannucci et al., 2018), but a much lower prevalence in other Asian countries such as China and South Korea (4–8.7%) (Kim et al., 2006; Wang et al., 2011; Kang and Kim, 2015). Similarly, the nationwide survey showed that prevalence rate of migraine in the general population was reported to be lower in Japan than other European countries (Rasmussen et al., 1991; Gobel et al., 1994; Sakai and Igarashi, 1997); Japan appears midway in the prevalence rate scale of migraines between European and other Asian countries. In terms of past histories, the presence of vascular risk factors with hypertension and/or diabetes mellitus had a lower tendency than other European and Asian populations (Peters et al., 2004; Singhal et al., 2004; Herve et al., 2009; Ciolli et al., 2014; Bianchi et al., 2015; Kang and Kim, 2015; Nannucci et al., 2018). The prevalence rate of dyslipidemia was in the range of previous reports (Peters et al., 2004; Herve et al., 2009; Adib-Samii et al., 2010; Ciolli et al., 2014; Kang and Kim, 2015; Nannucci et al., 2018; Koizumi et al., 2019). The prevalence rate of hypertension and diabetes mellitus in Japan (14.8 and 1.1%) seems to be much lower than the other countries (20–35.6% and 3–12.7%) (Peters et al., 2004; Singhal et al., 2004; Herve et al., 2009; Adib-Samii et al., 2010; Ciolli et al., 2014; Bianchi et al., 2015; Kang and Kim, 2015; Nannucci et al., 2018) similar to the previous report (Mizuta et al., 2017). The mean age of onset in Japanese CADASIL patients is within the range of other countries (42.7–52 years old) (Peters et al., 2004; Kim et al., 2006; Herve et al., 2009; Wang et al., 2011; Pescini et al., 2012; Ciolli et al., 2014; Kang and Kim, 2015).


TABLE 3. Comparison between Japanese CADASIL patients and other worldwide populations.

[image: Table 3]The prevalence rate of CADASIL was slightly lower than in other countries. Razvi et al. (2005) showed that the prevalence of CADASIL was 1.98 per 100,000 adults in Scotland, and Bianchi et al. (2015) described the prevalence at 4.1 per 100,000 adults in Italy. Uchino et al. (2002) reported that CADASIL was found in one of 2,030 stroke patients. It had been estimated that the incidence of new stroke was 220,000 per year in Japan (Takashima et al., 2017). Although, the number of patients with CADASIL expected to increase by approximately 108 per year from previous reports, we could identify only 88 patients in this study. There is a high possibility that the recognition of CADASIL varies depending on the facility, and there might be many undetected cases. Moreover, our study indicates that there is a regional difference in prevalence in Japanese CADASIL patients. Kansai, Kanto, and Kyusyu/Okinawa region have the three largest areas of the distribution of CADASIL patients. Note that we sent the questionnaire to all regions of Japan, and moreover, got replies from them all. Kanto region has the largest population, followed by Kansai, Chubu, and the Kyusyu/Okinawa region according to the 2015 data of Statistic Bureau, Ministry of Internal Affairs and Communications. Our study showed that Kansai region was the largest area in terms of distribution of CADASIL, indicating a predominance in the western part of Japan. In accordance with this observation, Ueda et al. (2015) reported a similar distribution of CADASIL patients in Japan and reported fewer numbers of CADASIL patients in the Hokkaido and Tohoku region. These results might depend on recognizing CADASIL itself in some hospitals in Japan.

The majority of NOTCH3 gene mutations existed in exon 4 in Japan. This result is similar to the previous Japanese reports (Ueda et al., 2015; Mizuta et al., 2017; Koizumi et al., 2019). Previous studies showed a high frequency of NOTCH3 gene mutation in exon 4 in Asian and European populations except Italy (Markus et al., 2002; Peters et al., 2004; Adib-Samii et al., 2010; Wang et al., 2011; Bianchi et al., 2015). Our study showed a lower prevalence of NOTCH3 mutations in exon 3, especially the R75P, than previous reports in Japan (Ueda et al., 2015; Mizuta et al., 2017; Koizumi et al., 2019).

Although we conducted the first nationwide survey of CADASIL patients in Japan and constructed a registration database of CADASIL, we acknowledge that there are several limitations to our study. First, the number of the patients included in this study were small. Second, the prevalence rate of CADASIL might be lower than expected. However, this limitation may be related to the approach used by our survey study: we sent questionnaires to the departments of neurology of certificated hospitals. Thus, we might have missed patients treated by other departments or clinics. Moreover, there is a possibility that asymptomatic patients or those with only minor symptoms could not be identified. Therefore, the number of individuals with NOTCH3 mutations might be underestimated. An alternative strategy involves asking genetic testing facilities for the number of NOTCH3 mutation-positive individuals, which would ensure the inclusion of all the possible cases of NOTCH3 mutation and thus, guarantee a larger study population. However, genetic testing for CADASIL is performed at several independent institutions, which might make it difficult to include all the positives in a single study. Therefore, we sent the questionnaire survey to hospitals for this study. This study sought the characteristics of CADASIL using a simple, two-step questionnaire, and therefore, detailed information may be lacking. However, through this study, we conducted a large survey involving more than one thousand certificated hospitals and created a novel registration database for future studies. We hope this study enables the increased recognition of CADASIL in Japan.



CONCLUSION

This is the first nationwide survey of CADASIL in Japan. We have constructed the REDCap database for CADASIL patients in Japan. This database could be expanded and used for future clinical trials.
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Gait disturbances are important clinical features of cerebral small vessel disease (CSVD) that increase the risk of falls and disability. Brain structural alterations and gait disturbances in CSVD patients have been well demonstrated. However, intrinsic resting cerebral function patterns in CSVD patients with gait disorders remain largely unknown. Fifty-eight CSVD patients were enrolled in our studies and categorized into the gait disorder group (CSVD-GD, n = 29) and no-gait disorder group (CSVD-NGD, n = 29) based on a gait examination. Gait was quantitatively assessed with the Timed Up and Go test and the intelligent device for energy expenditure and activity (IDEEA). Functional MRI and fractional amplitude of low-frequency fluctuation (fALFF) analyses were employed to explore local intrinsic neural oscillation alterations. Functional connectivity based on fALFF results was calculated to detect the potential changes in remote connectivity. Compared with the CSVD-NGD group, the CSVD-GD group showed decreased fALFF in regions mainly located in the sensorimotor network and frontoparietal network, such as the left supplementary motor area (SMA.L) and the left superior parietal gyrus, and increased fALFF in the right inferior frontal gyrus (orbital part), the left caudate, and the left precuneus. Moreover, the CSVD-GD patients exhibited lower connectivity between the SMA.L and temporal lobe, which was related to gait speed. The fALFF value of the SMA.L was associated with cadence. This study highlights the regional and network interaction abnormalities of the SMA in CSVD patients with gait disturbances. These findings could provide further insight into the neural mechanisms of gait disturbances in CSVD.

Keywords: cerebral small vessel disease, gait disorder, ALFF/fALFF, functional connectivity, supplementary motor area (SMA)


INTRODUCTION

Gait disturbances are quite common in elderly adults and are associated with an increased risk of falls, disability, and mortality (van der Holst et al., 2016). Normal gait control involves both the motor system and cognition control system (Rosano et al., 2012). The effect of peripheral nervous system factors, such as sarcopenia or plantar cutaneous sensory on gait stability, has received ample attention in recent years (Kwon et al., 2019; Navarro-Peternella et al., 2019); however, research on the influence of central nervous system factors is still limited. Recently, an extensive body of evidence has focused on the contributing role of cerebral small vessel disease (CSVD) on gait impairments in elderly individuals (Pinter et al., 2017; Loos et al., 2018; van der Holst et al., 2018). White matter hyperintensities (WMHs) and lacunar infarcts (LAs), two major imaging markers of CSVD, have been suggested to be correlated with motor impairments in balance and gait function, even after adjusting for a range of confounding covariates (Smith et al., 2015). Cognition impairment is the most striking symptom of CSVD that attracts much attention from patients. However, subcortical syndromes, such as gait disorders, tend to be neglected because of their insidious onset. Certainly, not all individuals with CSVD eventually experience gait disturbances, although CSVD has been recognized as a possible cause of gait impairment (Su et al., 2018). In other words, the motor impairments associated with CSVD cannot be fully interpreted by WMHs or LAs on MRI. Therefore, a better understanding of the characteristics of gait disturbances and exploring the potential pathophysiological mechanisms of gait disorders in CSVD are critical scientific endeavors that will eventually help to achieve further advances in the therapy of gait disorders.

In recent years, a number of studies have tried to identify structural changes in CSVD patients with gait disorders (de Laat et al., 2011). These studies have shown that widespread structural alterations were exhibited in CSVD patients with gait disturbances, including white matter integrity loss, gray matter atrophy, and cortical thinning. Moreover, loss of microstructural integrity not only within the WMH area but also within the normal-appearing white matter (NAWM) contributes to gait impairments (Rosario et al., 2016). However, very few studies have directly examined functional alteration patterns. Resting-state functional MRI (rs-fMRI) is a potentially powerful approach to investigate brain functional alterations with its unique advantage of not requiring ongoing activity (Fox and Raichle, 2007). The assessment of amplitude of low-frequency fluctuation (ALFF), one of the methods based on rs-fMRI, has been widely applied to probe regional spontaneous brain activity by measuring the square root of the power spectrum in the low-frequency range (Zuo et al., 2010). However, as it is difficult to eliminate physiological noise, the fractional amplitude of low-frequency fluctuation (fALFF) technique has been recommended and calculates the ratio of the low-frequency power spectrum to that of the entire frequency range (Zou et al., 2008), and this method has been used to explore regional spontaneous brain activity in several diseases, such as Parkinson's disease (PD) (Shen et al., 2018) and Alzheimer's disease (AD) (Yang et al., 2018). Functional connectivity (FC) provides additional information by measuring levels of integrated local activity across distant regions and can have utility for advancing our understanding of dysfunctions in integrated brain networks involved in gait disorders associated with CSVD.

Therefore, the aim of the present study was to identify patterns of functional alterations in CSVD patients with gait disturbances using both fALFF and seed-based FC analyses. We hypothesized that altered resting function would not be limited to regional brain areas, but also observed in remote areas or networks that have also been implicated in gait problems in CSVD patients.



MATERIALS AND METHODS


Subjects

Sixty-five right-handed consecutive CSVD patients were enrolled in our study from the First Affiliated Hospital of Anhui Medical University. CSVD was defined as subcortical white matter hyperintensity with a Fazekas scale score ≥2 (at least 2 on the Fazekas scale for either deep or periventricular WMH) or LAs on T2-weighted images and/or fluid-attenuated inversion recovery (FLAIR) images, without any acute stroke appearances in diffusion-weighted imaging, according to the commonly applied criterion (Takakusaki, 2017). WMHs were assessed using the Fazekas scale on the FLAIR sequence (Fazekas et al., 1987). LAs were defined as focal lesions from 3 to 15 mm with cerebral spinal fluid-like signal on FLAIR or T2-weighted images. We also assessed the WMH volume semi-automatically using volumetric measurements and calculated the number of LAs. In brief, lesion load of white matter measurements was performed on FLAIR images by a trained operator (L.L.). All lesion areas were outlined on the computer image and automatically computed by the MRIcro and ITK-SNAP software (Chen et al., 2018).

The exclusion criteria for the CSVD patients included the following: WMH resulting from non-vascular diseases, such as poisoning, multiple sclerosis, encephalitis, and infection; a history of known stroke, head injury, Parkinson's disease, epilepsy, major depression, or other neurological or psychiatric illness; severe visuospatial deficits, hearing impairments, or language disorders; in vivo dentures or metallic stents; serious orthopedic diseases, such as osteoarthritis, fracture, congenital malformation, amputation, and arthroplasty of the lower limbs.

The institutional review board of the First Affiliated Hospital of Anhui Medical University Subcommittee on Human Studies approved the study, and informed written consent was obtained from the participants.



Cognitive and Neuropsychological Assessments

A series of neuropsychological assessments was performed by a trained neuropsychological technician within 1 week after the MRI scan, including the Mini-Mental State Examination (MMSE), Cambridge Cognitive Examination–Chinese version (CAMCOG-C), Geriatric Depression Scale (GDS), Activities of Daily Living Scale (ADL), and Stroop test (Stroop-1: dot; Stroop-2: characters; Stroop-3: color) to evaluate global cognition and functions of episodic memory, attention, psychomotor speed, executive function, visuospatial skills, and emotion. The administration of the battery took between 1.5 and 2.0 h.



Gait Analysis and Patient Classification
 
Timed Up and Go (TUG) Test and Berg Balance Scale (BBS)

The TUG test (Mathias et al., 1986) is a classic and simple test to assess mobility and walking by measuring the time a person takes to rise from a standard chair without using armrests, walk 3 m at a usual pace, turn around, walk back to the chair, and finally sit down again, and has been used in the assessment of patients with several diseases, such as PD (Sato et al., 2019). The TUG test identified the fall risk among the elderly population at high sensitivity (87%) and specificity (87%) with 15 s as the threshold (Shumway-Cook et al., 2000). In our study, all participants were instructed to take the TUG test twice, and the mean time of the two trials was calculated as the result. In the present study, the CSVD patients were divided into the gait disturbance group (CSVD-GD; TUG test ≥15 s) and no-gait disturbance group (CSVD-NGD; TUG test <15 s).

To obtain more information, the TUG dual task (TUG-2) and BBS test were also performed. The former was executed by extracting all the numbers containing 7 from 1 to 100 (such as 7, 17, 27…) during the walking process and calculating the time and the number of errors. The BBS test was used to measure balance function and included 14 balance tests ranging from simple tasks (such as transfer, unsupported standing, sitting to standing) to complex tasks (such as turning 360°, standing on one leg). Each item was graded on a 5-point scale (0–4), in which grade 0 indicated that the motion could not be performed, and grade 4 indicated that the individual completed the specified task, for a total of 56 points (14 × 4).



Intelligent Device for Energy Expenditure and Activity (IDEEA)

The IDEEA (MiniSun, LLC, Fresno, CA, USA), a portable and useful instrument for recording and analyzing physical activities and gait, was used to capture gait parameters (sampling frequency 64 Hz). The IDEEA has been shown to have excellent test–retest reliability and validity (Gorelick et al., 2009). It was performed with seven tiny accelerometers/inclinometers (1.4 × 1.1 × 0.3 cm3) fixed to the skin by medical tape. Each participant was asked to walk for 30 m at a comfortable walking speed with IDEEA, and the gait parameters were collected by the device at the same time, which were subsequently transferred to a personal computer for data analysis. To measure steady-state walking, spatiotemporal parameters from only the middle 20 strides, including gait speed, cadence, and stride length, single support duration, and double support duration, were analyzed using IDEEA software.



MRI Acquisition

MRI data were obtained using a 3.0 Tesla GE Signa HDxt MRI scanner (GE, Milwaukee, WI, USA) equipped with an eight-channel head coil. All participants were instructed to keep their eyes closed without falling asleep and to think as little as possible during the scan. To minimize head movement and eliminate scanner noise, foam padding and ear plugs were used. The resting-state data were obtained using echo-planar imaging (EPI) at 2-s intervals for a total of 8 min, which comprised 240 contiguous EPI whole-brain functional volumes with the following parameters: repetition time (TR) = 2 s; echo time (TE) = 30 ms; field of view (FOV) = 240 × 240 mm2; flip angle (FA) = 80; matrix size = 64 × 64; slice thickness = 4 mm; gap = 0.6 mm. Three-dimensional (3D) T1-weighted images were acquired using a spoiled gradient recalled echo sequence with the following parameters: TR = 9.5 ms; TE = 3.9 ms; FA = 20; FOV = 256 × 256 mm2; matrix size = 512 × 512. The following structural brain sequences were also acquired: T2-weighted spin echo (TR = 3,500 ms; TE = 85 ms; echo train length = 15; FA = 90; 22 contiguous, 5-mm-thick, axial slices; matrix size = 512 × 512; and FOV = 230 × 184 mm2); FLAIR (TR = 11 s; TE = 120 ms; FA = 90; 22 contiguous, 5-mm-thick, axial slices; matrix size = 512 × 512; and FOV = 230 × 230 mm2).



Image Processing and Analysis

The rs-fMRI data were preprocessed using Data Processing and Analysis for (Resting-State) Brain Imaging (DPABI) software (Yan et al., 2016) (http://www.restfmri.net) running in MATLAB (Mathworks, Natick, MA, USA). The process comprised removal of the first 10 EPI time points to ensure steady state and allow the participant to acclimate to the scanning environment, slice timing to correct for differences in image acquisition time between slices, image realignment for head motion correction, nuisance covariates regression (the estimated motion parameters based on the Friston-24 model, the cerebrospinal fluid signal, and the white matter signal), spatial normalization to the Montreal Neurological Institute (MNI) by diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) and resampled at a resolution of 3 × 3 × 3 mm3, spatial smoothing with 6-mm full-width at half-maximum Gaussian kernel, detrending to remove the linear trends, and band-pass filtering (0.01–0.08 Hz). During the processing, head motion of more than 2.5 mm maximum translation in any direction of x, y, or z or 2.5° of maximal rotation throughout the course of scanning were excluded (three CSVD-GD patients and four CSVD-NGD patients). We also calculated framewise displacement (FD Jenkinson), which indexes the volume-to-volume changes in head position. No significant group differences were found in FD Jenkinson between the CSVD-GD patients and CSVD-NGD patients (t = −0.383, p = 0.703).

ALFF analysis was also carried out using DPABI software. A fast-Fourier transform (FFT) algorithm was used to transform the time series for each voxel into frequency domain data. ALFF was calculated by obtaining the square root of the power spectrum from 0.01 to 0.08 Hz, and then the ratio low-frequency fluctuation amplitude (fALFF) was obtained by dividing the ALFF of each voxel by the average over the entire frequency range. fALFF values were converted to Z score.

To explore whether brain regions with fALFF alterations also exhibited FC changes, the peak points of the regions with significant group differences in fALFF were selected as seeds for FC analyses. The time courses of the seed regions and all other brain voxels were extracted for estimating alterations in connectivity. Pearson's correlation coefficients were computed between the mean signal change in the seed and all other voxels across the brain. In addition, Fisher's r to Z-transformation was applied to improve the normality of the correlation coefficients.



Voxel-Based Morphometry (VBM)

To clarify whether there were structural differences between the two groups, VBM (http://dbm.neuro.uni-jena.de/vbm8/) and Computational Anatomy Toolbox (CAT12; http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf) with SPM12 were used for gray matter analyses. First, 3D T1-weighted images were segmented into gray matter, white matter, and cerebrospinal fluid. Then, high-dimensional DARTEL was used to normalize the gray matter maps to the MNI standard space. The modulated spatial normalized gray matter image was smoothed with an 8-mm FWHM kernel. In addition, to evaluate whether functional alterations were contributed to gray matter atrophy, we extracted the regional gray matter volume (GMV) for the regions of interest based on the results of the fALFF and FC analyses by REST (http://www.restfmri.net/forum/REST_V1.8) software.



Statistical Analysis

The Statistical Package of Social Science (IBM SPSS Statistics 22, SPSS Inc., Chicago, IL, USA) was used for t-tests, χ2-tests, nonparametric analyses, and correlation analyses. The continuous data are presented as the mean ± SD for normally distributed variables and as the median (P25, P75) for the skew-distributed continuous variables. We also used SPM 8 and DPABI software for statistical analyses for fALFF and FC.

A general linear model–based approach was used to detect significant between-group differences in fALFF using SPM 8. Age, sex, and education were included as covariates. For the FC analysis, a one-sample t-test was performed on each z-value map to examine functional connectivity in the two groups. Two-sample t-tests were used to compare the z values in each voxel of the above groups. Multiple comparisons were corrected using the cluster-level false discovery rate (FDR) method, resulting in a cluster defining threshold of p = 0.001 and a corrected cluster significance of p < 0.05. To determine the relationship between z values and clinical measures, Pearson's correlation analyses were performed in all CSVD patients (p < 0.05). The results are presented using xjview and BrainNet viewer.





RESULTS


Demographic, Clinical, and Neuropsychological Results

The socio-demographic and clinical data for each group are shown in Table 1. No significant differences in age, sex, educational levels, or body mass index (BMI) were found between the CSVD-GD group and CSVD-NGD group. Lower levels of gait speed, cadence, and step length were observed in the CSVD-GD group. Moreover, the CSVD-GD group exhibited longer cycle duration and single support time, but no significant differences in double support time were found.


Table 1. Demographic, clinical, and neuropsychological test data.
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Furthermore, the CSVD-GD group exhibited significantly lower executive function scores, as indicated by the Stroop test. No significant differences were found in the CAMCOG-C, MMSE, GDS, and ADL scores. In addition, the differences between the two groups in the number of LAs and the volume of WMHs did not reach statistical significance.



fALFF Analysis

After adjusting for age, sex, and education level, the CSVD-GD group, compared with the CSVD-NGD group, showed a significant fALFF decrease in the left supplementary motor area (SMA.L) (−0.028 ± 0.583 vs. 0.663 ± 0.602, respectively; t = −4.438, p < 0.001), the left superior parietal lobe (SPL.L) (−0.248 ± 0.509 vs. 0.498 ± 0.481; t = −5.735, p < 0.001), and the right postcentral gyrus (PoCG.R) (−0.098 ± 0.626 vs. 0.816 ± 0.853; t = −3.650, p=0.001) (Figure 1), while the fALFF value increased in the right orbital inferior frontal gyrus (IFG.R, orbital part) (0.146 ± 0.707 vs. −0.656 ± 0.651; t = 4.491, p < 0.001), the left caudate (CAU.L) (0.165 ± 0.781 vs. −0.557 ± 0.677; t = 3.828, p < 0.001), and the left precuneus (Pcu.L) (0.336 ± 0.779 vs. −0.463 ± 0.505; t = 4.633, p < 0.001) (Figure 2). These results are summarized in Table 2.


[image: Figure 1]
FIGURE 1. Brain views showing decreased fractional amplitude of low-frequency fluctuations (fALFF) in the SMA.L (A), PoCG.R (B), and SPL.L (C) in the CSVD-GD patients compared with the CSVD-NGD patients (p < 0.05, cluster-level FDR corrected). The color bar indicates the T score. SMA.L, left supplementary motor area; PoCG.R, right postcentral gyrus; SPL.L, left superior parietal lobe; fALFF, fractional amplitude of low-frequency fluctuations.
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FIGURE 2. Brain views showing increased fALFF in the IFG.R, orbital part (A), CAU.L (B), and Pcu.L (C) in the CSVD-GD patients compared with the CSVD-NGD patients (p < 0.05, cluster-level FDR corrected). The color bar indicates the T score. IFG.R, orbital part., right orbital inferior frontal gyrus; CAU.L, left caudate; Pcu.L, left precuneus; fALFF, fractional amplitude of low-frequency fluctuations.



Table 2. Brain clusters showing significant differences in the fractional amplitude of low-frequency fluctuations (fALFF) (p < 0.05, FDR corrected).
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Seed-Based Functional Connectivity Analysis

Brain regions with significant group differences in fALFF (i.e., the SMA.L, SPL.L, PoCG.R, IFG.R, orbital part, CAU.L, and Pcu.L) were selected as seeds in the voxel-based FC analysis. The CSVD-GD group, compared with the CSVD-NGD group, showed significantly decreased FC between the left SMA and the right lateral temporal cortex (LTC.R) (−0.072 ± 0.161 vs. 0.142 ± 0.179, respectively, t = −4.789, p < 0.001), including the right middle temporal gyrus, the supramarginal gyrus and the superior temporal gyrus (p < 0.05, cluster-level FDR corrected; minimum cluster size = 213 voxels). The peak voxel coordinates on MNI were x = 60, y = −63, z = 21 and the T-value was −5.262 (Figure 3). No significant difference in FC was found in other regions.


[image: Figure 3]
FIGURE 3. Functional connectivity analysis based on fALFF differences revealed significantly decreased functional connectivity in the LTC.R with the left supplementary motor area as the region of interest in the CSVD-GD patients relative to the controls. All comparisons were performed using two-sample t-tests (p < 0.05, cluster-level FDR corrected). LTC.R, right lateral temporal cortex. The color bar indicates the T score. fALFF, fractional amplitude of low-frequency fluctuations.




VBM Analysis

There was no significant difference of total GMV between the CSVD-GD and CSVD-NGD patients (540.76 ± 54.37 cm3 vs. 550.00 ± 44.09 cm3, respectively; t = −0.711, p = 0.480). In addition, further analysis of regional GMV based on the results of the fALFF and FC analyses did not reveal any differences in local GMV between the two groups, using a significance level of p < 0.05, FDR corrected for multiple comparisons (p > 0.05).



Correlation Analysis Results

The significant correlations between altered brain function value and clinical variables are illustrated graphically in Figures 4, 5 (p < 0.05, cluster-level FDR corrected). The strength of FC (SMA.L-LTC.R) was negatively correlated with TUG (r = −0.400, p = 0.002) (Figure 4B) and positively correlated with gait speed (r = 0.266, p = 0.043) (Figure 4C). There was negative correlation between the fALFF of SMA.L and TUG (r = −0.460, p < 0.001) (Figure 5A), and positive correlation between the fALFF of SMA.L and cadence (r = 0.308, p = 0.019) (Figure 5B). The fALFF of SPL.L was negatively correlated with TUG (r = −0.504, p < 0.001) (Figure 5C), positively associated with both gait speed (r = 0.361, p = 0.005) (Figure 5D) and cadence (r = 0.474, p < 0.001) (Figure 5E). The altered fALFF value in other regions was also negatively correlated with TUG [PoCG.R (r = −0.414, p = 0.001); IFG.R, orbital part (r = −0.333, p = 0.011), Pcu.L (r = −0.522, p < 0.001), CAU.L (r = −0.276, p = 0.036)] (p < 0.05, cluster-level FDR corrected). However, no significant correlations were observed between altered brain function value and neuropsychological test scores (p > 0.05).


[image: Figure 4]
FIGURE 4. Correlation results between FC (SMA.L-LTC.R) and clinical variables (p < 0.05, cluster-level FDR corrected). (A) FC analysis with the left supplementary motor area as the seed. (B) Negative correlation between FC (SMA.L-LTC.R) and TUG. (C) Positive correlation between FC (SMA.L-LTC.R) and gait speed. FC, functional connectivity; LTC.R, right lateral temporal cortex; SMA.L, left supplementary motor area; TUG, Timed Up and Go test.
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FIGURE 5. Correlation results between altered fALFF and clinical variables (p < 0.05, cluster-level FDR corrected). (A) Negative correlation between fALFF of SMA.L and TUG. (B) Positive correlation between fALFF of SMA.L and cadence. (C) Negative correlation between fALFF of SPL.L and TUG. (D) Positive correlation between fALFF of SPL.L and gait speed. (E) Positive correlation between fALFF of SPL.L and cadence. TUG, timed up and go test; SMA.L, left supplementary motor area; SPL.L, left superior parietal lobe.





DISCUSSION

The present study used both fALFF and seed-based FC measures to examine regional and large network brain alterations in a cohort of CSVD patients with gait disorders. Decreased and increased low-frequency oscillation amplitudes were found in multiple brain regions distributed over cortical and subcortical regions in the CSVD-GD patients. Abnormal local neural function in the SMA and its remote connectivity with the temporal lobe were observed in our study, which were associated with cadence and gait speed, respectively. The altered brain function and its significant relationship with gait may be helpful for understanding the pathophysiology and underlying neural mechanisms of gait disturbances in CSVD patients.

ALFF is a sensitive tool to detect spontaneous function in the brain. In the present study, a notable finding was that CSVD-GD patients showed significantly decreased fALFF values in the SMA region. Neuropsychological studies have suggested that the SMA is an important part of the sensorimotor network, contributing to motor processes and mediating action initiation by directly or indirectly linking to the prefrontal cortex, motor cortex, and spinal cord (Bonini et al., 2014). During movement, the SMA serves in several processes, including action preparation, action initiation and selection of actions, motor learning, inhibition, control, and monitoring roles (Lima et al., 2016). It is reasonable that the reduced local neural function in the SMA may lead to deficits in motor processes and subsequent gait disorders. A recent study exhibited significant improvements by stimulating the SMA, rather than other motor cortex or dorsal lateral prefrontal cortex, using repetitive transcranial magnetic stimulation in PD patients with freezing gait (Kim et al., 2018), which indicated the important role of SMA in the pathophysiologic processes of gait disorders.

Further FC analysis also exhibited decreased connectivity between the SMA and widespread temporal areas, such as the middle temporal lobe, the superior temporal lobe, and supramarginal gyrus. Previous studies have demonstrated that visuospatial function and vestibular information processing are related to the temporal cortex (Li et al., 2019). It is accepted that both visuospatial and vestibular function are essential for gait and balance maintenance. Structural abnormalities in the temporal lobe and supramarginal gyrus were also reported in previous studies. For instance, gray matter alterations in the superior and middle temporal gyri and supramarginal gyrus (Smith et al., 2015) and FC reductions in the medial temporal gyrus were reported in VBM and rs-fMRI studies (Wang et al., 2016). On the basis of the hypothesis that a connection exists between the temporal gyrus and SMA and that the SMA receives input from the temporal lobe, our finding of decreased FC between the SMA and widespread temporal regions sheds light on the involvement of the temporal lobe via the SMA in the neuropathology of CSVD-GD. The SMA, a pivotal motor-related hub region, was altered at both the regional and network levels in CSVD patients with gait disorders.

Compared with CSVD patients without gait disturbance, GD patients also displayed significant fALFF reductions in the PoCG and the SPL regions. The PoCG served as the hub region in somatosensory network, engaging in daily activities (Fu et al., 2019). According to previous studies, the somatosensory inputs are of great importance in regulating the ongoing movements by feed-forward adjustments (Brooks and Stoney, 1971), which is helpful for posture and gait adjudgment (Takakusaki, 2017). It was also reported that the somatosensory system dominates learning in the early stages of motor skill acquisition (Bernardi et al., 2015). Thus, the decreased integrity of somatosensory networks may suggest the reduced abilities of gait adjudgment and motor learning in patients with CSVD-GD. The SPL is a vital component of the frontoparietal network, a network closely linked to executive function (Jor'dan et al., 2017; Lo et al., 2017), which is implicated in initiating and modulating cognitive control. In previous studies, the SPL has consistently been suggested to be involved in motor coordination and control, especially when speed is decreased and variability is large (Bürki et al., 2017). Thus, the hypofunction of the SPL may be related to ineffective motor control and slow gait speed. This observation is in keeping with the findings of previous fMRI clinical studies, which found that the FC strength within the frontoparietal network was closely correlated with gait speed (Lo et al., 2017). Taken together, the altered patterns of spontaneous low-frequency oscillations in multiple regions implied that the changes in function were not confined to motor areas and that additional widespread somatosensory and frontoparietal network regions were also involved, indicating the important roles of both somatosensory inputs and control roles of cognition on motor function, which was in accordance with a previous study (Takakusaki, 2017).

A further noteworthy finding of the present study is that there were also several regions showing increased fALFF, such as the orbital part of the inferior frontal gyrus, caudate, and precuneus. The inferior frontal gyrus, orbital part, part of the orbitofrontal cortex in the prefrontal cortex, is specifically associated with cognitive processes and involved in processing the motivational or emotional value of incoming information (Rosso et al., 2017), which is suggested to be especially essential for the initiation of motor activities. The precuneus is one of the highest metabolically active brain regions in the default mode network (DMN) during the resting state that directly interacts with other nodes in the default network and participates in monitoring the external environment. Previous studies have confirmed the vital roles of the precuneus in the regulation of body movement by connecting with the precentral gyrus and SMA. The caudate nucleus also receives inputs from various prefrontal regions and plays a major part in task-switching behavior, which can be understood in terms of activating different modules for specialized function (Jarbo and Verstynen, 2015). In the current study, increased local functional connections may serve to compensate adjustments in posture and movement by enhancing the motivation process and interaction with the motor areas. Higher local brain function may act to buffer the detrimental effects of ischemic changes on slower gait.

In addition, we found that the brain FC between the SMA and temporal lobe in CSVD patients was positively related to the gait speed, whereas the fALFF in the left SMA was positively associated with cadence. Gait speed has been consistently treated as the most important factor regarding gait disorders in previous studies, which may be directly associated with incident disability, mortality, and hospitalizations (Studenski et al., 2011; Jung et al., 2018). The correlation of FC and gait speed may imply the important predication role of brain function alteration in slower gait of CSVD. Apart from the gait speed, the cadence is another essential gait parameter, which was associated with the fALFF alteration in the SMA. This was in accordance with a cortical thickness study that found that the cortical area in the SMA was positively related to cadence (de Laat et al., 2012). Based on the aforementioned findings, we suspected that the SMA may be a key region for regulating cadence. Of note, the fALFF of the left SPL was related to both the velocity and cadence in our study. These results may further emphasize the important roles of frontoparietal network on gait adjustment. In addition, we found that all the altered brain function indicators were correlated with longer time consumption of TUG, suggesting that both the local brain function alteration and network interaction abnormalities may contribute to gait disorder. To further clarify the relationship between structural and functional alterations, both total and regional GMV in the CSVD patients were examined. Relative to controls, CSVD-GD patients exhibited no significant difference in either the total GMV or local GMV based on fALFF and FC alterations. This finding of preserved structure also suggested that functional alterations may precede structural changes. However, further longitudinal studies will be helpful to examine this speculation.

Several limitations involved in this study should be considered. First, although ALFF and FC are promising tools for detecting spontaneous functional activity in the brain, several factors may influence the interpretation of our results, for example, low signal-to-noise ratio of the acquired neuroimaging data, poor temporal resolution, and potential confounding effects on neurovascular coupling (such as concomitant vascular diseases). Thus, we should take caution when interpreting our findings. Second, the sample size was relatively small, which limits the statistical power; thus, the findings of the present study should be considered preliminary. Further study should be carried out to verify the results in the future. Third, the present study was a cross-sectional design, and whether these abnormalities in local brain function and remote connectivity dynamically change should be explored with a follow-up study. In addition, all patients included in the study had no severe muscle power or ankle problems, but we did not explicitly evaluate these factors. Finally, the healthy elderly were not included in the present study, and the differences in mechanism of gait disorder were not further explored in CSVD with different levels of cognitive impairment; classifying and stratifying patients in future studies are needed to extend the understanding of the pathogenesis of gait disorders in CSVD.



CONCLUSION

In the current study, we investigated the possible pathogenesis of CSVD-GD by analyzing resting-state local brain function and large distance connectivity patterns in CSVD patients. The results suggested that abnormal changes in spontaneous function and remote connectivity in the sensorimotor network, frontoparietal network, and DMN may explain gait disorders, instability, and aggravating factors in CSVD patients. These findings might provide novel insights into pathophysiological mechanisms in gait disturbances.
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Typical cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is caused by mutations in the human NOTCH3 gene. Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy is characterized by subcortical ischemic strokes due to severe arteriopathy and fibrotic thickening of small vessels. Blood regulating vascular smooth muscle cells (VSMCs) appear as the key target in CADASIL but the pathogenic mechanisms remain unclear. With the hypothesis that brain glucose metabolism is disrupted in VSMCs in CADASIL, we investigated post-mortem tissues and VSMCs derived from CADASIL patients to explore gene expression and protein immunoreactivity of glucose transporters (GLUTs), particularly GLUT4 and GLUT2 using quantitative RT-PCR and immunohistochemical techniques. In vitro cell model analysis indicated that both GLUT4 and -2 gene expression levels were down-regulated in VSMCs derived from CADASIL patients, compared to controls. In vitro studies further indicated that the down regulation of GLUT4 coincided with impaired glucose uptake in VSMCs, which could be partially rescued by insulin treatment. Our observations on reduction in GLUTs in VSMCs are consistent with previous findings of decreased cerebral blood flow and glucose uptake in CADASIL patients. That impaired ability of glucose uptake is rescued by insulin is also consistent with previously reported lower proliferation rates of VSMCs derived from CADASIL subjects. Overall, these observations are consistent with the development of severe cerebral arteriopathy in CADASIL, in which VSMCs are replaced by widespread fibrosis.
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INTRODUCTION

Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a hereditary disease resulting from mutations of the NOTCH3 gene (Joutel et al., 1996). The initial clinical manifestation often presents as migraine with aura or minor cerebral attacks (Burkett and Dougherty, 2017) (which usually occurs during the third decade of life) and progresses to subcortical ischemic attacks, mood disturbance, cognitive decline, encephalopathy and white matter (WM) changes (Choi, 2015; Di Donato et al., 2017).

The pathological hallmarks of CADASIL are (i) a finding of granular osmiophilic material (GOM) in close proximity to vascular smooth muscle cells (VSMCs) and (ii) fibrotic thickening of small penetrating arteries. GOM can be observed under electron microscopy from skin biopsy samples, making it a suitable primary diagnostic indicator for CADASIL. Additionally, the fibrotic thickening of small vessels results in stenosis, thereby reducing blood flow and causing the ischemic attacks characteristic of CADASIL (Wang, 2018). Histopathological findings show there is severe degeneration of brain VSMCs surrounding the thickened arteries, with the cause being investigated under various hypotheses (Tikka et al., 2014). Some studies suggest that the reduced number of VSMCs is a consequence of increased apoptosis (Wang et al., 2002; Formichi et al., 2009). Other studies have reported that a reduced quantity of VSMCs may reflect a lower proliferation rate (Takahashi et al., 2010) rather than a higher apoptotic rate (Wang et al., 2002; Ihalainen et al., 2007; Viitanen et al., 2013).

In contrast to the ongoing investigations on proliferation and apoptotic rates in VSMCs (Takahashi et al., 2010), no study to-date is available that investigates the metabolic requirements and possible metabolic deficiencies in VSMCs of patients with CADASIL. Another unexplored issue concerns the lack of investigation of a possible association between glucose transport and CADASIL, particularly in VSMCs, although numerous studies have reported association between NOTCH3 and glucose transporters (GLUT) in other disease models (Santio et al., 2016; Altalhi et al., 2017; Chang et al., 2017).

Glucose is the main energy source in mammalian cells and its movement across the plasma membrane is facilitated by transporters, mainly GLUTs (Szablewski, 2017). Although several GLUTs have been identified in VSMCs, we decided to focus on GLUT2 and -4 as they have previously been implicated in other disease models (Pyla et al., 2013). GLUT4 is an insulin-dependent GLUT (Brosius et al., 1992; Cooper et al., 1993; Standley and Rose, 1994; Kahn et al., 1995; Banz et al., 1996) whereas GLUT2 is, in contrast, an insulin-independent transporter (Pyla et al., 2013). In non-stimulated cells, GLUT4 exists predominately perinuclear, but upon insulin stimulation it is translocated to the cell membrane for active transport of glucose into the cell (Park et al., 2005). In hypertension animal models, both aortic and carotid artery VSMCs show a several-fold decrease in GLUT4 gene expression, followed by reduced glucose uptake ability (Atkins et al., 2001). Interestingly, these animal models show GLUT4 insulin insensitivity with regard to VSMCs, but this phenomenon is not observed in other vessels suggesting that these VSMCs are key pressure regulators and more prone to insulin insensitivity than other VSMCs (Atkins et al., 2001). In other diseases, such as diabetes, GLUT4 seems to have been down regulated (Marcus et al., 1994), thereby indicating a lowered glucose uptake capacity in VSMCs with a possible consequence in contractibility of the blood vessels.

The most common technique for studying the role of glucose metabolism in CADASIL patients is positron emission tomography (PET) scan with 18-fluorodeoxyglucose (FDG; Tuominen et al., 2001, 2004; Tatsch et al., 2003). Early studies have implicated low cerebral blood flow as the cause of low glucose uptake in the central nervous system (Tuominen et al., 2004). It is reasonable to extrapolate from those findings that CADASIL patients would exhibit lower cerebral blood flow due to small vessel stenosis, which in turn would result in a reduced cerebral glucose metabolic rate estimated by FDG-PET (Tuominen et al., 2004; Yoon et al., 2015). In fact, a correlation has been demonstrated between low cerebral blood flow and hypo-metabolism of glucose assessed by FDG-PET (Tuominen et al., 2001). However, impaired glucose metabolism assessed by 2-deoxy-D-glucose (2DG-) or FDG-PET could also be caused by reduced total glucose transport into the brain rather than only neuronal hypometabolism per se since FDG-PET measures the amount of the phosphorylated tracer (and, hence, trapped glucose analogs in the brain cells) as opposed to actual cellular metabolism (Southworth et al., 2003). Moreover, other studies have confirmed that CADASIL patients have glucose hypo-metabolism, but the cause of this has not been completely elucidated (Tatsch et al., 2003).

Reduced glucose uptake could also explain both atrophy of VSMCs via either an altered proliferation or apoptosis rate (Takahashi et al., 2010; Viitanen et al., 2013; Panahi et al., 2018). We hypothesized that cerebral VSMCs have defective glucose uptake, which may be partially responsible for the previously described glucose hypometabolism assessed by PET in brains of CADASIL patients. In the present study, we used cerebral VSMCs-models derived from CADASIL patients and relevant controls and post-mortem brain tissues to investigate the expression level of key GLUTs. We focused on the insulin-insensitive GLUT2 and the insulin-sensitive GLUT4 in particular since GLUT4 has been implicated in other vascular diseases, such as diabetes-related cerebral small vessel disease (SVD; Vermeer et al., 2007; Palacio et al., 2014; Umemura et al., 2017).



MATERIALS AND METHODS


Cell Lines and Culture

Cerebral VSMCs were established from genetically verified CADASIL patients with C133R mutation and control subjects as previously described (Panahi et al., 2018). Patient-derived cerebral arterial VSMC (VSMCR133C) as well as control VSMC (VSMCWT) cell lines were established from post mortem subarachnoidal branches of cerebral arteries (human cerebral arterial VSMC) by collagenase digestion as described previously (Gimbrone et al., 1974; Ihalainen et al., 2007; Tikka et al., 2012). Briefly, post-mortem brain samples were collected within 24 h of death and all cell cultures were planned and established immediately after obtaining the samples. Small blocks of brain tissue (1-2 cm × 1-2 cm) were cut, fragmented with razor blades and the tissues surrounding the vessels (diameter approximately 0.4–1 mm) were removed with sterile scalpels. The fragments were then transferred to tubes with ice-cold 20 mM HEPES in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, United States), centrifuged for 5 min at 500 × g at RT. After discarding the supernatant, tissues were resuspended in 0.05% collagenase/dispase mixture (100 μg/mL, Roche) in 20 mM HEPES in DMEM, and incubated for 5 min at RT. The tissues were homogenized usinga10 mL pipette for every 5 min and the undigested material was removed by centrifugation at 1000 × g for 10 min at RT. The pellets were washed with 10 mL of PBS (with calcium and magnesium) four times following resuspension in 10 mL complete culture medium containing 10% FBS 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin at RT. Approximately, 1.5 mL aliquots of the free vessels in solution were transferred into sterile 12-well cell culture plates and incubated at 37°C and 5% CO2 in a humidified environment. The media were changed every 2nd day and once the vessels had settled down at the bottom of the wells (∼3 days) observing out-crawling cells from the tissues and their confluency, the smooth muscle cells were harvested using 0.25% trypsin for further culturing into 35-mm cell culture dishes (1:1.23 surface ratio) (Gauthier et al., 2012). For partial immortalization, the cells were infected with a human papilloma virus construct E6/E7 at early passage (p1 to p3). The infection was verified by culturing the cells in the presence of G418 (Invitrogen, Auckland, NZ, United States) (400 μg/mL) for a 10-day period. Primary cells (passage 1) were confirmed to be VSMC using the marker α-smooth muscle actin (α-SMA). After the viral infection (passage 2–5), all VSMC lines were screened negative for mycoplasma using the VenorGeM mycoplasma detection kit (Minerva Biolabs GmbH, Berlin, Germany) and with DAPI staining.

Vascular smooth muscle cells (CADASIL and control) were routinely cultured in DMEM]/F-12, GlutaMAX medium (Life Technologies, United States) supplemented with 10% heat inactivated fetal bovine serum (FBS), 1% Penicillin-Streptomycin and 1% L-glutamine. The cell lines were kept in an incubator with 5% CO2 at 37°C. Passages of cells were matched for each experiment and were between 18 and 28. Umbilical artery smooth muscle cells (UASMC, Lonza) were cultured in smooth muscle cell medium BulletKit according to the manufacturer’s instructions or cultured in M 231 medium with smooth muscle growth supplement (Life Technologies) (Panahi et al., 2018).



Real Time Quantitative PCR

Vascular smooth muscle cells (CADASIL and control) were grown overnight in a six-well plate chamber with confluence of 100,000 cells. The following day, the cells were lysed with RIPA buffer (Thermo Fisher Scientific, United States) and the quality of RNA was determined with RIN (RNA Integrity Number) of 10. cDNA was prepared using Taqman gene expression master mix (Applied Biosystem) and SuperScript VILO cDNA Synthesis kit (Thermo Fisher Scientific, United States) according to the manufacturer’s protocol. Quantitative (q)RT-PCR was performed using costume format TaqMan fast plate (Applied Biosystems; No. 4427562, Rev C)1. The gene designations for control and GLUTs were: HPRT1-Hs99999909_m1 (endogenous control), GAPDH-Hs99999905_m1 (endogenous control), 18S-Hs99999901_s1, SLC2A2-Hs01096908_m1; SLC2A3-Hs00359840_m1, and SLC2A4-Hs00168966_m1. All probes were used in duplicates with 30 ng of cDNA. Quantitative RT-PCR was performed on a 7500 Fast Real-Time PCR System (Life Technologies, United States). The expressions of genes were normalized to internal control HPRT gene and analysis was used comparing the normalized value of control cell line to the normalized values of CADASIL cell line. All the quantitative data were from three independent biological replicates for each experiment and the control value was normalized to 1.



Immunofluorescent Staining of GLUT4 in VSMC Cells

For VSMCs staining, 3.0 × 104 cells were seeded onto 8-well chamber slides (Lab-Tek) for 48 h. The cells were grown until 80% confluency, harvested, washed twice with PBS and fixed with paraformaldehyde (PFA; 4% v/v, Sigma-Aldrich) for 10 min. Following blocking with the Bovine Serum Albumin (BSA; 1% w/v) for 30 min, the cells were permeabilized with Triton X-100 (0.1% v/v, Sigma-Aldrich) for 30 min at RT. Later, cells were incubated with goat anti-GLUT4 (C-20m Santa Cruz) primary antibody overnight at 4°C. Subsequently, the cells were washed and incubated with conjugated secondary Alexa Fluor 488 antibody for 1 h at RT. The slides were mounted with DAPI. Vascular smooth muscle cells were examined using a laser scanning confocal microscope (LSM 510 META, ZEISS).



Immunoblotting of VSMCs

Vascular smooth muscle cells (CADASIL and control) grown to 80% confluence were harvested by scraping from the plate after washing twice with PBS. Cells were collected by 5 min centrifugation at 300 g, and lysed in lysis buffer (0.65% NP40, 10 mM Tris pH 8.0, 1 mM EDTA, 150 mM NaCl) containing protease inhibitor (100×, ProteaseArrest G-Biosciences). The total protein content was measured using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Laemmli sample buffer (2× LDS, Sigma-Aldrich) was added to the samples. 2× LDS sample buffer (Invitrogen) was used for SDS-PAGE and immunoblotting as previously described (Behbahani et al., 2010). For GLUT4, a rabbit polyclonal antibody (H-43: sc-7903, Santa Cruz Biotechnology), and rabbit polyclonal Cpt1C (carnitine palmitoyltransferase I) antibody (Supplementary Figure S1) was purchased from abcam (ab87498, United States).



Functional Glucose Uptake Assay Using NBDG-Flow Cytometry

First, the cells were incubated and grown in DMEM (Life Technologies, United States) without the additional FBS and glucose for 24 h to a monolayer confluence. Later, the medium was removed and cells were washed 3× with PBS Krebs ringer phosphate buffer with 50 mM glucose and 200 μM 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) (Thermo Fisher Scientific, United States) was added to the cell layer. Cells were incubated with and without 50 mM insulin for 30 min. The cells were harvested and the 2-NBDG uptake was measured by flow cytometry using a FACSCaliburTM Cytometry (BD Biosciences, United States). Approximately, 10,000 events were collected for each analysis. Data from the experiments were analyzed using the CellQuest software (BD Biosciences, United States).



Human Brain Tissues

Table 1 provides demographic details and diagnoses in the subjects used in immunohistochemical studies (Craggs et al., 2014). The mean age of CADASIL subjects were not different from mean ages of controls. Available case notes and radiological reports indicated that CADASIL subjects showed extensive WM changes consistent with SVD of the brain and met the minimum criteria for cognitive impairment (Allan et al., 2011; Skrobot et al., 2018). Majority of the CADASIL subjects had no known vascular disease risk (Craggs et al., 2014). However, one patient each had exhibited cardiac arrythmias, obesity and >10 year smoking history. The diagnosis of CADASIL was confirmed by the presence of NOTCH3 gene mutations or the presence of GOM in arteries within skin biopsies (Yamamoto et al., 2009). None of the controls had neurological or pathological evidence for cerebrovascular disease or neurodegenerative disorder.


TABLE 1. Demographic details of CADASIL subjects and controls.

[image: Table 1]For immunohistochemical analyses, the brain tissues from CADASIL subjects (frontal and occipital lobes) and aged-matched controls were from the Newcastle Brain Tissue Resource (NBTR), Newcastle University, Campus for Ageing and Vitality, and the Swedish Brain Bank (Stockholm, KI). All studies involving human subjects have been approved by the local research ethics committee of the Newcastle; the NBTR committee, and the Regional Ethical Review Board in Stockholm or the Research Ethics Committee of the South Huddinge University Hospital.



Immunofluorescence Staining and Confocal Microscopy

Immunofluorescence staining was performed on 5 μm sections of formalin-fixed paraffin-embedded (FFPE) frontal cortex of post-mortem brains. The sections were de-paraffinzed and hydrated through xylene and graded alcohol series. The sections were autoclaved with antigen retrieval buffer (DV2004, DIVA Decloaker, Biocare Medical) for 30 min at 110°C (Decloaking Chamber NxGen, Biocare Medical). After the temperature decreased to room temperature (RT), sections were washed with water for 5 min and then in Tris-Buffered Saline (TBS) + 0.05% Tween 20 (TBS-T) (91414, Sigma-Aldrich). The sections were blocked with Background Punisher (BP974, Biocare Medical) for 10 min at RT followed by washing and incubation with primary antibodies; α-SMA antibody (Abcam, SMA, 1:500, Clone 1A4, Abcam, United States), as an indicator for VSMC, and GLUT4 (ab48547, 1:500, Abcam, United States) and GLUT2 antibodies (ab54460, 1:500, Abcam, United States), in TBS-T (overnight 4°C, humid chamber).

After washing in TBS-T, sections were incubated (1 h at RT) with appropriate secondary antibodies [anti-mouse and anti-rabbit IgG (H + L)] conjugated to Alexa Fluor 546 or Alexa Fluor 488 (Invitrogen) at a concentration of 1:500 in TBS-T. To reduce auto-fluorescence, the slides were further washed in TBS-T (3 × 10 min) and incubated with or without Sudan Black B (199664, Sigma-Aldrich), 5 min at RT. Sections were then washed in TBS-T and were mounted with DAPI Vectashield Hard Set (H-1200, Vector Laboratories) and the slides were stored at 4°C. Sections from controls and patients were also incubated without primary antibody and used as negative control. Quantification of cerebral vessels was undertaken essentially as described previously (Craggs et al., 2015). We focused on vessels of size 50-300 μm in diameter consisting largely of arterioles. The appropriate gray and while matter boundaries were delineated by the DAPI background staining within tissue sections.



Imaging Analysis

Sections were examined using a laser scanning confocal microscope (LSM 510 META, ZEISS, or core Facility Bionut Microscopy), and images were acquired using the same settings (laser intensity, detector gain and amplifier offset). Also, the tissues fluorescence staining was recorded sequentially in separate channels with Plan-Apochromate 20× (NA, 0.8), 40× (NA, 1.2) oil and 100× (NA, 1.45) oil objectives. Image processing was performed with the included ZEN software. Cell quantifications were performed with Neurolucida. Fluorescence intensity was measured with the ImageJ 1.383 software (NIH, MA, United States).



Statistical Analyses

Statistical comparison of values between groups was measured by one-way ANOVA followed by Bonferroni’s post hoc test. Student t-test was used for two-group comparisons. p-values < 0.05 were considered significant. The results are representative of three independent biological replicates expressed as mean ± SEM. All univariate and multivariate analyses were performed using IBM SPSS Statistics software (version 23.0). A two-tailed p-value of <0.05 was considered as the threshold for statistically significant differences or associations in all analyses.



RESULTS


GLUT4 Is Down-Regulated in CADASIL VSMCs

To shed light on the mechanism of previously observed lower FDG-PET value in the CADASIL subjects (Tuominen et al., 2004), we investigated gene expression levels of GLUT isoforms [SLC2A2 (GLUT2), SLC2A3 (GLUT3), and SLC2A4 (GLUT4)] in VSMC models of CADASIL and control subjects.

Quantitative RT-PCR revealed significantly decreased SLC2A2 and SLC2A4 gene expressions in CADASIL VSMCs compared to controls (p < 0.001, and p < 0.01, respectively) (Figure 1). SLC2A3 gene expression tended to be lower but was only different from SLC2A2 and SLC2A4. Since the insulin-dependent transporter GLUT4 was previously assessed in hypertension models and in diabetes as a model of small vessel disease, we focused on this specific transporter for the gene product studies in relation to the insulin-independent GLUT2. In view of the findings on SLC2A3 gene expression we did not perform further protein studies on GLUT3.


[image: image]

FIGURE 1. Glucose transporters gene expression in CADASIL compared to control VSMCs. qRT-PCR analysis of GLUT2 (SLC2A2), GLUT3 (SLC2A3), and GLUT4 (SLC2A4), genes in CADASIL and control VSMCs. The expression of GLUT2, GLUT3, and GLUT4 genes were normalized to the endogenous control gene; HPRT1, and the RQ (Relative Quantitation) was calculated using control VSMC normalized to 1. *p < 0.05, **p < 0.01 and ***p < 0.001. The results are representative of three independent replicates (n = 3). One-way ANOVA followed by Bonferroni’s post hoc test was used for statistical analysis.


Using confocal microscopy analysis, we also observed reduced GLUT4 and GLUT2 expressions in CADASIL VSMCs. Quantification of GLUT4 and GLUT2 distribution in these cells showed significant lower expression of GLUTs in CADASIL VSMCs compared to controls (Figures 2A,B,E,F). Furthermore, immunoblotting analysis showed reduced GLUT4 protein levels in CADASIL VSMCs compared to control (Figures 2C,D,G,H). These data together suggest that the glucose uptake receptors are impaired in these arterial cells.
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FIGURE 2. GLUT4 expression in CADASIL compared to control VSMCs. PFA-fixed VSMCs were immunostained with goat anti-GLUT4 and GLUT2 antibodies, visualized using confocal microscopy and assessed for expression of the GLUTs. (A,E) Images of VSMCs stained for GLUT4 and GLUT 2 using an Alexa Fluor-conjugated 488 secondary antibody. GLUT dot-staining is shown in green (arrows) and Nuclei are stained with DAPI (here showed in fluoresces red). Representative images were taken from one experiment (n = 3), Scale bar, 10 μm. (B,F) Mean values of GLUT4 and GLUT2 dot-staining in control and CADASIL VSMCs. Each data point represents mean of intensely fluorescent GLUT-positive dots per cell in 12 cells from 3 independent experiments (n = 3) (*p < 0.05). (C,G) Immunoblotting analyses, non-boiled (NB) and boiled samples (B) were conducted to assess the expression of GLUT4 in VSMCs. The samples were visualized using the Odyssey CLx Imager. 15 μg of protein was loaded into the gel and ponceau S staining was used as loading control. The intensity of the GLUT4 and GLUT2 band was lower than in both CADASIL boiled and non-boiled samples as compared to control VSMC lysates (D,H) Densitometry data from CADASIL and control protein bands normalized to Ponceau S total protein stain showed lower expression of GLUT4 and GLUT2 in CADASIL VSMCs than in controls. The immunoblot is representative of one experiment.




Glucose Uptake Is Not Affected by Insulin in CADASIL VSMCs

Low GLUT expression in CADASIL VSMCs suggests that these cells have potentially lower glucose uptake ability. VSMCs derived from CADASIL also exhibited a lower proliferation rate compared to VSMCs from control (Panahi et al., 2018). Therefore, we hypothesized that lower proliferation rate might be due to the lower glucose uptake ability of VSMCs in CADASIL.

An experimental procedure was set up to measure the uptake of glucose in both CADASIL and control VSMCs. Validation of glucose uptake was carried out using 2-NDBG, a fluorescent indicator for monitoring glucose uptake into living cells, which could be assessed by flow cytometry. Flow cytometry analyses showed that CADASIL VSMCs had a significantly lower glucose uptake capability (p < 0.05), most likely reflecting the lower gene expression of GLUT in CADASIL VSMCs (Figure 3). These analyses indicated that the reduced gene expression was in line with an overall functional effect.


[image: image]

FIGURE 3. Effects of Insulin on Glucose uptake in CADASIL VSMCs. The VSMCs (CADASIL, control and UAVSMCs) were cultured and 200 μM 2-NBDG; a fluorescent indicator for monitoring glucose uptake, was added to the cells (M&M), incubated with and without 50 mM insulin. The 2-NBDG uptake was measured by flow cytometry. Flow cytometry analysis showed a reduced glucose uptake before addition of insulin in CADASIL VSMCs (*p < 0.05), however, lower glucose uptake was not affected by insulin in CADASIL VSMCs. Ctrl: control VSMC, CAD: CADASIL, MFI: mean fluorescence intensity, UAVSMC: Umbilical artery smooth muscle cells.


To further confirm the above findings, we assessed the extent to which insulin could rescue the deficit in glucose uptake in the cellular model of CADASIL. The results indicated that insulin rescued glucose uptake by ∼10% in both CADASIL and control VSMCs. Since GLUT4 is an insulin-sensitive transporter, the findings suggest that GLUT4 is functional in CADASIL VSMCs and, hence, the observed differences are mainly related to an altered GLUT-4 gene expression in CADASIL VSMCs (Figure 3). Considering that gene expression analyses indicated that reduced gene expression of GLUTs occurs in the following order GLUT2 > GLUT4 > GLUT3 in CADASIL VSMCs (see Figure 1) and that GLUT2 is an insulin-independent transporter, the functional result here, further suggested that overall altered glucose uptake in CADASIL VSMCs is caused by both insulin-dependent and insulin-independent transport mechanisms. We also found that carnitine palmitoyltransferase I (Cpt1), specifically the Cpt1c isoform, highly expressed in brain (Schreurs et al., 2010), did not differ between the control VSMCs and CADASIL VSMCs (Supplementary Figure S1). This indicated that the reduced glucose uptake in VSMCs was not associated with changes in beta-oxidation of fatty acids and insulin sensitivity in the VSMCs.



GLUT4 and GLUT2 Expression Level in Brain Tissues From CADASIL Subjects

Our observations were based on cellular experiments derived from patients with the NOTCH3 C133R mutation. However, to validate our findings, and to test if there was any association between GLUTs and other mutations, we assessed the expression level of GLUT2 and GLUT4 in post-mortem brain tissues from CADASIL and controls using immunohistochemical techniques and analyzed the results using confocal microscopy. Confocal analysis of multiple brain tissues revealed increased GLUT4 immunoreactivity in control samples compared to CADASIL samples (Figure 4). Furthermore, an association of GLUT4 expression with different NOTCH3 mutations was observed in CADASIL subjects compared to controls (Figures 4A–D). We also found that there were no clear differences in GLUT expression in the 3 CADASIL subjects who exhibited previous vascular disease risk compared to those who did not. Preliminary observations indicated that there was also a correlation between vessel diameter and GLUT4 expression (data not shown), but further investigation is needed to confirm this finding.
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FIGURE 4. GLUT4 immunoreactivity in VSMC in frontal white matter in CADASIL. (A) Immunofluorescent labeling with GLUT4 (green) and α-SMA (red) antibodies (Nuclear, DAPI, blue) is shown. A strong GLUT4-immunostaining in control within the cortex was observed. GLUT4 staining in CADASIL patient carrying (B) p.Arg169Cys mutation, (C) p.Arg153Cys, and (D) p.ArgR133Cys mutation is shown. Magnification bar = 20 μm in panels (A,B,D), and 50 μm in panels (C). (E) Quantification of GLUT4 expression demonstrated significantly lower GLUT4 expression in CADASIL brain tissues as compared to controls (***p < 0.001). CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. α-SMA: anti-smooth muscle alpha-actin.


We observed that the smaller the vessel in CADASIL, the less GLUT4 is expressed compared to controls. Overall, quantitative analysis demonstrated lower GLUT4 protein expression in small vessels in CADASIL compared to control subjects (p < 0.001, Figure 4E). Similarly, quantitative immunostaining of GLUT2 in small vessels (Figures 5A,B) indicated significantly lower levels of GLUT2 in CADASIL compared to controls (p < 0.01, Figure 5C). In accord with our previous work (Craggs et al., 2014), we concentrated on the WM but we found that invariably arteriolosclerotic vessels in the gray matter also exhibited GLUT reduction (data not shown).
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FIGURE 5. GLUT2 immunoreactivity in cerebral microvessels in CADASIL. Immunofluorescent labeling of GLUT2 (green), smooth muscle α-actin (SMA; red) and arteries and arterioles in the frontal white matter, counterstained with DAPI (A,B). Sections from panel (A) a 94-year-old non-demented female control and (B) 68-year-old female CADASIL case with p.Arg133Cys mutation. Severe capillary degeneration was observed in CADASIL (B), with low GLUT2 expression observed in VSMCs compared to control subject. There was minimal SMA immunoreactivity in capillaries in CADASIL. Scale bar = 20 μm in panels (A,B). (C) Quantification of GLUT2 expression demonstrated significantly lower GLUT2 expression in CADASIL brain tissues as compared to controls (**p < 0.01). CADASIL: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy.


Nonetheless, based on the dual immunofluorescence labeling of GLUT2 and GLUT4 in relation to α-SMA (Figures 4, 5), the altered levels of GLUT2 and GLUT4 may reflect an altered gene expression in GLUTs in smooth muscle component of the small blood vessels. This is because the dual immuno-staining analysis indicated co-localized staining between GLUT2/4 positive cells and α-SMA. Thus, these findings were consistent with the relative changes observed in the GLUT2 and GLUT4 gene expression analyses in the cellular models of CADASIL versus control (compare Figure 1 and Figures 4E, 5C). Remarkably, the relative changes in GLUT2 immunoreactivity were lower than the corresponding GLUT4 immunoreactivity in these small vessels. There was ∼ 67% decrease in GLUT2 compared to ∼50% inGLUT4 relative to controls (cf. Figures 4E, 5C).



DISCUSSION

We showed here for the first time that the gene and protein expression of the main GLUTs, GLUT2 and GLUT4 are altered in both cellular models as well as post-mortem brain of CADASIL patients compared to controls. It is difficult to set specific thresholds on what degree of reduction in GLUTs would alter physiological conditions. However, we were careful to compare like VSMCs from controls and patients that were isolated, maintained and cultured in parallel in a similar manner. Irrespective of how the previously reported reduction in glucose metabolism using FDG-PET analyses (Southworth et al., 2003; Tatsch et al., 2003; Tuominen et al., 2004) is interpreted or whether there is true reduction in cellular metabolism or in glucose uptake, we found GLUTs were reduced in the CADASIL VSMCs models and brain microvessels or arterioles of CADASIL patients in the order: GLUT2 > GLUT4 > GLUT3. These findings suggest the possibility that to some degree the profoundly reduced FDG-PET coupled with low cerebral blood flow (CBF) values in CADASIL patients reflect reduced glucose uptake rather than only cellular hypo-metabolism. This suggestion is not inconsistent with the previous findings, albeit in normal aging and Alzheimer’s disease subjects that deficits in CBF and cerebral metabolic rate for glucose determined by FDG-PET as in CADASIL could more significantly reflect degradation of the K1∗ parameter (transport of glucose) rather than the k3∗ (phosphorylation) step (Jagust et al., 1991; Fukuyama et al., 1994).

GLUT4 has also previously been shown to exhibit an altered expression level in arterial myocytes in different disease models (Marcus et al., 1994; Zhang et al., 1999; Atkins et al., 2001). Here, we showed that CADASIL VSMCs expressed lower levels of GLUT4 and GLUT2 both in post-mortem brain tissues and VSMCs derived from CADASIL patients. It is unclear whether NOTCH3 may regulate GLUT4 and GLUT2 directly or via a non-covalent binding mechanism. In preliminary experiments, we were unable to detect co-immunoprecipitates of purified NOTCH3 and either GLUT4 or GLUT2. However, NOTCH3 could alter their expression via another protein that is currently elusive or the expression is related to the reduced glucose metabolism during lower proliferation rates of VSMCs with NOTCH3 mutants (Takahashi et al., 2010).

It is plausible that reductions in arteriolar GLUT4 and other GLUTs including capillary GLUT1 could impact on WM integrity. Our previous observations showed there is severe WM arteriopathy and capillary degeneration in CADASIL (Craggs et al., 2014; Hase et al., 2019). Thus, if the vascular entry routes for glucose are impaired or that arterial muscle cells exhibit reduced GLUTs arteriosclerosis may ensue to affect perfusion and flow affecting the WM. This is consistent with previous observations of reduced WM CBF (Tuominen et al., 2004) and frontal WM pathology and axonal disconnectivity in CADASIL (Craggs et al., 2014). However, NOTCH3 mutations could also have a direct effect on WM cells not necessarily involving the microvasculature (Rajani et al., 2019).

Among the known GLUTs, GLUT4 is the main insulin-dependent transporter, which makes it a suitable candidate for developing a potential medical intervention. Nonetheless, our results indicated that GLUT2 had the most reduced levels in both cellular models and the brain VSMCs of the patients. Indeed, our functional glucose uptake experiment indicated that a significant proportion of glucose uptake was through non-insulin dependent transporters. A previous work based on CADASIL endothelial cells (ECs) showed abnormalities in GLUTs in ECs (Mann et al., 2003). GLUT1 is the major glucose transporter in ECs, and its expression level is decreased in CADASIL as shown in brain biopsy studies (Giwa et al., 2012; Craggs et al., 2013; Craggs et al., 2015). Since GLUTs are expressed in VSMC of systemic organs, and there are few studies that indicate that the VSMC of other organs are bear GOM deposits in CADASIL subjects (Lorenzi et al., 2017) and that endothelium-dependent vasodilation is impaired in forearm resistance arteries (Stenborg et al., 2007) it is not unlikely that GLUT4 and -2 are affected in other organs of CADASIL patients. We were not able to analyze GLUTs in other organs VSMC due the unavailability of systemic tissues. Since CADASIL is largely characterized as a cerebral small vessel disease with consequent brain pathology and dysfunction we focused on the brain. Furthermore, the brain microvasculature is more of interest because it is endowed with the blood-brain barrier unlike systemic the vessels. Further research is needed to clarify the disruption of glucose metabolism in VSMCs derived from other organs and ascertain whether this phenomenon is only seen in VSMCs derived from brain vessels.

We found that the expression of GLUT varied based on blood vessel size, which is in accord with the variable densities of VSMCs in different size vessels (Craggs et al., 2015). Another recent report indicates that GLUT4 may act as one of the regulators of the tonic capacity of VSMCs (Atkins et al., 2015), suggesting that in CADASIL the blood flow restriction might be, in part, due to reduced GLUT4 (and GLUT2).

Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy causes degeneration in the walls of small vessels of the brain leading to lacunar infarcts and leukoencephalopathy. Like in other diseases, vascular risk factors such as hypertension and diabetes, and lifestyle modifications including obesity and smoking can also exacerbate disease progression. This may create chronic hypoxia altering GLUT4 expression and impair proliferation of VSMCs (Zhang et al., 1999; Chou et al., 2004; Takahashi et al., 2010; Szablewski, 2017; Zhao et al., 2017). The same factors might also affect expression of GLUT2, as evident in the current study. Acknowledging these factors play a role in GLUT4 and GLUT2 expressions, we attempted to normalize our data. However, given that in this study we used CADASIL brain tissue collected post-mortem, it is impossible for us to definitively control for such variables. We gathered tissue sections from different Brain Bank sources and some of these tissues are from different individuals that have the same mutation on the NOTCH3 gene.

Another limitation in this study is that the in vitro data was based on a few available cerebral VSMCs cell lines models. However, we should emphasize the difficulties and limitations of preparing cerebral VSMCs derived from CADASIL patients. It was too small to address the effect of various mutations known to cause this disease. Multi-center studies with a larger number of CADASIL patients are required to address such effects.

Whether NOTCH3 directly affects GLUT4 expression or there are other mechanisms at play remains to be clarified. Using insulin, we were able to increase glucose uptake in CADASIL VSMCs; however, this did not restore glucose uptake to the control level. These data together with lower GLUT2 expression in CADASIL subjects suggest that NOTCH3 mutations affect the spectrum of GLUTs. Animal models would be of interest in following up the findings in this study. Since all of our experimental material is obtained from human subjects with varying genetic backgrounds, it would be most interesting to study the same phenotype using animals with the same genetic background. It would also be noteworthy to study glucose metabolism in VSMCs in animals that have both copies of NOTCH3 mutated, considering that in our experiments the mutations are heterozygous.



CONCLUSION

Our observations suggest both the insulin independent and dependent GLUT2 and GLUT4, respectively are impaired in VSMCs and WM arteries of CADASIL subjects. These findings are consistent with decreased cerebral blood flow and glucose uptake demonstrated by FDG-PET in CADASIL patients. The impaired ability of glucose uptake being rescued by insulin is further consistent with lower proliferation rates of VSMCs in CADASIL subjects. Our findings are consistent with the development of severe arteriopathy in CADASIL, in which VSMCs are replaced by widespread fibrosis.
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Cerebral amyloid angiopathy (CAA) is characterised by the progressive accumulation of β-amyloid (Aβ) in the walls of cerebral capillaries and arteries representing a major cause of haemorrhagic stroke including lobar intracerebral haemorrhage (ICH) and convexity subarachnoid haemorrhage (SAH). Haemorrhaging from CAA predominantly involves smaller arteries rather than arterial aneurysm. Restricted bleeding into the subarachnoid space in CAA results in asymptomatic or mild symptomatic SAH. Herein, we present an autopsied case of massive SAH related to CAA. An 89-year-old male with a history of mild Alzheimer’s disease (AD) and advanced pancreatic cancer with liver metastasis developed sudden onset of coma. Head CT illustrated ICH located in the right frontal lobe and right insula, as well as SAH bilaterally spreading from the basal cistern to the Sylvian fissure, with hydrocephalus and brain herniation. He died about 24 h after onset and the post-mortem examination showed no evidence of arterial aneurysm. The substantial accumulation of Aβ in the vessels around the haemorrhagic lesions led to the diagnosis of ICH related to CAA and secondary SAH, which may have been aggravated by old age and malignancy. This case suggests that CAA can cause severe SAH resembling aneurysmal origin and thus may be overlooked when complicated by atypical cerebral haemorrhage.

Keywords: case report, intracerebral haemorrhage, subarachnoid haemorrhage, cerebral amyloid angiopathy, pathology


INTRODUCTION

Cerebral amyloid angiopathy (CAA) is a cerebrovascular amyloidosis and a known cause of haemorrhagic stroke. Seven amyloid proteins have so far been reported in CAA including β-amyloid (Aβ), cystatin C, transthyretin, gelsolin, prion protein, ABri/ADan, and immunoglobulin light-chain amyloid (Yamada, 2015). The most common form is Aβ-type CAA, which is frequently concomitant with Alzheimer’s disease (AD; Love et al., 2014).

Cerebrovascular Aβ accumulation induces smooth muscle cell degeneration and vessel wall thickening, resulting in variable degrees of intracerebral haemorrhage (ICH; Love et al., 2014). Bleeding into the subarachnoid space is also common in CAA, presenting as convexity subarachnoid haemorrhage (SAH) in acute and superficial siderosis in the chronic phase. However, CAA is seldom described as a cause of massive SAH resembling aneurysmal rupture (Ohshima et al., 1990; Charidimou et al., 2015; Ni et al., 2015; Raposo et al., 2018). Here, we report an autopsied case of widespread SAH related to CAA.



CASE DESCRIPTION

An 89-year-old male was admitted to our hospital due to sudden onset of coma. Pancreatic cancer with liver metastasis was diagnosed 8 months before admission, and palliative care had been performed. He had a history of mild AD at the age of 88 and brainstem haemorrhage at 82. He was able to look after his own affairs without assistance just before the admission. Amlodipine besilate, sitagliptin phosphate hydrate and febuxostat were administered for hypertension, diabetes mellitus and hyperuricemia. Heavy drinking and smoking in middle age was reported by the family of the patient. Blood pressure and pulse rate were 135/78 mmHg and 92/min. Glasgow Coma Scale score was 6/15 (E4V1M1). Conjugate gaze deviation to the right, anisocoria, facial nerve palsy on the left side and urinary retention were noted. National Institutes of Health Stroke Scale was 37/42. Head CT showed right frontal lobe and insula ICH adjacent to the brain surface (Figure 1). Haematoma volume was estimated as 14.9 and 5.9 cm3, respectively (manual segmentation using OsiriX software: Pixmeo, Bernex, Switzerland). Blood was also noted in the subarachnoid space, spreading from the basal cistern to the bilateral Sylvian fissure with hydrocephalus and brain herniation. MR/CT angiography and digital subtraction angiogram were not performed based on the living will. Complete blood count showed decreased haemoglobin (11.0 g/dl) and haematocrit concentration (33.4%), elevated white blood cells (14,100/μl) and normal level of platelets (183,000/μl). Coagulation assays were normal except for elevated d-dimer (193.6 μl/ml). Slightly decreased renal function (estimated glomerular filtration rate: 67.4 ml/min/1.73 m2) and elevated level of blood glucose (281 mg/dl) were observed. Hepatic function was normal. He was diagnosed as ICH with secondary SAH and subsequently died approximately 24 h after onset.
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FIGURE 1. Head CT showed right frontal lobe (arrows) and insula (arrowheads) intracerebral haemorrhage (ICH) adjacent to the brain surface. Blood was also noted in the subarachnoid space, spreading from the basal cistern to the bilateral Sylvian fissure with hydrocephalus and brain herniation.



At autopsy, the total brain weight, including intracranial haematoma, was 1,285 g. Acute ICH was observed in the right frontal lobe and insula. Bleeding into the subarachnoid space widely spread to the sulcus of the frontotemporal cortex in the right hemisphere, accompanied by an uncal and subfalcine hernia (Figure 2A). We did not find any aneurysm in the cerebral vasculature (Figure 2B). Histologically, abundant Aβ deposits were observed within the leptomeningeal and cortical arteries around the parenchymal haemorrhagic lesions (Figure 2C), which led to the pathological diagnoses of ICH related to CAA with SAH extension. Periarterial spaces were enlarged around the ICH. There were no other lesions contributing to the bleeding, including brain metastasis. Modified Bielschowsky staining uncovered senile plaques and neurofibrillary tangles (Figure 2D), which was compatible with the diagnosis of AD (Hyman et al., 2012); Aβ plaque score, A1 (Thal et al., 2002), neurofibrillary tangle stage, B2 (Braak and Braak, 1991), neuritic plaque score, C3 (Mirra et al., 1991).


[image: image]

FIGURE 2. (A) Coronal section of the brain. ICH with subarachnoid haemorrhage (SAH) extension was observed in the right hemisphere. (B) Macroscopic image showing the cerebral vasculature. We did not find any evidence of saccular aneurysm in these vessels. The posterior communicating arteries were not identified. (C) Cerebrovascular immunostaining of Aβ (brown; M0872, DAKO, 1:50) with nuclear counterstain (blue). (D) Senile plaque with modified Bielschowsky staining. Scale bars indicate 2 cm (B) and 20 μm (C,D). ACA, anterior cerebral artery; BA, basilar artery; ICA, internal carotid artery; Lt, left; MCA, middle cerebral artery; PCA, posterior cerebral artery; Rt, right; VA, vertebral artery.



Written informed consent for autopsy and the publication was obtained from his legal representatives.



DISCUSSION

The presented case was CAA-related ICH accompanied by massive SAH, although the volume of parenchymal haematoma was relatively small (Patel et al., 2009). Severe SAH resembling that of aneurysmal origin is rare in CAA (Ohshima et al., 1990; Charidimou et al., 2015; Ni et al., 2015; Raposo et al., 2018). Old age and pancreatic cancer may have exacerbated the bleeding from the Aβ-positive vessels into the subarachnoid space.

SAH is a life-threatening cerebrovascular disease with a high mortality rate. It accounts for only 3% of all strokes, but for 5% of stroke deaths and more than one-quarter of potential life years lost through stroke (van Gijn and Rinkel, 2001). More than 80% of SAH arise from the rupture of saccular aneurysms. The findings of digital subtraction angiogram are well correlated with the pathology (Smith, 1963; Smith et al., 1983). The angiogram is therefore regarded as the gold standard for aneurysm detection. Approximately 30% of aneurysmal SAH induce ICH (van Gijn and Rinkel, 2001). SAH is also caused by a variety of conditions including perimesencephalic haemorrhage, arterial dissection, cerebral arteriovenous malformation, dural arteriovenous fistula, vascular lesions around the spinal cord, septic aneurysm, pituitary apoplexy, cocaine abuse and trauma (van Gijn and Rinkel, 2001). CAA occasionally induce convexity SAH, which are usually asymptomatic or mild symptomatic, although the risk of future intracranial haemorrhage and death of patients with CAA-convexity SAH is very high (Calviere et al., 2019). Convexity SAH is excluded if the involvement of the adjoining brain parenchyma is observed (Kumar et al., 2010).

Approximately 40% of ICH cases are associated with moderate or severe CAA in the UK (Rodrigues et al., 2018). Lobar, but not deep, ICH is especially related to CAA (Rodrigues et al., 2018). The extension of SAH is a frequent finding and recognized in about 80% of CAA-ICH cases (Rodrigues et al., 2018; Renard et al., 2019), which could be attributed to CAA predominantly affecting leptomeningeal and cortical arteries compared to intracortical arteries and capillaries (Takeda et al., 2003; Thal et al., 2008). Both the Boston MRI and Edinburgh CT-based diagnostic criteria are now available for the diagnosis of CAA-ICH (Greenberg and Charidimou, 2018; Rodrigues et al., 2018). However, CAA is likely to be clinically underdiagnosed due to multiple clinical phenotypes, especially in the elderly (Sakai et al., 2019; Fakan et al., 2020). Early diagnosis of CAA is important for guiding prognosis and treatment decisions. A recent prospective study (a median follow-up time of 2.5 years) showed progression to dementia was found in more than a quarter of patients with CAA-ICH, even if no dementia was recognized after the acute phase of ICH (Xiong et al., 2019). High ICH recurrence rate was also reported in patients with CAA-ICH, compared to other forms of ICH (Pasi et al., 2018).

In conclusion, this case demonstrates that CAA-ICH can mimic severe SAH resembling that of aneurysmal origin, suggesting that CAA induces a wider spectrum of cerebrovascular disorders than previously expected.
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Demographics in 88 patients with CADASIL

Mean age at onset (years)

Male sex, (n, %)

Body mass index (kg/m?)

Blood pressure

Systolic (mmHg)

Diastolic (mmHg)

NOTCH3 mutations

Patient (n, %)

Close family (n, %)

Skin biopsy

Performed (n, %)

Detected granular osmiophilic material (n, %)
Past history

Migraine (n, %)

Migraine with aura (n, %)
Hypertension (n, %)

Dyslipidemia (n, %)

Diabetes mellitus (n, %)

One or more of above 3 vascular risk factors (n, %)
Ischemic heart disease (n, %)
Clinical presentation

Stroke-like episode/Stroke (n, %)
Dementia (n, %)

Pyramidal sign (n, %)
Pseudobulbar palsy (n, %)

None of above (n, %)

Modified Rankin Scale

Excellent (0-2) (n, %)

Moderate (3, 4) (n, %)

Poor (5) (n, %)

Death (6) (n, %)

Image findings

Magnetic resonance imaging (n, %)
MRI findings (out of 86 patients)
White matter lesion (n, %)

Anterior temporal pole lesion (n, %)
Fazekas grade 2 (n, %)

Fazekas grade 3 (n, %)
Microbleeds (n, %s)

Single photon emission computed tomography (n, %)

Cerebral blood flow reduction (% out of 40 patients)
Frontal lobe (n, %)

Temporal lobe (n, %)

Parietal lobe (n, %)

Occipital lobe (n, %)
Treatment

Anti-platelet therapy (n, %)
Aspirin (n, %)

Cilostazol (n, %)

Clopidogrel (n, %)

Dual anti-platelet therapy (n, %)
Lomerizine hydrochloride (n, %)
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28.4%
13.6%
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35.2%
1.1%
37.5%
0%

67.0%
35.2%
46.6%
22.7%
2.3%

67.0%
23.9%
5.7%
2.3%

97.7%

98.8%
84.9%
26.7%
65.1%
47.7%
45.5%

28.4%

25.0%

29.5%
8.0%

73.9%
18.2%
47.7%
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Nucleotide change Amino acid change Exon EGF-like repeat Number of cases

c.163T>G p.C55G 2 1 1
c.194G>C p.C65S 2 1 2
€.224G>C p.R75P 3 1 1
c.277T>G p.C93G 3 2 1
c.316T>C p.C106R 3 2 2
€.328C>T p.R110C 8 2 1
c.397C>T p.R133C 4 3 7
c.421C>T p.R141C 4 3 10
c.431G>T p.R144F 4 3 1
c.457C>T p.R153C 4 3 5
¢.505C>T p.R169C 4 4 3
€.521_522delinsTG p.C174L 4 4 2
c.544C>T p.R182C 4 4 8
c.554G>A p.C185Y 4 4 3
c.634T>C p.C212R 4 B 1
c.635G>A p.C212Y 4 8 1
€.665G>C p.C222S 4 8 1
€.665G>A p.C222Y 4 5 1
€.598_610delinsAGAACCC p.Pro200_Ser204delinsArgThrPro 4 5 1
Cc.734G>A p.C245Y 5 6 1
*C.953G>A p.C318Y 6 8 1
€.969C>G p.C323W 6 8 2
€.994C>T p.R332C 6 8 2
c.1255T>C p.C419R 8 10 2
c.1304G>A p.C435Y 8 11 1
¢.1370G>C p.C457S 8 11 1
c.1630C>T p.R544C 11 13-14 1
¢.1703G>A p.C568Y 11 14 1
c.1819C>T p.R607C 11 15 1
c.2185T>G p.C729G 14 18 1
¢.3010T>G p.C1004G 19 26 3
¢.3045C>G p.C10158W 19 26 1
¢.3062A>G p.Y1021C 19 26 2
c.3064T>G p.C1022G 19 26 1
Total 73

*¢.958G>A (p.C318Y) identified as a novel mutation.
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| 1,448 hospitals in Japan |

postal 1% questionnaire —| 761 hospitals didn’t reply.

| 687 hospitals replied. |

—| 609 hospitals had no CADASIL patients.

| 78 hospitals. | 6 hospitals in this study group

(Mie university, Niigata university,
Kumamoto university, National
cerebral and cardiovascular center,
Kyoto prefectural university of

medicine, and Juntendo university
| 61 patients were suspected with CADASIL. | Urayasu hospitals)

postal 2nd questionnaire

REDCap registration
2 patients didn’t meet
genetic criteria.

| 59 patients were enrolled. | | 29 patients were enrolled.

AN

88 patients were assessed. |
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N
Age (years)
Sex (male/female)
Years of education
BMI
MMSE
CAMCOG-C
Orientation
Languages
Memory
Attention
Praxis
Calculation
Abstraction
Perception
ADL
GDs
Stroop-1
Stroop-2
Stroop-3
Enlarged perivascular
spaces, no. (%)
LAs (no)
WMHs (mm?)
TUG(s)
TUG-2(s)
BBS
Step length (m)
Gait speed (mvs)
Cadence (steps/min)
Step duration (s)
Cycle duration (s)
Single support time (%)
Double support time
(%)

CSVD-GD

29
6866 +6.46
15/14
9.13£3.90
2417 £3.35
25.14+3.24
7758 12,55
98.10)
24(22,27)
1610+ 4.79
76.7)
108,12)
202,2)
576194
7.24+1.43
20(20,22.25)
785.12)
30.65 +9.61
35.32 £ 10.70
48.74 1964
5(17.24%)

7.45 £ 4.01
6.13(2.21,6.13)
17.51(15.48,18.73)
17142394
53(51.75,56)
050 0.08
0.85+0.18
101.71 £ 10.41
1.17 £0.10
1.47(1.11,1.21)
38.61(37.51,30.98)
25.64(24.18,26.71)

CSVD-NGD

29
65.45+£9.79
13/16
11.36 £ 4.60
2418 £3.10
25,60 +3.32
82.48 £ 1197
90.10)
27(23,28)
17.08+5.12
66.7)
119,12)
202.2)
583+1.93
734149
20(20.21)
5@3,10)
23624735
20.94 % 10.47
44.01 £ 1458
6(20.69%)

562+8.35
3.53(1.46,8.74)
11.18(10.42,11.68)
1219228
55(53,56)
055 +0.08
1.02:£0.18
108.68  10.14
1.10 £ 0.087
1.1(1.05,1.17)
37.42(36.63,38.81)
25.24(23.86,26.12)

P-value

0.147
0.599
0.053
0.995
0.525
0.134
0.530
0.064
0.526
0.868
0.148
0.643
0.892
0.789
0.993
0.374
0.003
0.058
0.302
0.738

0.065
0.266
<0.001
<0.001
0.483
0.007
0.001
0.012
0.004
0.006
0.014
0.423

BMI, body mass index; MMSE, Mini-Mental State Examination; CAMCOG-C, Cambridge
Cognitive Examination-Chinese version; ADL, Activities of Daily Living Scale; GDS,
Geriatric Depression Scale; LA, lacunar infarct; WMH, white matter hyperintensity; TUG,
Timed Up and Go; TUG-2, TUG dual task; BBS, Berg Balance Scale.
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Brain regions (AAL)

Decreased regions
SMAL
PoCG.R
SPLL
Increased regions
IFG.R(Orbital part)
cAUL
Poul

Cluster size
(voxels)

108
22
22

57
28
21

—18
18
—24

45
-6
—24

Peak voxel coordinate—MNI coordinates

y z
-3 63
—-42 72
—54 48
27

15 3
—54 o

T-value

—4.305
-4.179

4.443
4505
4615

AAL, anatomical automatic labeling; MNI, Montreal Neurological Institute; SMA.L, left supplementary motor area; PoCG.R, right postcentral gyrus; SPL.L, left superior parietal lobe;
IFG.R(Orbital part), right orbital inferior frontal gyrus; CAU.L, left caudate; Peu.L, left precuneus.
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Patient number and sex Past History Clinical presentation MRI findings Treatment

References Countries n Onset Male sex Migraine HTN (%) DL (%) DM (%) Stroke Dementia Anterior Microbleeds Anti-
(mean (%) (%) like (%) temporal (%) thrombotic
age) episodes/Stroke lobe medica-

(%) lesion (%) tion
(%)

Peters Germany 80 45.7 46.3 34 25 23 3 78 44 NA NA 75

etal.,

2004

Singhal United Kingdom 127 NA 39.6 NA 20 9 4 NA NA NA NA NA

etal.,

2004

Herve Germany 118 52 40.7 NA 19.5 41.9 3.6 NA NA NA NA NA

et al., and

2009 France

Adib-Samii United Kingdom 200 33.6* 43 75.8 23.9 68.6 NA NA NA NA NA NA

etal.,

2010

Pescini aly 61 50.7 49 49 NA NA NA 80 &7 77 NA NA

eral:;

2012

Ciolli et al., aly 51 503 471 471 353 36 7.8 41.2 4.3 NA NA NA

2014

Bianchi aly 229 NA 51 42 35.6 158 12.7 59 38 NA NA NA

et al.,

2015

Nannucci aly and 125 NA 45 67 30 58 6 NA NA 88 34 70

etal, United Kingdom

2018

Wang China 83 42.7 51.5 & NA NA NA 82 60 46 NA NA

et al.,

2011

im et al., South Korea 40 47.7 55.6 4 NA NA NA NA NA NA NA 333

2006

ang and South Korea 49 527 43.5 8.7 21.7 60.9 B3 NA NA NA 34.8 NA
im, 2015

Ueda Japan 51 44.2-53.6 529 a3 NA NA NA 69 31 70.6 NA NA

etal.,

2015

oizumi Japan 126 NA 47.6 44.3 16.1 26.2 4.9 70.6 46.8 79.2 543 NA
etal,

2019

Present Japan 88 49.5 62.5 13.6* 14.8 35.2 1.1 67 35.2 84.9 47.7 73.9

study

HTN, hypertension; DL, dyslipidemia; DM, diabetes mellitus. *migraine age at onset. **migraine with and without aura was 28.4%.
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Model Preparation stimulus Contraction Reference
Bovine Retina Collagen gel matix Yes Schor and Schor (1986)
Bovine Retina Cytochalasin B Yes Kelley et al. (1987)

Bovine Retina Adenosine triphosphate Yes Das et al. (1988)

Bovine Retina Histamine, serotonin, cyclic adenosine monophosphate Yes Kelley et al. (1988)

Bovine Retina Cholinergic and adrenergic agonists Yes Ferrari-Dieo et al. (1992)
Bovine Retina Sodium nitroprusside Yes Haefliger et al. (1994)

Rat Retina Anglotensin Il and histamine Yes Murphy and Wagner (1994)
Bovine Retina Anglotensin Il Yes Meatsugi et al. (1997b)
Bovine Retina Partial pressure of carbon dioxide, angiotensin I Yes Meatsugi et al. (1997c)
Bovine Retina Adenosine Yes Meatsugi et al. (19972)
Bovine Retina Sodium nitroprusside Yes Haefliger et al. (1997)
Bovine Retina Partial pressure of carbon dioxide Yes Chen and Anderson (1997)
Bovine Retina Sodium nitroprusside Yes Haefliger et al. (2002)
Ginea pig Cochlea Potassium, calcium, norepinephrine Yes Dai et al. (2009)

Ginea pig Cochlea Extracellular lactate Yes Dai et al. (2011)

Human Brain Vasoactive peptide endothelin-1 Yes Neuhaus et al. (2017)
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Model Preparation stimulus Contraction  Reference
Rat Retina whole-mount AnglotensinIl, carbachol, bradykinin, histamine Yes Schénfelder et al. (1998)

Rat Retina microvessels Cholinergic agonists Yes Wu et al. (2003)

Rat Retina microvessels Adenosine triphosphate Yes Kawamura et al. (2003)

Rat Retina microvessels Anglotensin I Yes Kawamura et al. (2004)

Rat Retina microvessels Lactate Yes Yarmanishi et al. (2006)

Rat Retina whole-mount Electrical stimulation of neurotransmitters Yes Peppiatt et al. (2006)

Rat Cerebellar siices Electrical stimulation of neurotransmitters Yes Hall et al. (2014)

Mouse Brain slices Thromboxane A2 agonist U46619 Yes Ferméndez-Klett and Priller (2015)
Rat Cortical slices Thromboxane A2 agonist U46619 Yes Mishra et al. (2016)

Rat Retina whole-mount Cannabinoid 2-arachidonoylglycerol and anandamide ~ Yes Zong etal. (2017)

Rat Spinal cord Spinal cord injury Yes Lietal. (2017)

Mouse Retina whole-mount Electrical, P2Y-R agonist, nitric oxide donor, light Yes Ivanova et al. (2017)

Mouse Retina whole-mount Ischemia Yes Alarcon-Martinez et al. (2019)
Rat, Human  Cortical slices and surgically resected  Amyloid-betas sz oligomers Yes Nortley et al. (2019)

brain
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Model Preparation Stimulus Contraction Reference

Guinea pig Cochlea Potassium, calcium, norepinephrine Yes Dai et al. (2009)

Mouse Cortex Thromboxane A2 agonist U46619, cortical spreading Yes Fernandez-Kiett et al. (2010)
depolarization

Guinea pig Cochlea Extracellular lactate Yes Dai et al. (2011)

Mouse Invivo, cortex Whisker stimuius Yes Hall et al. (2014)

Mouse Cortex Optogenic excitation of Channelmodopsin-2 No Hil et al. (2015)

Rat Cortex Forepaw stimulus Yes Mishra et al. (2016)

Mouse Retina Sensory stimulation Yes Blesecker et al. (2016)

Mouse Cortex Optogenic excitation of Channelodopsin-2 Yes Hartrmann et al. (2017, 2018)

Mouse Cortex Hind limb stimulus No Wei et al. (2016)

Ginea pig Cochlea Tumor necrosis factor Yes Bertich et al. (2017)

Mouse Somatasensory cortex Hind limb stimulus Yes Kisler et al. (2017b)

Mouse Cortex Whisker pad stimulus o cortical spreading depolarization Yes Khennouf et al. (2018)

Mouse Cortex Amyloid-beta peptides Yes Nortley et al. (2019)

Mouse Retina Ischermia Yes Alarcon-Martinez et al. (2019)
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This study  Japanese general population (4.7KJPN)*™* Japanese CADASIL patients

Ueda et al. (2015) Koizumi et al. (2019)
p.R75P carriers (n) 3 3 8 14
p.R75P non-cartiers (n) 82 4770 62 139
Total (7) 85 4773 70 163
Frequency of p.R75P carrier (%) 35 0.06 1.4 92

OR (95% CI)*
582 (11.6-2925)

“Intemet calculator (http://www.hutchon.net/ConfidOR.htm) was used.

"Number of p.R75P carriers among general Japanese population was estimated by its allele frequency (0.0003) and total number of participants (4773), because genotype frequency
is not freely available on 4.7KJPN yet.

OR, Odds ratio; Cl, confidence interval.
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Case Age Typeof Stroke  Symptoms Migraine Cognitive HTN DL DM  Smoking Family External Temporal Cerebral Fazekas CADASIL CADASIL

mutation ~ subtype impairment incidence historyof capsule  pole  microbleeds scale  scale  scale-J
stroke  lesion lesions
1 60s RSP SVD Dysarthria, ~ — = - + - - + + - + 2 6 13
Dysesthesia
2 40s R75P SVD Cognitive + + - + - - + + - + 3 17 20
decline
3 50s RSP SVD Vertigo, - = + + - - + + - - 2 7 10
Dysarthria,

Exact age is not shown for patient privacy.
HTN, Hypertension; DL, dyslipidemia; DM, diabetes meliitus; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; SVD, small vessel disease.
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Demographics in 31 patients in Phase 1 cohort

Age, years (SD) 77.4(96)
Sex

Men, n (%) 23 (76.5%)

Wormen, n (%) 8 (23.5%)
Median NIHSS at baseiine 3(QR2-4)
HTN, n (%) 0(0%)
DL, n (%) 17 (82.4%)
DM, n (%) 12 (40%)
Smoking, n (%) 14 (55.3%)

SD, Standard deviation; NIHSS, national institute of health stroke scale; IQR, interquartile
range; HTN, hypertension; DL, dyslipidemia; DM, diabetes mellitus.
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Demographics in 54 patients in Phase 2 cohort

Age, years (SD)
Sex
Men, n (%)
Women, n (%)
Median NIHSS at baseline
HTN, 0 (%)
DL, n (%)
DM, 11 (%)
Smoking, n (%)

530(6.7)

42(77.8%)
12 (22.2%)
3(QR2-4)
45 (83.3%)
30 (72.2%)
22(40.7%)
33(61.1%)

SD, Standard deviation; NIHSS, nalronal institute of health stroke scale; IQR, interquartile
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Arteriole Proximal capillary Mid-capillary Post-capillary Venule References
venule
Perivascular +8/+ — = + + Zhang et al. (1990)°, Pollock
space (BG/WM)P/— et al. (1997)°, Salzman et al.
(Cox)© (2005)°, Onodera (2011)?,
Morris et al. (2016)°
Mural cell SMC Pericyte Pericyte Pericyte SMC Zimmermann (1923), Hall et al.
(2014), Khennouf et al. (2018)
Different naming Ensheathing Mesh Thin-strand Mesh pericyte Stellate Dalkara (2019), Grant et al.
of mural cell pericyte pericyte pericyte SMC (2019), Smyth L. et al. (2018),
Yang et al. (2017)
Transitional pericyte Mid-capillary pericyte Stellate Kisler et al. (2017a),
pericytes Arango-Lievano et al. (2018),
Dalkara (2019)
Pre-capillary Capillary pericyte Post-capillary Zimmermann (1923)
pericyte pericyte
Smooth Hartmann et al. (2015), Yang
muscle-pericyte et al. (2017), Dalkara (2019)
hybrid
aaSMC Vanlandewijck et al. (2018)
Pre-capillary SMC Hill et al. (2015)
SMCs and pericytes
CSPG4 (NG2) o A ++ ++ + Hartmann et al. (2015), Hill
et al. (2015), Yang et al. (2017),
Smyth L.C.D. et al. (2018),
Vanlandewijck et al. (2018)
PDGFRB + ++ ++ ++ + Hartmann et al. (2015), Yang
et al. (2017), Smyth L.C.D.
et al. (2018), Vanlandewijck
et al. (2018)
ANPEP (CD13) + - + + -+ Kunz et al. (1994), Yang et al.
(2017), Smyth L.C.D. et al.
(2018)
Vimentin ++ + + + ++ Nehls and Drenckhahn (1993),
Itoh and Suzuki (2012)
RGS5 + + + + + Bondjers et al. (2006), Ozen
et al. (2014), Yang et al. (2017)
SMCs preferential
ACTA2 (aSMA) +++ + + + Fo Boado and Pardridge (1994),
Bandopadhyay et al. (2001),
Itoh and Suzuki (2012),
Damisah et al. (2017), Yang
et al. (2017), Alarcon-Martinez
et al. (2018), Smyth L.C.D.
et al. (2018)
Transgelin ++ + — — + Smyth L.C.D. et al. (2018),
CNNT1 R + — — — Berthiaume et al. (2018),
Vanlandewijck et al. (2018)
Desmin e —or+ —or+ —or+ b Nehls and Drenckhahn (1991),
ltoh and Suzuki (2012), Smyth
L.C.D.etal (2018)
MCAM (CD146) +4 + + & 44 Smyth L.C.D. et al. (2018)
Pericytes preferential
ABCC9 — + ++ ++ + Bondjers et al. (2006),
Berthiaume et al. (2018),
Vanlandewijck et al. (2018)
Fluoro-Niss| dye — + ++ ++ + Damisah et al. (2017)

ABCC9, ATP binding cassette subfamily C member 9; ACTA2, actin alpha 2, smooth muscle; ANPER, alanyl aminopeptidase, membrane; BG, basal ganglia, CNN1,
calponin 1; Cox, cerebral cortex; CSPG4, chondroitin sulfate proteoglycan 4, MCAM, melanoma cell adhesion molecule; PDGFR, platelet derived growth factor receptor
beta; RGS5, regulator of G protein signaling 5; WM, white matter.
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Pericyte functions Pericyte roles under pathological conditions References
SVD Stroke AD

BBB maintenance BBB breakdown and BBB breakdown and BBB breakdown Armulik et al. (2010), Bell et al. (2010), Daneman
white matter causes hemorrhagic stroke and white matter et al. (2010), Seo et al. (2014), Nikolakopoulou et al.
attenuation attenuation (2019), Stebbins et al. (2019)

Angiogenesis Compensatory Revascularization and Liu et al. (2000), Zechariah et al. (2013), Durham
angiogenesis blood vessel stabilization et al. (2014), Eilken et al. (2017), Teichert et al.

(2017), Berthiaume et al. (2018), Blocki et al. (2018)
Regulation of CBF Capillary constriction and Capillary Yemisci et al. (2009), Bell et al. (2010),

(neurovascular
coupling)

Clearance of the
brain

Immunological
property

Stem cell-like
property
Scar formation

Trap toxic substances

Release inflammatory
substances

Astrogliogenesis

no-reflow phenomenon
after stroke

Trap toxic substances

Acquire microglial
properties

Release of pro- and
anti-inflammatory
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Change to microglia-like
cells and stem cells
Make barrier between
infarcted and intact area

Ap, amyloid beta; BBB, blood-brain barrier; CBF, cerebral blood flow.

constriction and
CBF reduction

AB clearance

Release
inflammatory
substances

Fernandez-Klett et al. (2010), Hamilton et al. (2010),
Hall et al. (2014), Hill et al. (2015), Kisler et al.
(2017b), Cai et al. (2018), Khennouf et al. (2018)
Armulik et al. (2010), Bell et al. (2010),Sagare et al.
(2013), Schultz et al. (2017), Ma et al. (2018)

Ozen et al. (2014), Sakuma et al. (2016)

Kovac et al. (2011), Proebstl et al. (2012),
Guijarro-Munoz et al. (2014), Herland et al. (2016),
Rustenhoven et al. (2016), Ogura et al. (2017),
Duan et al. (2018), Matsumoto et al. (2018), Smyth
L.C.D. etal. (2018)

Ozen et al. (2014), Nakagomi et al. (2015a),
Sakuma et al. (2016)

Goritz et al. (2011), Makihara et al. (2015), Dias

et al. (2018), Hesp et al. (2018), Uemura et al.
(2018)
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