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Editorial on the Research Topic
 New developments in understanding brain and cerebromicrovascular aging: Toward prevention of vascular cognitive impairment and Alzheimer's disease




Cardiovascular and cerebrovascular diseases are the most common cause of death among older people in the United States, accounting for ~1/3 of all deaths in the US at the age of 65, and nearly 2/3 at the age of 85. With a projected increase in the number of adults over 65 years old from 12 to 22% in the next 30 years, addressing age-related vascular diseases is of critical importance, as the annual cost to care for the older population is expected to more than double in that same time frame. Aging in the brain is characterized by a vast array of functional and structural alterations of the microcirculation, contributing to the pathogenesis of a range of age-related diseases including vascular cognitive impairment (VCI), Alzheimer's disease (AD), and mild cognitive impairment (MCI). The collection of articles published in the Research Topic titled: “New Developments in Understanding Brain and Cerebromicrovascular Aging: Toward Prevention of Vascular Cognitive Impairment and Alzheimer's Disease” highlights the recent growing interest and understanding of the role of the aging vasculature in the context of the age-related loss of cognitive function. The goal of this collection is to stimulate interest and gather evidence that relates to the mechanisms underlying the neurodegenerative diseases that associate with aging, with particular emphasis on treatment and interventions that aim to prevent or delay the onset of vascular cognitive impairment and Alzheimer's disease.

VCI and AD are the most common forms of cognitive disorder associated with cerebrovascular diseases and are related to increased morbidity and mortality among the older population (Wiesmann et al., 2013). Growing evidence highlighted in this Research Topic emphasizes the multifactorial nature of age-related cerebrovascular disease. Despite the evidence that reversal of vascular dementias has shown mixed results, we now understand that many of the risk factors are largely preventable. Such risk factors examined in this special issue include the effects of obesity, sedentary lifestyle, eating behaviors, hypertension, diabetes, circulating endocrine factors, and others. The current challenges and efforts in the field will also be briefly explored, while novel biomarkers of cerebrovascular disease and AD will be discussed.

Bliss et al. investigate the effects of aerobic exercise training on cerebrovascular and cognitive function in sedentary, obese, older adults. In their study, the authors showed that cerebrovascular function and cognition improved following 16 weeks of exercise and determined the presence of a dose-response relationship between the amount of exercise sessions performed and cerebrovascular reactivity to cognitive stimuli. Lifestyle interventions aimed at delaying or preventing age-related pathophysiology include exercise (Lucas et al., 2015; Bliss et al., 2021) and alterations in diet (Dobreva et al., 2022; Maroto-Rodriguez et al., 2022) [i.e. caloric restriction, intermittent fasting (Balasubramanian et al., 2020; Bray et al., 2022), or methionine restriction]. These highly translatable interventions have been shown to be effective in mediating increased health and lifespan in mice and other model organisms. Thelen and Brown-Borg reviewed the existing evidence to better understand the therapeutic potential of diets to act as a future treatment option for AD patients.

Circulating insulin-like growth factor-1 (IGF-1) deficiency is a well-known predictor of cognitive decline. For instance, previous studies established a causal link among age-related decline in circulating levels of IGF-1, neurovascular dysfunction, and cognitive impairment (Tarantini et al., 2021). Miller et al. further describe how IGF-1 deficiency is associated with increased susceptibility to cerebral microhemorrhages and signs of microvascular degeneration in the retina in response to hypertension. The formation of microhemorrhages, which associate with cognitive impairments, psychiatric disorders, and gait dysfunctions in patients is also caused by mild traumatic brain injury (mTBI). In this context, Toth et al. have investigated the effect of mTBI on cerebral microhemorrhages in aging and have reported that aging enhances the formation of parietal and occipital microhemorrhages after mTBIs.

The properties of the brain cerebral microvasculature can be also studied in the retina (Newman, 2013), as those micro vessels are closely related to those in the brain (Ptito et al., 2021). In addition to the work from Miller et al., illustrated above, Cheng et al. utilized the retina as model to study the association between diabetic retinopathy and cognitive impairment in this extensive systematic review. This timely work better examines the correlation of diabetic retinopathy with cognitive impairment, which has not been well-studied yet.

Normal brain function is dependent on moment-to-moment adjustment of cerebral blood flow to match the increased demands of active brain regions (Masamoto and Vazquez, 2018; Yabluchanskiy et al., 2021). The underlying biological mechanism termed neurovascular coupling (NVC) is dependent on the production of the endothelium-derived vasodilator molecule nitric oxide in response to multiple mediators released from activated astrocytes. Csipo et al. studied how geriatric sepsis affects endothelial dysfunction and impaired NVC responses precede cognitive impairment in a mouse model of geriatric sepsis, suggesting that sepsis-associated endothelial dysfunction and impairment of NVC responses may contribute to long-term cognitive deficits in older sepsis survivors. In addition, Liu et al. aimed to explore the characteristics and contributions of cerebral hemodynamics and carotid atherosclerosis to cognitive dysfunction. The authors discovered that pathological changes in macrovascular structure and function are correlated with cognitive impairment in dementia. This is intriguing as recent studies have shown that macrovascular aberrations closely associated with decreased microvascular health in aging (Xu et al., 2017). Shabaan et al. were also interested in examining the link between cognition and cerebrovascular reactivity in midlife women with both preeclampsia and maternal vascular malperfusion (MVM). Their data suggested that MVM in women with preeclampsia is a promising sex-specific indicator of cerebrovascular integrity in midlife (Shabaan et al.).

Another challenge in the field of cerebromicrovascular aging has been identifying a reliable indicator or biomarker to detect patients with different forms of dementia at an early stage (Zampino et al., 2022). Liu et al. showed that basal ganglia perivascular spaces were associated with increased cardiovascular risk burden and regional differences in cerebral blood flow and gray matter volume, thereby advancing the idea that perivascular spaces are an important associated phenotypic indicator of VCI with a larger population of cognitively intact individuals. Similarly, Yao et al. suggested that in a population of frail patients with cardiovascular disease the urinary 8-oxoGsn (a typical marker of oxidative modification of RNA) adjusted by urinary creatine levels, may be a useful indicator for the early screening of MCI. In their study, Sun et al. searched for an endothelial-specific biological marker to better understand the pathogenesis of cerebral small vessel disease (CSVD). Intriguingly, they found a relationship between ADAMTS13 activity and white matter hyperintensity (WMH), subcortical infarction, but not with cerebral microhemorrhage. In addition, ADAMTS13 (which regulates the activity of endothelium-derived von Willebrand factor by cutting it into smaller, less active molecules) may play an essential role in the progression of CSVD. Another typical marker that associates with CSVD are WMHs. In their study Bauer et al. perform an extensive assessment of WMH volume and location. Notably, their results suggest that white matter microstructure may be a better predictor of WMHs volume than either brain iron levels or cerebral blood flow (CBF) but also draws attention to the possibility that some early WMH markers may be location specific. Furthermore, Vettore et al. add that the association between WMH burden and connectivity strength, during resting-state functional networks, is different between amnestic and non-amnestic MCI patients. Despite the exploratory nature of this study, these results suggest that clinical profiles reveal mechanistic interactions that may play a critical role in the classification of diagnostic vs. prognostic conditions. In another study, Liu et al. developed an innovative transfer learning model based on speech and natural language processing (NLP) technology to effectively improve the early diagnosis of AD.

Genetic variability is another interesting factor that can play a major effect in the development of cerebral vasculature (Bogorad et al., 2019), and as a determinant for age-related cerebrovascular disease and AD, as demonstrated in both clinical and experimental studies (Korstanje et al., 2021; Kulminski et al., 2022). Recent genetic mutation studies done in rodents have elucidated how different genetic backgrounds can significantly affect flow-mediated outward remodeling in the bilateral posterior communicating arteries after unilateral occlusion of a middle cerebral artery. Therefore, Eto et al. aimed to investigate the relationship between anatomical variations in the circle of Willis in cerebrovascular disease. This study sets up an important framework in which future investigations can further expand to understand what genetic variants are critical in determining anatomical variations in the circle of Willis, thus increasing vulnerability to age-related vascular disease. Additionally, Ehret et al. draw attention to an important point mutation in Notch3 (N3), which is known to cause Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL). N3 is expressed in neural stem and progenitor cells in the hippocampus, where the authors previously demonstrated that it is a critical regulator of precursor cell proliferation and differentiation in the neurogenic niche of the murine hippocampus. Based on the previous results, they now suggest that N3 might exert regulatory influences on neuronal plasticity that could impact hippocampus-dependent learning and memory. The hippocampus together with the pre-frontal cortex constitute a very important brain area involved in the regulation of emotion and cognition. Qi et al. described how a bilateral hippocampal microinjection of streptozotocin can induce AD-like behavioral performance in mice, and adaptive changes in synaptic plasticity against neuroinflammatory and endocrinal injuries. The authors interpret these findings and hypothesize the underlying mechanisms to be associated with the inadequate balance in the hippocampal expression of the key proteins involved in Wnt signaling pathway.

Lastly, Takeuchi et al. discovered that the RNA transcription analysis of metabolism related genes in circulating white blood cells (WBCs) has the potential to provide significant information relating to impaired cell-cell interaction between WBCs and endothelial cells of aged mice. Additionally, this can serve as a tool to evaluate the change of the cell-cell interaction caused by various treatments or diseases.
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The aging process causes many changes to the brain and is a major risk factor for the development of neurodegenerative diseases such as Alzheimer's Disease (AD). Despite an already vast amount of research on AD, a greater understanding of the disease's pathology and therapeutic options are desperately needed. One important distinction that is also in need of further study is the ability to distinguish changes to the brain observed in early stages of AD vs. changes that occur with normal aging. Current FDA-approved therapeutic options for AD patients have proven to be ineffective and indicate the need for alternative therapies. Aging interventions including alterations in diet (such as caloric restriction, fasting, or methionine restriction) have been shown to be effective in mediating increased health and lifespan in mice and other model organisms. Because aging is the greatest risk factor for the development of neurodegenerative diseases, certain dietary interventions should be explored as they have the potential to act as a future treatment option for AD patients.
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INTRODUCTION

Aging is the major risk factor for many diseases but the factors that drive age-related changes and promote dysfunction are poorly understood. Slowing or even delaying these processes may lead to extended periods of health in humans. With each passing year, aging has a greater impact on the U.S. healthcare system. As of the year 2020, the older adult population (65 years and older) is comprised of 56 million people and is expected to increase to nearly 90 million by the year 2050 (Alzheimer's Association, 2020a). In fact, projections point toward the year 2030 as being the first time in U.S. history where the population of those over the age of 65 will outnumber those 18 years and younger (Mendiola-Precoma et al., 2016). Aging is associated with an increased risk of disease and death; therefore, an aging population will place increased burden on our healthcare system and will have a greater financial impact on individuals throughout the country (Rose, 2009; Mendiola-Precoma et al., 2016).

Aging occurs in nearly all organisms and is represented by a physiological decline in function. Decades of work by many scientists led to the identification of several hallmarks of aging, many of which impact the brain as will be later presented. Various versions of the list exist but many agree about the general contributors. However, despite the identified hallmarks, the exact mechanisms underlying or driving biological aging remain inadequate to develop therapies to truly combat aging as a whole. This has led to alternative hypotheses suggesting that random cellular dysfunctions may be the greatest contributor to aging, potentially explaining why organisms of the same genotype (monozygotic twins) who are raised in a common environment have significantly different life spans (Kirkwood et al., 2005). An aging population warrants increased attention toward understanding the mechanisms that drive the aging process. This includes considering therapies to slow, delay or prevent aging. Past and current treatment options have focused on interventions specific for one disease process at a time (such as FDA drug approval for specific diseases). This has been one approach contributing to the increase in population health over a span of decades, as evidenced by an increase in U.S. life expectancy from 69.9 to 78.9 years from the years 1959 to 2016. However, recent data suggests that U.S. life expectancy is reaching a plateau or even slightly decreasing (Woolf and Schoomaker, 2019). A greater understanding of aging offers vast potential toward the field of medicine. It provides hope for slower disease progression and increased life expectancy in humans. However, the ultimate goal is to lengthen the overall time individuals remain disease-free (increased health-span), which would have a major positive impact on individuals and the healthcare system.



BRAIN AGING AND AD

Aging impacts many organ systems, but the brain garners a large share of the interest and funding. The brain undergoes prominent structural and functional changes throughout a lifetime. Structurally, normal brain aging involves atrophy seen through reductions in both gray and white matter and an associated enlargement of the cerebral ventricles (Drayer, 1988). These age-related reductions in gray matter are most notable in the frontal and temporal lobes (Jack et al., 1997). Much of this normal brain atrophy appears to be due to neuronal loss, neuronal morphology changes, and dendritic and synaptic reductions (Terry and Katzman, 2001; Dumitriu et al., 2010). Other structural brain changes observed in normal aging include increased visualization of amyloid-β plaques, neurofibrillary tangles, white matter injuries, small-vessel ischemia, and microhemorrhages (Terry and Katzman, 2001; Park et al., 2013; Prins and Scheltens, 2015; Shim et al., 2015; Ramirez et al., 2016). Functional changes to the brain with increased age include a gradual decline in attention, memory, decision-making speed, learning, motor coordination, and sensory perceptions (Alexander et al., 2012; Dykiert et al., 2012; Levin et al., 2014). Cognitive function is most affected in the areas of executive function, working memory, and episodic memory (Alexander et al., 2012).

Aging is the greatest risk factor for developing many neurodegenerative diseases (Hou et al., 2019). Broad classification of neurodegenerative diseases includes amyloidoses, tauopathies, synucleinopathies, and TDP-43 proteinopathies (Dugger and Dickson, 2017). Alzheimer's Disease (AD), a mixed amyloidose and tauopathy pathology, is the most common neurodegenerative disease in the U.S. Currently, AD is five times more prevalent than Parkinson's Disease, the second most common neurodegenerative disease, and this margin is expected to continue increasing. To date, AD affects nearly five million Americans (1 in 10 people over the age of 65) and is the sixth leading cause of death in the U.S. These numbers are expected to grow as 13.8 million people are projected to be living with AD by the year 2050. Furthermore, AD and related dementias will cost the U.S. over $300 billion in 2020 with an expectation to increase to more than $1 trillion by the year 2050 (Alzheimer's Association, 2020a).

Despite great effort from the scientific community, the primary cause of AD remains unknown. Risk factors for developing familial AD (leading to early onset symptoms) include mutations in the amyloid precursor protein (APP), presenilin 1 and presenilin 2 genes (Bekris et al., 2010). However, risk factors for the much more common sporadic development of AD include increased age and mutations to the ApoE4 allele (Liu et al., 2013). Features of an AD brain involve noticeable amyloid-beta (Aβ) plaques and p-tau neurofibrillary tangles (Bloom, 2014). Aβ peptides are produced after the proteolysis of the type I integral membrane protein amyloid precursor protein (APP) (Esch et al., 1990; Shoji et al., 1992; Haass and Selkoe, 1993; Haass et al., 1993; Jarrett et al., 1993). Aβ plaque and p-tau neurofibrillary tangle formation starts with altered APP cleavage by β-secretases (BACE1) and γ-secretases to produce insoluble Aβ fibrils. These Aβ fibrils then polymerize into insoluble amyloid fibrils which aggregate into plaques (Fontana et al., 2004; Simunkova et al., 2019). Polymerization of Aβ fibrils cause activation of kinases which hyperphosphorylate microtubule associated p-tau and lead to their polymerization into insoluble neurofibrillary tangles. Accumulation of Aβ plaques and p-tau neurofibrillary tangles lead to microglial activation and are associated with neurotoxicity (Long and Holtzman, 2019).

Disruption of cerebral vasculature is associated with neuroinflammation in mice studies and has also been shown to contribute to aging and AD (Tarantini et al., 2017; Fulop et al., 2019). Regions of the brain with increased activity rely on a mechanism known as neurovascular coupling (NVC) to receive a compensatory uptick in regional oxygen and glucose. NVC works through the release of the vasodilating molecule nitric oxide (NO) from microvascular endothelial cells surrounding areas of metabolically active neurons and astrocytes (Toth et al., 2014, 2015; Tarantini et al., 2017, 2018, 2019a). Interruption of the NVC mechanism tends to be found in older adults and it also leads to cognitive impairment in mice (Fabiani et al., 2014; Tarantini et al., 2017, 2018, 2019a; Lipecz et al., 2019). In fact, in mouse models of aging, interventions which improve NVC and cerebral microvasculature also improve cognitive function (Csiszar et al., 2019; Tarantini et al., 2019b; Wiedenhoeft et al., 2019). Currently functional MRI (fMRI) is one method of measuring NVC in humans, yet many new technologies are being studied for their usefulness in monitoring the cerebral microvascular changes that accompany aging (Csipo et al., 2019; Lipecz et al., 2019).

AD is a slow progressing disease characterized by a decline in cognitive function. Recent estimates report the preclinical (asymptomatic) stage of AD occurs for up to 15 to 20 years prior to clinical symptom emergence (Morris et al., 2001; Sperling et al., 2011, 2013). This is based upon examinations of brains of older individuals, who die with no cognitive impairment or mild cognitive impairment, often revealing similar pathology to those with apparent AD (Mufson et al., 1999; Price and Morris, 1999; Bennett et al., 2005; Markesbery et al., 2006). AD is classified into early stage (mild), middle stage (moderate), and late stages (severe forms). Mild and moderate stages may last for years at a time as the individual's memory, cognitive ability, and ability to live independently slowly decline. By the late stage of AD, the individual loses their ability to respond to their environment, carry on a conversation, and eventually control movement. Memory and cognition also continue to decline during this time. Most people only live for 4 to 8 years following first diagnosis (Alzheimer's Association, 2020b).

A closer look at the specific hallmarks of aging as they relate to the central nervous system is warranted. The nine hallmarks of aging include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, cellular senescence, dysregulated nutrient sensing, stem cell exhaustion, and altered intercellular communication and immune function (López-Otín et al., 2013). Many of these hallmarks are associated with neurodegenerative diseases such as AD. Studies have found increased DNA damage and altered DNA repair mechanisms in the brains of AD patients (Lovell et al., 1999). Certain epigenetic markers, such as methylation patterns in APP promoters of primates, are related to neurodegenerative features (Bradley-Whitman and Lovell, 2013). The mitophagy process seems to be defective in AD, such that stimulation of mitophagy in nematode and mouse models improved memory (Fang et al., 2019). Brain cells from AD models demonstrate reduced glucose and oxygen metabolic rates (Camandola and Mattson, 2017). Additionally, Aβ oligomers trigger senescence of neurons in vitro and senescent astrocytes, microglia, and neurons are found in greater numbers in human AD brains (He et al., 2013). In vivo and in vitro studies have found that APP expression on microglial cells is required for their proinflammatory activation to Aβ oligomers (Manocha et al., 2016). Thus, several aspects of the underlying pathology and clinical features found with AD, mirror those observed in the established hallmarks of aging.

Distinguishing normal changes to the brain with age vs. pathological changes remains a challenge to date. Difficulty arises from evidence indicating that many of the structural changes to the brain found in neurodegenerative diseases such as AD, resemble the structural changes observed in a normal aging brain. High levels of amyloid-β plaques, neurofibrillary tangles, synaptic loss, and neuroinflammation are hallmarks of AD. As previously discussed, these changes also comprise part of normal aging of the brain and it is not uncommon for these same features to be seen in a non-demented, older individual (Denver and McClean, 2018). However, many of the structural changes displayed in neurodegenerative diseases are more frequent and more severe than in the normal aging process (Park et al., 2013; Prins and Scheltens, 2015; Shim et al., 2015; Ramirez et al., 2016). Unfortunately, in the case of AD, by the time these structural changes have accumulated enough to begin manifesting in symptoms, the neuropathology is irreversible. A greater ability to distinguish AD pathology, especially in its early stages, vs. normal aging would lead to improved diagnostic capabilities and potential new drug discoveries (Denver and McClean, 2018).



THERAPIES FOR AD

Therapies to treat AD progression range from FDA-approved compounds to exercise, nutraceuticals and dietary interventions (Figure 1). Importantly, current treatment options for Alzheimer's Disease lack effectiveness. Only two therapeutic options are approved by the FDA, that being cholinesterase inhibitors (Donepezil, Rivastigmine, and Galantamine) and Memantine (an NMDA receptor antagonist/dopamine agonist) (Howard et al., 2012; Grossberg et al., 2013). Both options offer mild symptom management with no effect on long term progression of the disease. Additionally, over 20 compounds have reached large phase 3, double-blind, randomized control trials in cohorts of AD patients at various stages of disease progression, yet none have shown the ability to improve global functioning or slow cognitive decline (Long and Holtzman, 2019).


[image: Figure 1]
FIGURE 1. Current therapies to treat Alzheimer's Disease symptoms and pathologies versus potential therapies for AD that have been shown to delay aging.


Due to the ineffectiveness of AD therapeutics, alternative treatment options are being explored. Huperzine A, a nutraceutical, has been shown to increase memory and activities of daily living in AD patients (Xing et al., 2014). This compound, along with other herbal drugs such as huperzine B, ginseng, corilagen, and curcumin offer therapeutic potential for AD due to their ability to cross the blood brain barrier (BBB) and act through the inhibition of acetylcholinesterase (AChE), chelation of redox-active metals, inhibition of the aggregation of Aβ and reduction of neuroinflammation (Simunkova et al., 2019). However, these drugs are not approved by the FDA and may suffer from lack of purity and potency (Xing et al., 2014). Recently, several small clinical studies have shown a relationship between a ketogenic diet and improved cognition in AD and other neurodegenerative disease patients (Rusek et al., 2019). Administration of medium-chain triglyceride-based ketogenic formula for 12 weeks to 20 patients with mild-to-moderate AD led to a significant increase in working memory, short-term memory, and processing speed. Specifically, these patients showed improvements in the digit-symbol coding test as well as the immediate and delayed logical memory tests (Ota et al., 2019). Many treatments for AD are designed to target the production and/or accumulation of Aβ and tau proteins, but this approach has not been promising so far. Monoclonal antibodies designed to target and remove abnormal amyloid beta have shown no improvement in cognitive function in early and late stage AD patients (Doody et al., 2014; Salloway et al., 2014; Honig et al., 2018). Potential vaccines against tau protein are currently under investigation as well as deep brain stimulation and gamma-frequency oscillation therapies (Weller and Budson, 2018; Koseoglu, 2019). Thus, although numerous therapies have been explored, very few clinical options are currently available to stop or slow progression of neurodegenerative disorders. There are numerous reports showing an association between diet, exercise, and reduced risk of developing neurodegenerative diseases, but these are not considered in this discussion of treatments for ongoing disease.



MODELS OF AD

AD is modeled in the laboratory to address the biology of specific cell types as well as in mice primarily, to study disease onset, progression, and treatment. Mouse models, including transgenic and non-transgenic options, are most common for the investigation of AD and offer a variety of pros and cons (Puzzo et al., 2015). Several transgenic mouse lines have been created to mimic human AD pathology. These animals are genetically engineered to overexpress one or more of the proteins found in human AD patients and often include APP, tau, and/or presenilin. One commonly used mouse line is the double transgenic APP/PS1 which develop a robust deposition of amyloid-beta plaques due to mutations in APP on chromosome 21 and presenilin 1 (PS1) on chromosome 14. These mice show increased levels of soluble Aβ40 and Aβ42 at an early age which allows for study of an AD-related phenotype (Puzzo et al., 2015).

Behavior studies of transgenic mice aim to assess the cognitive domains of these AD models in ways that are similar to what is observed in human AD. Alterations to working memory, executive function, and attention are common aspects of cognition which are disrupted in human AD and can also be studied in transgenic mice. In humans, working memory is assessed through verbal tasks, yet working memory is typically studied in mice through maze-type tasks in which spatial working memory is evaluated. AD transgenic mice show deficits in working memory by taking longer to learn where the food reward is located and which aspects of the maze they have previously visited (Webster et al., 2014). Executive function requires higher order cognition such as planning, reasoning, and cognitive flexibility and is observed in humans through tests such as the Wisconsin Card Sorting Task (Drewe, 1974; Robinson et al., 1980; Arnett et al., 1994). AD transgenic mice show deficits in executive function abilities through tasks involving set-shifting, reversal learning, and response inhibition (Zhuo et al., 2007; Papadopoulos et al., 2013; Romberg et al., 2013). The most widely used method of examining disruptions in attention for transgenic mice is through tasks, such as the five-choice serial-reaction time task (5-CSRTT), that utilize sustained attention divided among multiple spatial locations, where a large number of trials and errors of commission, omission, and reaction time are scored (Webster et al., 2014). These rodent tests most closely resemble Leonard's 5-CSRTT and Continuous Performance Tests (CPT) of sustained attention used in humans, however, there remains difficulty translating attention results from mice AD models to those seen in humans (Rosvold et al., 1956; Wilkinson, 1963; Young et al., 2009).

The study of AD through transgenic mice (including APP/PS1 mice) is limited in some ways. First, transgenic mice express a genetic form of AD while most cases in humans are not genetically based, but rather develop sporadically at older ages. Additionally, transgenic mutations introduced into mice are not able to match the complexity seen in AD such that no mouse models can reproduce the full spectrum of human AD symptoms and pathology (Tai et al., 2017). Non-transgenic models of AD typically involve molecular (such as Aβ or tau) intracerebroventricular or intrahippocampal injections into mice. This method of investigation offers the benefit of studying acute effects on brain tissue of Aβ or tau exposure, which is more like the sporadic development of AD pathology typically occurring in humans when compared to transgenic mice. Yet, non-transgenic mice do not reproduce the gradual rise of Aβ that occurs over many years in humans and it does not replicate the spreading of pathology through regions of the brain, which is a major component of AD pathology (Puzzo et al., 2015). Ultimately, while there remains uncertainty as to how similar pathogenic pathways found in mice are to those in humans, mouse models are a valuable tool for the study of the AD process (Shineman et al., 2011).



THERAPIES FOR AGING

Currently, there are no FDA approved interventions to slow and/or delay aging. However, the search is on for drugs that may alter the aging process in humans. To date, several drugs presently approved and prescribed to treat symptoms or slow specific disease processes have shown the ability to also slow aging in model systems. Examples include Rapamycin, Metformin and Acarbose. The advantage of studying these medications is that their safety for use in humans is already known. Notable non-FDA approved options also under current study, include 17α -Estradiol (17α-E2), Fibroblast-growth factor-21 (FGF21), and Resveratrol. Further, interventions targeting the sirtuins, NAD biosynthesis, amino acids, autophagy, and senescence pathways have shown promise as well and are actively being investigated in models of aging and health (Gonzalez-Freire et al., 2020).

Rapamycin use is FDA approved for its immunosuppressive and anti-graft rejection properties (Camardo, 2003). However, Rapamycin and other rapalogs have shown an ability to increase lifespan in animal studies through inhibition of the mammalian target of rapamycin (mTOR) pathway. The mTOR pathway is a metabolic regulator whose activation is triggered by the insulin/IGF-1 axis, amino acid levels, and glucose levels which all signal cellular energy status. Signals act through two multiprotein complexes (mTORC1 and mTORC2) and lead to different outcomes. In short, mTORC1 activation leads to protein translation and cell growth, whereas its inhibition blocks growth and induces stress response pathways, such as autophagy, leading to pro-longevity effects (Laplante and Sabatini, 2012; Saxton and Sabatini, 2017). Pharmacological mTORC1 inhibition extends lifespan in mice and involves multiple processes including autophagy, lipid synthesis, mitochondrial metabolism, ribosomal biogenesis, and modulation of the senescence-associated secretory phenotypes (Pan and Finkel, 2017). Contrarily, mTORC2 inactivation is believed to be responsible for the unwanted insulin resistance associated with rapamycin treatment (Saxton and Sabatini, 2017). Inhibition of mTORC1 occurs following both acute and chronic administration of rapamycin while the unwanted inhibition of mTORC2 requires long-term rapamycin treatment (Li J. et al., 2014). Thus, rapamycin and other rapalogs remain potential candidates for use to interfere with aging processes and extend health span.

Metformin is another drug currently approved for use in humans that has shown promising age-altering effects in animal studies. Metformin is a safe biguanide-class drug used as the first line defense for type II diabetes in humans. Its effectiveness in type II diabetes management comes from its ability to lower hepatic glucose production and insulin resistance. However, there are reports that metformin use seems to offer other health benefits, one of which is its anti-aging properties. Administration of metformin leads to caloric restriction-like benefits such as improved insulin sensitivity, AMP-activated protein kinase (AMPK) activity, and better antioxidant protection (Martin-Montalvo et al., 2013). Neonatal mice injected with a single dose of metformin on the 3rd, 5th, and 7th days after birth showed a significant increase in lifespan for males and a slight (non-significant) increase in females (Anisimov et al., 2015). In both male and female neonatally-treated mice, hormonal and metabolic serum testing was unaltered compared to control. However, metformin-treated males had decreased body weight plus food and water consumption compared to control mice. Female treated mice showed no such difference compared to controls (Anisimov et al., 2015). Contrarily, administration of metformin to 2-year-old male mice leads to improved health without increased lifespan (Alfaras et al., 2017). Based on its promising results from cellular and animal studies on aging and its known safety in humans, a ground-breaking clinical trial termed TAME (Targeting Aging with Metformin) is underway. TAME is the first drug trial approved by the FDA that directly targets aging. The study plans to examine metformin's ability to delay age-related diseases beyond its effects on glucose metabolism through the study of 3,000 subjects across the U.S. between the ages of 65 to 79. Results of TAME could have a profound impact on the health care and research community. If metformin shows the ability to modulate aging and related diseases, outside of its impact on diabetes, it would be the first step in the development of drugs specifically targeting the biology of aging (Barzilai et al., 2016).

Acarbose is an alpha-glucoside inhibitor used to treat hyperglycemia and type II diabetes. When consumed with a carbohydrate-rich meal, acarbose competitively inhibits complex carbohydrate breakdown along the brush border of the small intestine resulting in delayed dietary carbohydrate breakdown and absorption (Caspary and Graf, 1979). Administration of acarbose seems to have a positive impact on both short-term and long-term blood glucose and insulin levels while also receiving reports of decreased body weight in both animal and human studies (Brewer et al., 2016). In animal studies, acarbose administration leads to extended lifespan and improved health-span particularly in male mice through an increase in fibroblast growth factor-21 (FGF21) and a decrease in IGF-1 levels (Harrison et al., 2014).

17α -Estradiol (17α-E2), Fibroblast-growth factor-21 (FGF21), and Resveratrol lack FDA approved use in humans but studies of each have shown promise for an ability to curb detrimental effects of aging in mice. 17α-E2 is a non-feminizing hormone found in humans whose administration in mice leads to reduced body weight, extended lifespan, and mitigated metabolic and age-related chronic inflammation. However, these effects were limited to only male mice (Stout et al., 2017). Fibroblast-growth factor-21 (FGF21) is a protein hormone which attenuates GH/IGF1 signaling in mice (Mendelsohn and Larrick, 2012). Transgenic overexpression of FGF21 leads to increased lifespan (Zhang et al., 2012). Finally, Resveratrol is a polyphenol found in mulberries, peanuts, and red grapes. Supplementation of this polyphenol in monkeys has shown increased health while supplementation in C. Elegans leads to increased lifespan. There have been mixed results in human studies (Gonzalez-Freire et al., 2020). Currently, there are new compounds being tested and older drugs being repurposed for potential utilization to slow aging processes and extend health in older persons, but more studies are needed.



DIET, ALZHEIMER'S DISEASE AND AGING

Since aging is the major risk factor for neurodegenerative disease, one therapeutic tactic could be to investigate agents that slow or delay aging processes and evaluate the impact on progression of AD and related dementias (Figure 1). Little research has looked at the potential role of diet on AD progression. There is evidence for certain dietary practices, such as Mediterranean diet (MD) and vitamin supplementation, offering protection against neurodegenerative disease development, but the effects of dietary intervention on the management of AD is relatively unknown (Mendiola-Precoma et al., 2016; McGrattan et al., 2019). A few small clinical studies have showed a relationship between ketogenic diet and improved cognition in AD patients (Rusek et al., 2019). These findings seem to be supported by studies showing AD patients consistently exhibit reductions in cerebral glucose utilization without alteration in brain ketone metabolism (Castellano et al., 2015; Taylor et al., 2019).

More specifically, diet has been proposed to directly affect many of the underlying features of AD progression–including amyloidogenesis, oxidative stress, and inflammation (Wu et al., 2004; Gómez-Pinilla, 2008; Murphy et al., 2014). Specific components of diet have been heavily studied for their potential role in the development and/or management of AD. For example, elevated levels of cholesterol cause increased amyloid beta production through the increased activity of APP cleaving enzymes γ-secretase and BACE1 as well as facilitating a conformational change from a helical-rich Aβ structure to an aggregation prone β-pleated sheet (Kakio et al., 2001; Thirumangalakudi et al., 2008; Xiong et al., 2008). Therapeutic lowering of cholesterol via statin therapies has also shown an association with decreased amyloid beta accumulation and AD development (Shepardson et al., 2011; Lin et al., 2015). However, a gradual decline in serum cholesterol is typically seen with dementias which shows the complexity of AD pathogenesis (Mielke et al., 2010; Presečki et al., 2011). Studies on fatty acids have yielded contradicting results, but generally saturated fats, trans-fats, and ω-6 fatty acids offer no benefit or may be detrimental in the context of AD while ω-3 fatty acids have demonstrated some potential benefits (Liyanage et al., 2019).

The association between a diet rich in carbohydrates and AD progression is strong and there is speculation as to whether altered glucose metabolism may be causative in AD. Consistently high levels of dietary sugars is linked with insulin resistance, which has been proposed as a contributive factor for AD development (Liyanage et al., 2019). Interestingly, brains of AD patients have shown decreased levels of the glucose transporters GLUT1 and GLUT3, which allow glucose to cross the blood brain barrier and provide energy to the CNS (Szablewski, 2017). Decreased glucose delivery to the brain leads to glucose starvation and stimulates AD neuropathologies, vascular degeneration, and impaired cognition (Iadecola, 2015; Winkler et al., 2015). Additionally, proper insulin signaling, which is disturbed in the AD brain, has also been suggested for appropriate regulation of amyloid beta and tau proteins (Hong and Lee, 1997; Qiu et al., 1998; Vekrellis et al., 2000; Planel et al., 2007; El Khoury et al., 2014). Insulin resistance also triggers inflammation, which may worsen AD pathology (Creegan et al., 2015).

In general, alterations to dietary protein intake modifies lifespan. Mice fed one-of-many diets varying in the ratio of macronutrients and total energy content (as seen in the Geometric Framework) found that those on low protein/high carbohydrate (LPHC) diets had the greatest improvements in longevity and metabolic health compared to all other diets (Solon-Biet et al., 2014; Le Couteur et al., 2016). In humans, a national representative study of nutrition involving a United States population (6,381 individuals aged 50 years and over) found that individuals who got more of their dietary calories from protein had significantly increased risk of all-cause cancer and cancer-related mortality. Interestingly, this relationship only applied to those under 66 years of age, as those older showed reduction in all-cause mortality when getting more of their calories from protein. The protective effect of increased dietary protein found in the older group may be explained by preventing sarcopenia and frailty development, which are more commonly observed with increased age (Levine et al., 2014). The source of protein may also be important, as a large cohort study reported an association between higher animal protein consumption and increased risk of all-cause mortality, when compared to plant-based protein intake (Song et al., 2016). Whether protein intake impacts AD directly is an area that is underexplored.

Adherence to a Mediterranean diet (MD) has been linked with improved health outcomes. Recent research is finding that MD may also offer cognitive and/or neurological benefits (Baumgart et al., 2015). MD consists of a high intake in fruits, vegetables, fish, nuts, monounsaturated fats, whole grains, and legumes while limiting intake of red meat, saturated fats, dairy, and refined grains. Results of many clinical trials have been suggestive, but not definite, for MD having a protective effect on dementias and improved cognitive performance with aging (Gardener and Caunca, 2018). The mechanism through which MD may be neuroprotective is not fully understood. MD has been shown to decrease rates of stroke and other vascular diseases (such as obesity, hypertension, and diabetes). Vascular events are associated with the development of dementia and may mediate a connection between MD and neuroprotection. Further, the antioxidants and anti-inflammatory agents found in MD have been hypothesized to play a protective role. Mouse models given extra virgin olive oil (which is high in monounsaturated fats) had improved cognitive performance and reduced beta-amyloid and tau proteins (Qosa et al., 2015). Additionally, neuronal cells treated with oleocanthal (a polyphenol found in extra virgin olive oil) led to reduced amyloid-beta oligomer-mediated astrocyte inflammation and synaptic proteins (Batarseh et al., 2017).



DIETARY RESTRICTION AND NUTRIENT SIGNALING

A common pathway involved in many interventions aimed at slowing aging processes is the somatotropic axis. Genetic alterations to this axis have dramatic effects on an organism's health and life span that is well-conserved evolutionarily. For example, low levels of growth hormone (GH) signaling, found in both Ames dwarf and growth hormone receptor (GHR) knockout mice, can extend the life of mice by over 50% (Brown-Borg, 2016). In humans with GHR deficiency and subsequent decreased GH signaling as observed in Laron syndrome (LS), protection from diabetes and fatal neoplasms occurs (Guevara-Aguirre et al., 2011). Additionally, studies of centenarians have found that low plasma levels of insulin-like growth factor-1 (IGF-1) predict survival in these long-lived people (Milman et al., 2014). Currently there are several classes of compounds approved for use in patients with acromegaly which inhibit the GH/IGF-1 axis (Trainer et al., 2000; Giustina et al., 2014). While these therapeutics have not been studied for their effects on aging and health span in humans, their safety and the known effects of decreased GH/IGF-1 levels on the health span of mice shows a promising area of future research (Longo et al., 2015).

Many dietary interventions have been found to lower signaling through the GH/IGF axis and thus positively impact health and lifespan. Reduced mTOR signaling is also frequently observed in models of extended lifespan from dietary manipulation (Papadopoli et al., 2019). It has long been known that diet impacts health in humans, but more recent work has now found new connections between diet and aging. The three most common dietary interventions include caloric restriction (CR), fasting, and methionine restriction. Each have been shown to increase lifespan in mice and will be discussed in further depth.

Protocols for caloric restriction (CR; aka dietary restriction) in rodents generally call for reduced total caloric intake by 20–50% compared to ad libitum food administration (Vaughan et al., 2018). The following of these guidelines generally produces a significant increase in lifespan in mice. However, further studies have observed that mice of differing genetic backgrounds are affected by CR differently. 42 different recombinant inbred strains of mice subjected to CR led to extended lifespan in nine strains, significantly reduced lifespan in four strains, and no significant change to 29 strains (Liao et al., 2010; Rikke et al., 2010). These results show a need for continued study of the pathways relating diet to health and aging. Current understanding seems to indicate that CR's beneficial effects on aging work through the key nutrient and stress-responsive metabolic signaling pathways including IIS/FOXO, mTOR, AMPK, sirtuins, NRF2, and autophagy (Hwangbo et al., 2020). Application of CR to human studies has begun. To an extent, chronic CR has shown to be beneficial to human health such that moderate CR without malnutrition causes a protective effect against obesity, type II diabetes, inflammation, hypertension and cardiovascular disease, all of which are major causes of morbidity, disability and mortality (Fontana et al., 2004). However, there remains valid concerns against CR since the duration and severity required for optimal health and anti-aging benefits is not feasible for most people over long periods of time and could lead to undesirable side effects (Longo et al., 2015).

Dietary fasting has also been studied for its impact on health and aging. There are many forms of fasting but common types include intermittent fasting (IF), which involves cycling between ad libitum feeding and periods of fasting, and time restricted fasting (TRF), in which food intake is limited to 6–12 h each day without a change in the total calorie intake of the normal diet (Hwangbo et al., 2020). Model studies has shown IF to lead to improved health with some reports of improved lifespan as well (Goodrick et al., 1990; Honjoh et al., 2009; Catterson et al., 2018; de Cabo and Mattson, 2019). TRF has also shown the potential to improve health and extend lifespan (Hwangbo et al., 2020). Compared to CR, the mechanisms relating fasting to aging are not as well-understood and results from rodent studies signify that IF and TRF effects on aging act through differing pathways. There have been proposed models, however, linking CR and IF through common key metabolic pathways (such as mTOR, IIS, and sirtuin) (Pan and Finkel, 2017). One relatively well-understood mechanism is that in the yeast Saccharomyces cerevisiae, in which fasting causes the activation of the stress resistance transcription factors Msn2/4 and Gis1 that regulate many protective and metabolic genes (Wei et al., 2008). In general, though, fasting is believed to be a time in which the organism activates alternative metabolic pathways which are important for repair and health maintenance (fasting physiology) (Longo and Panda, 2016). IF and TRF allow the organism to spend more time in this metabolic state which could contribute to greater health and lifespan. Human studies have found IF and TRF to be safe and to have the ability to improve metabolic health and physiological function, especially in obese individuals (Hwangbo et al., 2020; Martens et al., 2020). Yet, there are still dangers accompanying fasting implementation in certain populations of patients, especially those low in BMI, frail and old, and patients with diabetes receiving insulin or insulin-like drugs.

Although restrictions in total protein is associated with increased health and lifespan, studies have found that restrictions in specific amino acids (such as methionine or branched chain amino acids) cause similar effects. The benefits observed with methionine restriction in mice are also like those seen with CR (Brown-Borg, 2016). The longevity benefit of methionine restriction relies on GH signaling, as in the absence of GH signaling no lifespan extension is observed (Brown-Borg et al., 2014). Dietary amino acid levels are sensed by at least two evolutionarily conserved mechanisms—mTOR and GCN2 (general control non-derepressible two). The GCN2 pathway becomes activated by the absence of many amino acids while mTOR is activated by specific dietary amino acids (Li W. et al., 2014). mTORC1, a serine/threonine kinase subunit of mTOR, has been heavily studied and is an important regulator of cell growth and metabolism based on nutrient and growth factor levels (Kim and Guan, 2019). Pharmacologic inhibition of mTORC1 extends lifespan in mice and reduced levels of methionine leads to similar decreased activity in mTORC1 (Harrison et al., 2009). The conversion of methionine to S-adenosylmethionine (SAM), and the downstream SAM pathway, has been identified as the link between methionine and mTORC1 signaling. In short, less dietary intake in methionine leads to decreased mTORC1 signaling and increased health and lifespan (Kitada et al., 2019). Importantly, mice on LPHC diets in the Geometric Framework study showed low circulating branched chain amino acids which correlated with decreased activation of hepatic mTOR (Solon-Biet et al., 2014). This highlights mTOR as an important pathway in regulating health and lifespan.

Neurovascular coupling (NVC) disruptions and cerebral microvasculature changes are also being studied as potential targets for pharmacological therapies of the cognitive decline typically seen with aging, but dietary intervention offers another avenue of research into this topic. Increases in ROS production (especially mitochondrial-derived) as well as decreased production of oxidative stress protecting molecules, such as antioxidants and anti-inflammatories, are associated with vascular aging and disease (Ungvari et al., 2011, 2018, 2019; Springo et al., 2015). Contrarily, elevated levels of certain antioxidant enzymes, such as mitochondrial catalase, are associated with protection of cerebral microvasculature and the NVC mechanism in aging mice (Csiszar et al., 2019). As previously discussed, integration of dietary changes like caloric restriction and fasting increase an organism's stress response pathways which are known for their anti-inflammatory and health maintenance qualities. This raises an interesting question as to what role diet could have on maintenance and/or improvement of NVC and cerebral microvasculature in older adults and AD patients.



CONCLUSION

Aging is a major risk factor for the development of neurodegenerative diseases such as Alzheimer's Disease (AD). Current therapeutic approaches toward the treatment of AD have proved to be ineffective and emphasize the need for alternative options. Certain medications (such as Rapamycin and Metformin) are intriguing because of their known safety in humans as well as their ability to improve health and lifespan in model organisms, but dietary interventions may be the most feasible and yet understudied option. Diet has long been known to impact human health and following certain diets (such as Mediterranean) is associated with decreased incidence of neurodegenerative diseases as well as increased health and lifespan. Early findings from a few small studies show that dietary changes (such as ketogenic diet) may be useful in the management of AD. However, much more work is needed to examine the plausibility of dietary interventions for the management of certain neurodegenerative diseases.
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Background: Alzheimer's disease (AD) is a neurodegenerative disease characterized by progressive cognitive decline, psychiatric symptoms and behavioral disorders, resulting in disability, and loss of self-sufficiency.

Objective: To establish an AD-like mice model, investigate the behavioral performance, and explore the potential mechanism.

Methods: Streptozotocin (STZ, 3 mg/kg) was microinjected bilaterally into the dorsal hippocampus of C57BL/6 mice, and the behavioral performance was observed. The serum concentrations of insulin and nesfatin-1 were measured by ELISA, and the activation of hippocampal microglia and astrocytes was assessed by immunohistochemistry. The protein expression of several molecular associated with the regulation of synaptic plasticity in the hippocampus and the pre-frontal cortex (PFC) was detected via western blotting.

Results: The STZ-microinjected model mice showed a slower bodyweight gain and higher serum concentration of insulin and nesfatin-1. Although there was no significant difference between groups with regard to the ability of balance and motor coordination, the model mice presented a decline of spontaneous movement and exploratory behavior, together with an impairment of learning and memory ability. Increased activated microglia was aggregated in the hippocampal dentate gyrus of model mice, together with an increase abundance of Aβ1−42 and Tau in the hippocampus and PFC. Moreover, the protein expression of NMDAR2A, NMDAR2B, SynGAP, PSD95, BDNF, and p-β-catenin/β-catenin were remarkably decreased in the hippocampus and the PFC of model mice, and the expression of p-GSK-3β (ser9)/GSK-3β were reduced in the hippocampus.

Conclusion: A bilateral hippocampal microinjection of STZ could induce not only AD-like behavioral performance in mice, but also adaptive changes of synaptic plasticity against neuroinflammatory and endocrinal injuries. The underlying mechanisms might be associated with the imbalanced expression of the key proteins of Wnt signaling pathway in the hippocampus and the PFC.

Keywords: Alzheimer disease, streptozotocin, BDNF, nesfatin-1 (NUCB2), NMDAR
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Graphical Abstract. Summary of the effect of bilaterally hippocampal injection of streptozotocin on the mice.


INTRODUCTION

Alzheimer's disease (AD) is a devastating neurodegenerative disorder characterized by a progressive deterioration of cognitive functions (Zameer et al., 2019). Targeted at increasing the activity of cholinergic neurons, cholinesterase inhibitors such as tacrine are clinically used in the treatment for AD with limited effect, but they could not slow or reverse the progress of AD. According to the classical amyloid cascade hypothesis, the deposition of amyloid beta (Aβ) is taken as the trigger of AD leading to the formation of senile plaques (SPs) and nerve fiber tangles (NFTs), resulting in the death of nerve cells and dementia eventually. However, the results of considerable clinical trials of anti-AD agents targeting at Aβ are mostly ended in failure (Hung and Fu, 2017). Although sodium oligomannate has received its first approval in 2019 in China for the treatment of mild to moderate AD (Wang et al., 2019; Syed, 2020), it is still one of the most imperative scientific issues to explore the pathogenesis of AD clearly, find potential therapeutic targets, and develop effective therapeutic agents in the field of neuropsychiatric diseases and public health.

Increasing evidence shows the important role of glutamate-mediated excitotoxity in the pathogenesis of AD, basing on which N-methyl-D-aspartate receptor (NMDARs/GluN) antagonist memantine has been approved by American Food and Drug Administration (FDA) in treatment for AD. Classical NMDAR is a heterotetramer composed of two GluN1 subunits and two GluN2 (A/B) combinations (Henneberger et al., 2013). It has been reported that GluN2A and GluN2B promote the induction and prolongation of synaptic plasticity in different ways (Brigman et al., 2010; Wang et al., 2011; Ballesteros et al., 2016). Declined NMDAR subunits are found in the hippocampus of AD patients, with a significant association with the abnormal presynaptic changes and cognitive deficits (Sze et al., 2001).

NMDARs are reported to be involved in the pathogenesis of AD via regulating the synaptic function (Muller et al., 2018). Synaptic Ras GTPase activation protein (SynGAP) located at excitatory synapses is reported to integrate with postsynaptic density protein 95 (PSD95), Shank and Ca2+/CaM kinase II (CaMKII) into key signaling protein complexes. The complex is responsible for the membrane binding between synaptic terminals and the neurotransmitter receptors including NMDARs and AMPAR in the postsynaptic density (Chen et al., 2015). These results suggest that NMDARs perhaps take part in the etiopathology of neuropsychiatric injury in AD, with different physiological and molecular characteristics for different subunits of NMDARs.

The canonical Wnt/β-catenin signaling pathway is required for the maintenance of normal brain structure and function (Gaesser and Fyffe-Maricich, 2016), and the deficit of Wnt/β-catenin pathway has been demonstrated in the brain of AD patients (Folke et al., 2019). Results of animal studies showed that blocking of the Wnt pathway could exacerbate the Tau hyper-phosphorylation, the formation and deposition of Aβ1−42, and the memory impairment (Tapia-Rojas and Inestrosa, 2018). Note that, abnormal function of Wnt signaling pathway can promote the production of Aβ, while Aβ, in turn, can inhibit the Wnt/β-catenin signaling pathway to aggravate the course of AD (Magdesian et al., 2008; Rodriguez et al., 2011; Liu et al., 2014).

The hippocampus and the pre-frontal cortex (PFC) are very important brain areas involving with the regulation of emotion and cognition (Hiser and Koenigs, 2018), and increasing data have demonstrated their structural and functional changes in AD patients or animal models (Teixeira et al., 2018; Zhong et al., 2018) (Jahanshahi et al., 2019). Given the important role of insulin resistance in the mechanism of both AD and type 2 diabetes mellitus, streptozotocin (STZ), a glucosamine-nitrosourea and DNA alkylating reagent that could result in insulin resistance, are used widely to establish animal models of AD or diabetes mellitus with multiple administration methods (Zameer et al., 2019). Results of animal studies showed that peripheral or central administration of STZ could result in not only insulin resistance, but also structural or functional dysfunction in hippocampus and PFC (Li et al., 2018; Mishra et al., 2018). Moreover, it has been reported that hippocampal injection of AAV-CD82 could induce AD-like cognitive deficits and impairments in neuronal spine density in young adult mice (Zhao et al., 2020). Targeted hippocampal overexpression of tumor necrosis factor-α-induced protein 8-like 2 (TIPE2) in APP/PS1 mice could result in an improvement of learning and memory, together with a reduced expression of inflammatory cytokines and increased expression of anti-inflammatory cytokines (Miao et al., 2019). These findings suggest that hippocampal targeted injection of stimulants or therapeutic drugs can be used effectively in research focusing on the pathogenesis of AD and evaluation of therapeutic effects.

It is a crucial experimental means and premise to establish effective animal models mimicking the pathophysiological process of human diseases. The main purpose of this study was to characterize the AD mice model via bilaterally hippocampal microinjection of STZ. The behavioral performance was observed via the sucrose preference test (SPT), rotarod test (RT), open field test (OFT), tail suspension test (TST), novel object recognition (NOR) test, Morris water maze (MWM), and contextual fear conditioning (CFC) test. The serum concentrations of insulin and nesfatin-1 were tested via enzyme-linked immunosorbent assay (ELISA). The activation of microglia and astrocytes and neurogenesis in the hippocampus was detected by immunofluorescent staining with ionized calcium-binding adapter molecule 1 (Iba-1), CD68, glial fibrillary acidic protein (GFAP), and doublecortin (DCX) respectively. The expression of Aβ1−42, Tau, synaptic plasticity related molecules, and key proteins of the Wnt pathway in the hippocampus and the pre-frontal cortex (PFC) were detected via western blot.



MATERIALS AND METHODS


Animals

Twenty-six adult C57BL /6 male mice (bodyweight 25~30 g, aging 3 months) were purchased from and kept in the experimental animal center of Tongji University School of Medicine under the condition equipped with a commutative 12 h light/dark schedule. The mice were randomly divided into a control group (CON) and a STZ-injection model group (MOD) with 4–5 mice per cage and access to food and water ad libitum. The ambient temperature was maintained at 20 ± 2°C with 50 ± 5% relative humidity. All the animal care practices and experiment procedures were reviewed and approved by the Animal Experimentation Ethics Committee of Tongji University School of Medicine, in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication No.85-23, revised 1985).



Stereotactic Intra-Hippocampal Microinjection of STZ and Experiment Design

Each mouse was anesthetized by intraperitoneal injection of 5% chloral hydrate (0.1 ml/10 g), secured to a platform placed in a stereotaxic apparatus (David Kopf; Tujunga, CA, USA) and the scalp incised. After the bregma was located, a rotary tool was used to drill into the skull and get two burr holes, according to the following sites of 2.1 mm posterior, 1.3 mm lateral, and 1.8 mm below. Mice in the MOD group received bilateral infusions of STZ (Sigma-Aldrich, s0130; 3 mg/kg) dissolved in 0.9% sterile saline into the hippocampus on both coordinates with a constant rate (500 nL/min) pulled by a micropipette puller. Correspondingly, mice in the CON group received bilateral infusions of 0.9% sterile saline. After the wound was closed, the animals were placed on the 37°C warming pad to recover until their respiration and locomotor activity returned to normal (Zhang et al., 2016).

Bodyweight of mouse was monitored once a week. After 2 weeks of recovery from surgery, all mice were submitted to a chain of behavioral paradigms. The schedule of the experimental design is shown in Figure 1.
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FIGURE 1. Schedule of the experimental design. STZ, streptozotocin; SPT, sucrose preference test; RT, rotarod test; OFT, open field test; TST, tail suspension test; NOR, novel object recognition test; MWM, Morris water maze; CFC, contextual fear conditioning test; BDNF, brain derived neurotrophic factor; PFC, pre-frontal cortex.




Behavioral Test

All behavioral experiments were performed during the light phase of the light/dark cycle and in a sound-proof room with a neutral environment. All the mice in this study were given a 30-min habituation time after transported to the experimental rooms and subjected to the following behavioral tests. The experimenter was blind to the group identity of the tested mice. The behavioral tests were recorded with a camera and a trained researcher analyzed these videos.

The behavioral tests began with the SPT, followed in sequence by the RT, OFT, TST, NOR, MWM, and CFC test, which was shown in Figure 1.


Sucrose Preference Test (SPT)

The SPT was used to detect the anhedonia behavior in rodents (Ke et al., 2020). After a deprivation of food and water for 12 h, the mice were housed solely and had free access to two identical water bottles filled with either sterile water or 1% (w/v) sucrose solution, respectively. To eliminate the interference of the location factor, the positions of the bottles were swapped after 12 h. The mass of water and sucrose solution consumed were weighed after 12 and 24 h, respectively. The sucrose preference index (SPI) is defined as the ratio of the sucrose water ingested to the total amount of liquid intake.



Rotarod Test (RT)

Motor coordination and balance of mice was assessed by RT in a reliable way. The test was divided into two stages, namely the training period and the test period. The training period consisted of a uniform 10 rpm for 1 min, and an acceleration period of 4–40 rpm for 5 min with relaxing 30 min at least. The mice were placed on the rotating apparatus with their backs to the operator. Note that, once the mouse fell during the training, it will be put back immediately to make sure completion. The test period was conducted on the second day after the training by three trails on the rotating rod, and inter-trial interval was 1 h for each mouse. During the process of accelerating the rod device from 4 to 40 rpm over the course 5 min, the latency to fall off and the maximal rotation rate before the mouse fell down were recorded and evaluated (Kandimalla et al., 2018).



Open Field Test (OFT)

The OFT was conducted to synchronously explore the locomotion and exploration. The apparatus was made up of a square arena, with a white floor divided into 9 squares (10 cm × 10 cm) and enclosed by continuous 20.3 cm-high walls made of transparent plexiglass. Each mouse was put into it at one corner and headed toward the wall. The total distance traveled, latency to the central square, distance and duration in the central square, as well as the frequency through the central square over a 30 min period were recorded and analyzed by Activity Monitor software (Med Associates, St. Albans, VT, United States) (Zhang et al., 2019).



Tail Suspension Test (TST)

The TST was conducted as previously described (Zhou et al., 2016) with some modifications. Briefly, mice were individually suspended by tail (20 cm from floor) using a paper tape (1.5 cm from the tip of the end). Each mouse was suspended for a total of 6 min, and the duration of immobility was recorded during the final 4 min interval of the test. Mice were considered immobile only when they hung passively and completely motionless. In addition, the mouse that once climbed up their tails was not involved in this assay.



Novel Object Recognition (NOR) Test

The NOR test was performed to assess non-spatial memory in a 25 cm × 25 cm × 25 cm and black soundproof box (Zhu et al., 2014). The test consisted of three phase: habituation, training, and retention sessions. In the first stage, the single mouse was placed into the box facing the wall, having a preceding 10 min habituation once a day, for 3 consecutive days. During the training session, two indistinguishable objects were symmetrically fixed to the floor of the box, and each mouse was allowed to travel in the apparatus freely for 10 min. After the training, the mice were immediately returned to their home cages for 60 min at least. Ultimately, during the retention test, each mouse was placed back into the same box, with one of the familiar objects substituted by a novel object. Test mouse was then allowed to freely explore for 5 min and videotaped. New object recognition index, a ratio of the amount of time spent exploring the novel object over the total time spent exploring the both, was used to evaluate cognitive function. A mouse was scored as exploring the object when touching or sniffing the object with its nose or front legs, and facing the object at a distance within 1 cm (Wang D. et al., 2018).



Morris Water Maze (MWM) Test

MWM serves as a method of evaluating different aspects of spatial memory in rodents. The maze was equipped with a circular blue pool (diameter 120 cm, height 60 cm, filled with water to 40 cm high at 21°C), which was divided into four hypothetical, equal quadrants. A circular platform (11 cm diameter) was submerged approximately 1 cm below the surface of water in the center of the target quadrant. Several complex visual cues surrounded the pool diagonally and were used for facilitating orientation.

The test consisted of a 7-day acquisition phase and a 1-day probe test on the 8th day. During the acquisition phase, each mouse received 4 trials per day, and was trained to find the hidden platform. The mouse was placed into the pool facing the wall individually to find the submerged platform within 60 s, and stayed on it for 20 s. If the hidden-platform was not found within 60 s, the mouse was gently guided to the platform and held for 20 s. On the 8th day, the probe test was performed to determine memory retention, and the platform was removed. Each mouse was put into the pool from the diagonally opposite side of the previous platform, and permitted to swim for 60 s freely. The escape latency in the acquisition phase, total distance to the platform, the duration spent in and frequency to the target quadrant in the probe test were monitored and measured automatically by Noldus software (EthoVision XT 8.0, Noldus Technology) (Kandimalla et al., 2018).



Contextual Fear Conditioning (CFC) Test

The CFC paradigm was considered to assess the ability of associating a distinct context with aversive footshocks through hippocampus-dependent cognitive mechanisms in rodents as described previously (Dai et al., 2008). The mouse was subjected to a CFC test in a sound attenuating chamber (30 × 25 × 20 cm), the floor of which was consisted of parallel 2 mm diameter stainless steel rods spaced 8 mm apart. A preceding 10 min habituation was subjected to reduce the contribution of anxiety and stress on the outcome. 24 h later, mice were placed in the same chamber and allowed to explore freely for 120 s before receiving 8 unsignaled foot shocks (1.0 mA, 2 s) with inter-shock intervals of 60 s. Mice were immediately returned to their home cages 2 min after the final foot shock. The behavioral freezing to the context of mice was measured to evaluate contextual fear memory at three points: 1, 24, and 1 week after fear conditioning. The mice were placed back to the same context and scored freezing behavior for 660 s by the automated FreezeFrame system (Coulbourn Instruments), which digitizes the video signal at 4 Hz and compares movement frame by frame to score the amount of freezing. Freezing was defined as the absence of all movement except for that needed for breathing (Devi and Ohno, 2013).




Measurement of the Serum Concentrations of Insulin and Nesfatin-1

Twenty-four hours after the last behavioral test, all mice were sacrificed and the blood was collected. The serum levels of insulin and nesfatin-1 were detected using commercially available enzyme-linked immunosorbent assay (ELISA) kits (insulin: Yuanye Biotech. Co., LTD, Shanghai, China; nesfatin-1: Cusabio Biotech. Co., LTD, Wuhan, China) according to the manufacturers' instructions.



Immunofluorescent Staining

Three mice in each group were selected randomly and transcardially perfused with 0.01 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS. The whole brains were dissected out and post-fixed in 4% PFA overnight, followed by cryoprotection in 30% sucrose in PBS overnight. After embedded with optimum cutting temperature compound (OCT), the brains were cut into sagittal sections (25 m thick), and then stored at −80°C for immunostaining (Pruski et al., 2019).

Immunohistochemistry was performed as described previously (Zhu et al., 2014) with some modifications. Sections were re-hydrated washed in PBS for 3 × 10 min in a microwave followed by incubation with a blocking solution containing 5 % bovine serum albumin (BSA) and 0.1% Tween-20 in PBS (pH 7.4) for 6 min at 95°C to retrieve the antigen. Then, brain sections were incubated with rabbit anti-Iba-1 (1:1,000; LAK4357, Wako, Japan), rat anti-CD68 (1:200; MCA1957GA, Bio-Rad Company, United States), guinea pig anti-DCX (1:300; AB2253, Millipore, USA), or rabbit anti-GFAP (1:1,000; z0334, Dako, USA), at 4°C overnight. After several washes in PBS, sections were incubated with donkey anti-rabbit Alexa Fluor 488-conjugated IgG (1:500; R37118, Invitrogen, Carlsbad, CA, USA), and biotinylated horse anti-rat or horse anti-guinea pig IgG (1:500, Jackson ImmunoResearch, USA) at room temperature for 2 h. Ultimately, brain sections were incubated with streptavidin-Cy3 (1:1,000, 016160084, Jackson ImmunoResearch, West Grove, PA, USA) and counterstained with Hoechst 33258 (1:2,000, 94403, Sigma, St.Louis, MO, USA) at room temperature for 1 h. Fluorescent images were taken on a laser-scanning confocal fluorescent microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany).



Western Blot Assays

Another 3 mice were selected randomly in each group, and sacrificed by cervical dislocation 24 h after the last behavioral test. The hippocampus and the PFC were dissected promptly, frozen in liquid nitrogen and stored at −80°C. The western blot protocol was carried out as described in our previous study. Briefly, the tissues were lysed in ice-cold radio immunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail (Roche, IN, USA) and the phosphatase inhibitor PhosSTOP (Roche, IN, USA). Determine equal amounts of proteins (20 μg) using the BCA Protein Assay Reagent Kit before loading onto the 12.5% SDS-PAGE. After separated from each other, the proteins were subsequently transferred onto the polyvinylidene difluoride membrane (PVDF). The membrane was blocked 2 h with 5% BSA in TBST at RT followed by incubation with primary antibodies respectively at 4°C overnight. The primary antibodies were as follows: anti-Aβ1−42 (1:1,000; 25524-1-AP; Proteintech), anti-Tau 5 (1:200; sc-58860; Santa Cruz), anti-p-Tau (ser396) (1:1,000; sc-32275; Santa Cruz), anti-NMDAR2A (1:2,000; 19953-1-AP; Proteintech), anti-NMDAR2B (1:2,000; 21920-1-AP; Proteintech), anti-SynGAP (1:2,000; 19739-1-AP; Proteintech), anti-PSD95 (1:2,000; MA1-045; Thermo), anti-BDNF (1:1,000; sc-546; Santa Cruz), anti-p-β-catenin (1:1,000; 9561; Cell Signaling Technology), anti-β-catenin (1:1,000; 9562; Cell Signaling Technology), anti-p-GSK-3β(ser9) (1:1,000; 9323; Cell Signaling Technology), anti-GSK-3β (1:1,000; 9315; Cell Signaling Technology), anti-CyclinD1 (1:1,000; ab190564; Abcam), and β-actin (1:2,000; TA-09; Zhongshan Biotechnology). Then the membranes were further incubated with a horseradish peroxidase-conjugated secondary antibody, goat anti-rabbit or goat anti-mouse secondary antibodies (Abcam), at RT for 1 h. All procedures were performed by rinsing in TBST for 10 min and repeated three times. After developed with the Easy Enhanced Chemiluminescence Western Blot Kit (Pierce Biotechnology, Rockford, IL, USA), the protein blots were visualized by a gel imaging system (Tanon Science and Technology Co., Ltd., Shanghai, China) and then images were processed and analyzed using Image J software (NIH) (Chen et al., 2019).



Statistical Analysis

All statistical analyses were performed using SPSS (version 12.0.1, SPSS Inc., Chicago, IL, United States). The difference between groups was examined using Student's t-test. Data are expressed as means ± SEM and P < 0.05 was considered statistically significant. Correlation analysis was performed using a Pearson's correlation test.




RESULTS


Bilaterally Hippocampal Injection of STZ Induced a Decreased Tendency of Body Weight-Gain

Figure 2 shows the bodyweight and bodyweight gain of mice in the two groups. As compared with that in the control group, the tendency of the bodyweight gain in the bilaterally hippocampal STZ-injected group was decreased, with a significant difference between groups during the 2nd week post-operation (t (24) =2.160, P = 0.041; Figure 2B).
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FIGURE 2. Effects of bilaterally hippocampal injection of STZ on the bodyweight gain in mice. The data are presented as the mean ± SEM, with 13 mice in each group. Although there was no significant difference between groups with regard to the bodyweight (A), the net bodyweight gain (B) of mice injected by STZ in the model group was lower than that in the control group in the 2nd week. *P < 0.05, compared with the control group.




Bilaterally Hippocampal Injection of STZ Induced a Decrease of Locomotor Activity and Exploration Behavior in Mice in the OFT Without Significant Changes in the RT, TST, and SPT

General behavior performances of mice are shown in Figure 3, including the balance and motor coordination, automatic activity, exploratory and despair behavior, and anhedonia. As shown in Figures 3A,B, there was no significant difference between the two groups as regard to the falling time (t (24) = 0.561, P = 0.041; Figure 3A) and falling speed (t (24) = 0.496, P = 0.624; Figure 3B) in the RT. In the OFT, although there was no significant difference between groups with regards to the latency (t (24) = −1.439, P = 0.173; Figure 3C) and frequency (t (24) = −1.950, P = 0.063; Figure 3D) to the center, and duration in the center (t (24) = 0.856, P = 0.401; Figure 3E), the bilaterally hippocampal STZ-injected mice showed significantly decreased total ambulatory distance traveling in the area (t (24) = 2.474, P = 0.024; Figure 3F), as well as the ambulatory distance (t (24) =2.611, P = 0.017; Figure 3G) and ambulatory time (t (24) = 2.598, P = 0.017; Figure 3H) in the center zone as compared with the control ones. The immobility time in the TST (t (24) = 1.445, P = 0.161; Figure 3I) and the sucrose preference index in the SPT (12 h, t (24) = −0.257, P = 0.799; 24 h, t (24) = −0.239, P = 0.813, Figure 3J) were not remarkably different between groups.
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FIGURE 3. Effect of bilaterally hippocampal injection of STZ on the behavior performance of mice in the RT, OFT, TST, and SPT. The data are presented as the mean ± SEM, with 13 mice in each group. There was no significant difference between the two groups as regard to the falling time (A) and falling speed (B) in the RT. In the OFT, although there was no significant difference in the latency (C) and frequency (D) to the center, duration (E) in the center between the two groups, bilaterally hippocampal STZ-injected mice showed significant decreased total ambulatory distance traveled (F) in the area, as well as the ambulatory distance (G) and time (H) in the center zone than control mice. The immobility time (I) in the TST and the SPI (J) in the SPT are not remarkably different between groups. *P < 0.05; compared with the control group, NS is no significance.




Bilaterally Hippocampal Injection of STZ Induced an Impairment of Learning and Memory Ability in Mice in the NOR and MWM, but Not CFC

Behavioral performance of mice in the NOR task is shown in Figure 4A. As compared with the control mice, the bilaterally hippocampal STZ-injected mice spent less time exploring the novel object, with a significant decrease of the novel object recognition index (t (24) = 2.091, P = 0.047; Figure 4A).
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FIGURE 4. Effect of bilaterally hippocampal injection of STZ on the behavior performance of mice in the NOR, CFC and MWM. The data are presented as the mean ± SEM, with 13 mice in each group. In the NOR, compared with control mice, the novel object recognition index of model mice (A) was remarkably reduced. There was no significant difference between the two groups in the stage of fear memory formation (B) and freezing time of mice when the fear memory was extracted after 1 h, 1 day, and 1 week (C) in the CFC. In the MWM, during the acquisition phase, bilaterally hippocampal STZ-injected mice took longer time to find the submerged platform than the control mice did on 6th day (D). During the probe trial, the model mice showed increased total swimming distance to the platform (E), decreased duration (F) and less frequency (G) in the target quadrant. *P < 0.05, **P < 0.01; compared with the control group, NS is no significance.


Figure 4B shows the performance of mice in the stage of fear memory formation in the CFC test, and there was no significant difference between the two groups. Moreover, the amount of freezing to context (Figure 4C) of the bilaterally hippocampal STZ-injected mice was not observably different from that of control ones, when the fear memories were extracted in the same environment 1 h, 1 and 7 days after formation of fear memory (1 h, t (24) = 0.448, P = 0.658; 1 day, t (24) = −1.158, P = 0.258; 7 days, t (24) = 0.542, P = 0.592, Figure 4C).

The performance of mice during the acquisition phase in the MWM is shown in Figure 4D. All the mice in this study learned how to locate the platform, as revealed by the sharp decline in the escape latency to the submerged platform. Moreover, the bilaterally hippocampal STZ-injected mice spent a longer time to find the escape platform than the control ones did on the sixth day (t (24) = −2.611, P = 0.017; Figure 4D). In the probe test, as compared with that of the control group, the total swimming distance to the platform (t (24) = −2.179, P = 0.044; Figure 4E) of the model mice was significantly extended, together with a shorter duration (t (24) = 2.411, P = 0.024; Figure 4F) in and less the frequency (t (24) = 3.625, P = 0.001; Figure 4G) to the target quadrant.



Bilaterally Hippocampal Injection of STZ Increased the Serum Concentrations of Insulin and Nesfatin-1 in Mice

As Figure 5 shown, compared with those in the control mice, the serum concentrations of insulin (t (24) = −3.665, P = 0.001; Figure 5A) and nesfatin-1 (t (24) = −4.850, P < 0.001; Figure 5B) were observably increased in the bilaterally hippocampal STZ-injected mice.
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FIGURE 5. Effect of bilaterally hippocampal injection of STZ on the serum concentrations of insulin and nesfatin-1. The data are presented as the mean ± SEM, with 13 mice in each group. Compared with those in the control mice, the serum concentrations of insulin (A) and nesfatin-1 (B) were observably increased in the bilaterally hippocampal STZ-injected mice. **P < 0.01, compared with the control group.




Bilaterally Hippocampal Injection of STZ Promoted Microglia to Aggregate and Activate in the Hippocampus of Mice

Figures 6A–F shows the typical immunofluorescent images of Iba-1 (green) and CD68 (red) in the mice hippocampal sections. As shown in Figures 6A,D, the Iba-1 (green) positive microglia clustered at the dentate gyrus (DG) of the bilaterally hippocampal STZ-injected mice, while such a phenomenon was not detected in the control group. Interestingly, as shown in Figure 6K, a dramatic ascending number of positive Iba-1 (green) marked microglia (t (4) = −2.796, P = 0.049; Figure 6K) and CD68 (red) marked activated microglia (t (4) = −3.806, P = 0.019; Figure 6K) were presented in the DG of the hippocampal tissues of model mice, and the activated microglial marker CD68 was mostly clustered around the hippocampal injection site.
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FIGURE 6. Effects of bilaterally hippocampal injection of STZ on the activation of microglias in the dentate gyrus of hippocampus of mice. (A–F) shows immunofluorescent microscopy of Iba-1 (green) and CD68 (red) in hippocampus tissues and the dentate gyrus. (G–J) shows immunofluorescent microscopy of DCX (red) and GFAP (green) in hippocampus tissues and the dentate gyrus (DG). Compared with those in the control mice, the number of Iba-1 (A,D) and CD68 (B,E) positive microglia ascends significantly in the DG tissues of the model group (K). There was no significant difference in the number of positive cells of DCX (G,H) and GFAP (I,J) between the two groups. The data in (K) and (L) are presented as the mean ± SEM, with 3 mice in each group. Scale bars = 100 μm in J (applies to A–J), 200 μm in insets. *P < 0.05; compared with the control group, NS is no significance.


Figures 6G–J shows the typical immunofluorescent images of DCX (red) and GFAP (green) in the mice brain sections. There was no significant difference between groups as regard to the number of DCX (red) positive cells (t (4) = 0.417, P = 0.698; Figures 6G,H,L). As shown in the Figures 6I,J,L, the GFAP (green) positive cells in the mice brain of the two groups were uniformly distributed in the hippocampus (t (4) =1.814, P = 0.210; Figure 6L).



Bilaterally Hippocampal Injection of STZ Induced an Increased Expression of Aβ1−42 and Both the Total and Phosphorylated Tau in the Hippocampus and the PFC in Mice

Figure 7 shows the expression of Aβ1−42, p-Tau (ser396) and Tau 5 in the hippocampus and PFC of the mice. As compared with that in the control group, the relative expression of Aβ1−42 was remarkably increased in the hippocampus (t (4) = 2.947, P = 0.046; Figure 7B) and PFC (t (4) = 2.175, P = 0.032; Figure 7C), and both the expression level of p-Tau (ser396) and Tau 5 were significant increase in the hippocampus (t (4) = 2.195, P = 0.008; Figure 7B; t (4) = 4.092, P = 0.007; Figure 7B) and the PFC (t (4) = 1.389, P = 0.001; Figure 7C; t (4) = 8.196, P = 0.035; Figure 7C).
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FIGURE 7. Effect of bilaterally hippocampal injection of STZ on amyloid beta and Tau protein in the hippocampus and PFC of model mice. Typical graph (A) and statistical analyses (B,C) of the western blot results. Data in (B,C) are presented as the mean ± SEM (n = 3 for each group). Compared with that in the control mice, the relative expression of Aβ1−42, p-Tau (ser396) and Tau 5 was increased in the hippocampus (A,B) and the PFC (A,C) of the model mice. *P < 0.05, **P < 0.01; compared with the control group.




Bilaterally Hippocampal Injection of STZ Induced an Imbalanced Expression of Synaptic Plasticity Related Proteins in the Hippocampus and the PFC in Mice

Figure 8 shows the protein expressions of NMDAR2A, NMDAR2B, SynGAP, PSD95, and BDNF in the hippocampus and PFC of mice. Compared with those in the control mice, the expression levels of NMDAR2A (Hippocampus: t (4) = 7.037, P = 0.002, Figure 8B; PFC: t (4) = 6.490, P = 0.003, Figure 8C), NMDAR2B (Hippocampus: t (4) = 3.962, P = 0.017, Figure 8B; PFC: t (4) = 9.076, P = 0.001, Figure 8C), SynGAP (Hippocampus: t (4) = 3.391, P = 0.028, Figure 8B; PFC: t (4) = 6.613, P = 0.003, Figure 8C), PSD95 (Hippocampus: t (4) = 4.461, P = 0.011, Figure 8B; PFC: t (4) = 3.280, P = 0.030, Figure 8C) and BDNF (Hippocampus: t (4) = 6.092, P = 0.004, Figure 8B; PFC: t (4) = 3.423, P = 0.027, Figure 8C) were remarkably decreased in both the hippocampus and the PFC of bilaterally hippocampal STZ-injected mice. Despite the small sample size, significant positive correlations were observed between the protein expression of BDNF and NMDAR2A (Hippocampus: r = 0.996, P < 0.001, Supplementary Figure 1A; PFC: r = 0.960, P = 0.002, Supplementary Figure 1B), SynGAP (Hippocampus: r = 0.850, P = 0.032, Supplementary Figure 1C; PFC: r = 0.880, P = 0.021, Supplementary Figure 1D), or PSD95 (Hippocampus: r = 0.857, P = 0.029, Supplementary Figure 1E; PFC: r = 0.894, P = 0.016, Supplementary Figure 1F). Moreover, significant positively correlations were also observed between the protein expression of NMDAR2A and NMDAR2B (Hippocampus: r = 0.820, P = 0.045, Supplementary Figure 2A; PFC: r = 0.985, P < 0.001, Supplementary Figure 2B), SynGAP (Hippocampus: r = 0.848, P = 0.033, Supplementary Figure 2C; PFC: r = 0.952, P = 0.003, Supplementary Figure 2D), or PSD95 (Hippocampus: r = 0.851, P = 0.032, Supplementary Figure 2E; PFC: r = 0.871, P = 0.024, Supplementary Figure 2F).
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FIGURE 8. Effects of bilaterally hippocampal injection of STZ on the expression of synaptic plasticity related proteins in the hippocampus and PFC of model mice. Typical graph (A) and statistical analyses (B,C) of the western blot results. Data in (B,C) are presented as the mean ± SEM (n = 3 for each group). In the hippocampus (A,B), the expression of NMDAR2A, NMDAR2B, SynGAP, PSD95, and BDNF was all decreased in the model group. The proteins expression situation in PFC is similar to that in hippocampus (A,C). *P < 0.05, **P < 0.01; compared with the control group.




Bilaterally Hippocampal Injection of STZ Induced a Dysregulation of Wnt/β-catenin Signaling Pathway in the Hippocampus and the PFC in Mice

Figure 9 shows the expression of key proteins in the Wnt/β-catenin pathway in the hippocampus and PFC of the mice. As compared with that in the control group, the relative expression of p-β-catenin/β-catenin in both the hippocampus (t (4) =3.111, P = 0.036; Figure 9B) and the PFC (t (4) = 9.748, P = 0.001; Figure 9C) were remarkably declined in bilaterally hippocampal STZ-injected mice, and the expression of p-GSK-3β (ser9)/GSK-3β was decreased in the hippocampus (t (4) = 4.306, P = 0.013; Figure 9B), but not the PFC (t (4) = 1.821, P = 0.143; Figure 9C). No significant changes were found between groups as regard to the protein expression of CyclinD1 in both the hippocampus (t (4) = 1.284, P = 0.269; Figure 9B) and the PFC (t (4) = 1.988, P = 0.118; Figure 9C). The results of Pearson's correlation analysis showed that the protein expression of p-GSK-3β/GSK-3β was positively correlated with BDNF (r = 0.939, P = 0.005; Supplementary Figure 3A), NMDAR2A (r =0.937, P = 0.006; Supplementary Figure 3B), or synGAP (r = 0.960, P = 0.002; Supplementary Figure 3C) in the hippocampus.
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FIGURE 9. Effect of bilaterally hippocampal injection of STZ on the key protein expression of Wnt/β-catenin pathway in the hippocampus and prefrontal cortex of model mice. Typical graph (A) and statistical analyses (B,C) of the western blot results. Data in (B,C) are presented as the mean ± SEM (n = 3 for each group). In the hippocampus (A,B), the expression of p-β-catenin/β-catenin and p-GSK-3β(ser9)/GSK-3β was decreased in the model group, without CyclinD1. In PFC (A,C), although the expression of p-β-catenin/β-catenin of model mice was lesser than that of control mice, but not p-GSK-3β (ser9)/GSK-3β and CyclinD1. *P < 0.05, **P < 0.01; compared with the control group, NS is no significance.





DISCUSSION

In the present study, an AD mouse model was established via bilaterally hippocampal injection of STZ. The results showed that a bilaterally hippocampal injection of STZ could induce a decreased tendency of bodyweight gain in mice, together with remarkably increased serum concentrations of insulin and nesfatin-1. Results of behavioral tests demonstrated that the spontaneous movement and exploratory behavior were decreased in the bilaterally hippocampal STZ-injected mice as compared with the control ones. More importantly, the model mice showed a task-specific impairment of learning and memory, as indicated by the declined novel object recognition index in the NOR, and the longer escape latency and swimming distance in the acquisition of MWM, decreased duration and less frequency in the target quadrant during the navigation phase of MWW. Moreover, our results showed that the microglia was aggregated around the injection site, and the number of activated microglia increased remarkably in the DG of the model mice. Furthermore, apart from the increased abundance of Aβ1−42 and Tau in the hippocampus and PFC of the model mice, the expression of NMDAR2A, NMDAR2B, SynGAP, PSD95, BDNF, and phosphorylated β-catenin were remarkably reduced in the hippocampus and the PFC, and the phosphorylation of GSK-3β was declined in the hippocampus. The alterations in the neuroinflammatory and neuroendocrine responses, together with the adaptive changes of synapse plasticity and Wnt signaling pathway, supported again the network hypothesis of AD that compromised functionality of relevant neural networks may underlie the development of AD symptomatology.

STZ belongs to the family of glucosamine-nitrosourea compound and DNA alkylating reagent, and could be transferred to the cells alone by means of glucose transporters protein 2 (GLUT2). Peripheral injection of STZ is used widely to induce animal models of diabetes mellitus, as it could kill the pancreatic β cells high selectively at a dose-dependently manner and induce glucose metabolism disorder. Given the important role of insulin in the regulation of synaptic plasticity and the close relationship between diabetes mellitus and AD, STZ is also reported to be used in establishing AD animal models (Agrawal et al., 2011; Rai et al., 2014). It has been reported that intracerebroventricular (icv) injection of STZ could cause not only the dysfunction of insulin/ insulin-like growth factor (IGF) pathway, but also the impaired learning and memory ability in mice (Agrawal et al., 2011). Consistently, in the present study, our results showed that bilateral injection of STZ into the dorsal hippocampus could induce a significant increase of serum insulin level in mice. These results suggest that there might other mechanism underling the effect of STZ on insulin secretion and glucose regulation, besides directly killing the pancreatic β cells.

To investigate the behavioral changes induced by central administration of STZ and its subsequent increase of serum insulin concentration, a series of behavioral tests were performed in the present study. The results showed that hippocampal injected with STZ could induce an impairment of learning and memory in mice, together with decreased spontaneous movement and exploratory behaviors, which was consistent with the findings in previous studies of STZ icv injected mice (Zhang et al., 2016; Sorial and El Sayed, 2017; Moreira-Silva et al., 2018). There was no significant difference between groups as regard to the behavioral performance in the TST, SPT, and RT, indicating that a bilaterally hippocampal injection of STZ might not enough to induce despair, anhedonia, and impairments of balance and coordination activity in mice. On the whole, these results showed that bilateral hippocampal STZ injection could successfully induce a turbulence of insulin abundance and trigger task-specific AD-like behavior changes in mice. Together with the increased expression Aβ1−42 and Tau in the hippocampus and PFC, our results indicated that bilaterally hippocampal injection of STZ should be an effective method to establish an AD-like mice model, with the advantages of clear location, accurate dose and direct effect.

Nesfatin-1 is a satiety factor widely expressed in both central and peripheral tissues. Apart from the function of regulating feeding behavior and energy metabolism, nesfatin-1 has been reported to participate in the pathogenesis of anxiety, depression and other neuropsychiatric behaviors. Results of our previous study demonstrated that peripheral abundance of nesfatin-1 could be changed by high-fat diet and chronic stress, and ip injection of nesfatin-1 could induce anxiety and depression-like behavioral disorder in rats, together with the change of hippocampal synaptic plasticity (Ge et al., 2015; Chen et al., 2019). Higher plasma level of nesfatin-1 was also reported in AD or diabetes mellitus patients and animal models (Dong et al., 2013; Alpua and Kisa, 2019), with significant correlation to the cognitive dysfunction. In the present study, our results showed that the serum nesfatin-1 concentration was increased in the bilaterally hippocampal STZ-injected mice. Although the mechanism remains unclear, these results provide new evidence that nesfatin-1 might be involved with the insulin metabolism disorder-associated cognitive impairment in AD.

Neuro-inflammation has long been taken as a critical factor in the pathological of AD. It has been demonstrated that microglia can be activated by Aβ deposition, thereby secreting various inflammatory cytokines and inducing the activation of the complement system (Marttinen et al., 2018). In turn, the reactive inflammatory response will induce a further activation of microglia, as a vicious circle, ultimately leading to the neuronal dysfunction. Iba-1 is a specific marker of microglia, and CD68 is also used to label activated microglia. Increased expressions of Iba-1 and GFAP have been identified in the hippocampus of adult rats or mice received icv administration of STZ (Dos Santos et al., 2020). In line with these findings, in the present study, the activation of microglia was observed in the STZ model group as indicated by aggregation and increased expression of Iba-1 and CD68 in the dentate gyrus of hippocampal tissues, The data is consistent with the phenomenon of a marked increase in CD68-labeled activated microglia in AD brain slices of APP/PS1 transgenic mouse (Gallagher et al., 2012). However, there was no significant difference between groups as regard to the expression of GFAP, which is taken as a marker of astrocytes activation. Although there was no exact interpret for this discrepancy, it has been reported that microglial cells act as first line of defense against immune responses in the brain, while astrocytes are neurosupportive in nature (Kraft et al., 2009; Kirkley et al., 2017). Microglial responses are often rapid, as compared with the more delayed activation of astrocytes against stimulation (Zhang et al., 2010; Kaur et al., 2019). Moreover, in many neurodegenerative diseases including AD, activation of microglia is reported to precede astrogliosis and overt neuronal loss (Kirkley et al., 2017). Although the dynamic changes of both microglia and astrocytes activation were not observed in this study, our results, together with the findings in other reports, suggested again that temporally distinct signaling events are required for a reactive phenotype in different type of glial cell.

The doublecortin (DCX) is considered as a molecular marker of neurogenesis in hippocampal dentate gyrus and only expressed in the newborn neurons, and significantly reduced number of newborn neurons labeled with DCX was demonstrated in the hippocampus of an AD rat model induced by icv injection of STZ (Mishra et al., 2018). In this present study, there was just a downward trend of DCX immune-positive cells in the dentate gyrus of the model mice, without a significant difference between groups. These results indicated that the reactive inflammatory response was activated after bilaterally hippocampal injection of STZ, together with subtle decline of neurogenesis. These changes might interpret partly the impairment of learning and memory of AD-like model mice induced by STZ hippocampal injection. However, more detailed investigation should be carried out focusing on the delicate shifts and the potential mechanism in the future.

Brain-derived neurotrophic factor (BDNF) can provide neurotrophic support for different neuronal populations including 5-HT and is a seminal regulator of synaptic plasticity. Decreased BDNF concentration has been reported in serum and CSF of AD patients, with a significantly positive relationship between the degree of decline and the severity of cognitive dysfunction (Li et al., 2009; Ng et al., 2019). Moreover, it has been demonstrated that lateral ventricle injection of nerve growth factor can significantly improve the cognitive abilities of AD transgenic mice by up-regulating the hippocampal expression of BDNF. Furthermore, BDNF can reverse neuron loss, improve cognitive impairment, and provide substantial protection for important neural circuits associated with AD (Nigam et al., 2017). Consistent with these findings, our results showed a decreased protein expression of BDNF in the hippocampus and the PFC of bilaterally hippocampal STZ-injected mice, suggesting the central role of BDNF in the pathogenesis of AD again. It has been reported that astrocytes could secrete BDNF to promote the development and survival of the central nervous system (de Pins et al., 2019). However, in the present study, the results of immunofluorescent staining showed no significant difference between groups about the number of astrocytes in the DG, indicating that the decreased expression of BDNF in the hippocampus and PFC of STZ-injected mice may not be regulated totally by the astrocytes.

NMDARs serve as modulators of synaptic transmission in the mammalian central nervous system with both short-term and long-lasting effects, and take responsible for maintaining the neuronal excitability, Ca2+ influx, and memory formation (Kamat et al., 2016). BDNF is reported to bind with TrkB and promote the activation of NMDAR and the aggregation of PSD95 through the PI3K-Akt pathway to regulate synaptic plasticity (Yoshii and Constantine-Paton, 2007). Over-activation of NMDAR could lead to neuronal cell death, excessive influx of Ca2+, and abnormal generation of free radicals, which drives synaptic dysfunction and hyper-phosphorylation of Tau protein (Rai et al., 2013). Memantine, the NMDA receptor antagonist, has been reported to improve the cognitive function of AD patients by improving the activity of glutamatergic neurons (Hong et al., 2018; Jason and Andrew, 2018). Besides, the content of phosphorylated and non-phosphorylated NMDAR subunits in the hippocampus of AD patients are reduced (Sze et al., 2001). Consistently, in SAMP8 mice or AD models injected with Aβ25−35 or Aβ1−42, the expression of NMDAR1, NMDAR2A, and NMDAR2B were decreased markedly in the hippocampus or cortex (Xu et al., 2016; Wang K. et al., 2018; Chang et al., 2020). Moreover, it has been demonstrated that ketamine, a non-competitive NMDAR antagonist, could ameliorate the impaired learning and memory of developing mice induced by repetitive mechanical stress, and the mechanism may be associated with the increased hippocampal BDNF expression (Peng et al., 2011; Chang et al., 2018). In this present study, the expression of NMDAR2A and NMDAR2B in the hippocampus and PFC of mice were significantly down-regulated after bilaterally hippocampal injection of STZ, and a significant positive correlation was found between the protein expression of BDNF and NMDAR2A. These results further confirmed the central role of BDNF in the pathogenesis of AD and the close relationship between BDNF and NMDARs.

Synaptic plasticity is the material basis for regulating learning and memory functions and emotional states. The PDZ domain of PSD95 can be combined with the intracellular domain of the NMDAR2 subunit, thereby anchoring NMDAR to the post-synaptic densities, based on which NMDAR can exert a biological function on synapses (Chen et al., 2015). Unsurprising, PSD95 is reported decreased in the hippocampus of APP/PS1 AD transgenic mice (Zhang et al., 2020). SynGAP, a protein enriched in excitatory synapses, can integrate with PSD95, Shank and Ca2+/CaMKII to form a complex that plays a key role in synaptic plasticity (Kim et al., 1998). Aβ oligomers have been reported to be capable of instigating synapse dysfunction and deterioration via binding with SynGAP, subsequently aggravating the course of AD (Ding et al., 2019). Results of postmortem study showed that the SynGAP levels in the PSD were remarkably declined in the PFC of AD patients (Gong et al., 2009). Compared with that of control group, the expressions of SynGAP and PSD95 in the hippocampus and the PFC of AD model mice was significantly down-regulated in the present study. Apart from the significant positive correlation between BDNF and NMDAR2A, the protein expression of SynGAP and PSD95 were also remarkably correlated with the expression of BDNF. Together with the shifted expression of BDNF and NMDARs in this study, our result suggests again that the synaptic plasticity, involved with the balance of multiple proteins and multiple receptors, play a critical role in the pathogenesis of AD.

Dysfunction of the Wnt/β-catenin signaling pathway is also involved in the progress of AD, which is manifested by the decreased level in β-catenin and increased activity of GSK-3β. The inhibition of Wnt/β-catenin pathway is reported to promote massive accumulation of Aβ and Tau hyper-phosphorylation, and Aβ in turn inhibits the Wnt/β-catenin pathway, eventually resulting in neurofibrillary tangles in AD patients and worsening the course of AD (Jia et al., 2019). Moreover, it has been demonstrated that blocking Wnt/β-catenin pathway could down-regulate the expression of BDNF induced by NMDAR activation in the primary cortical neurons of mice, whereas activation of Wnt/β-catenin pathway could stimulate and increase BDNF expression (Zhang et al., 2018). In this present study, the phosphorylation of β-catenin and GSK-3β (ser9) were decreased in the hippocampus or PFC of mice after bilaterally hippocampal injection of STZ, although the expression of CyclinD1 was not significantly different between groups. The phosphorylation of GSK-3β at ser9 inhibited the activity of GSK-3β, and the reduced phosphorylation of GSK-3β (ser9) in the hippocampus indicated the abnormal increased activity of GSK-3β. It has been demonstrated that GSK-3β could directly inhibit the expression of BDNF by phosphorylation of CREB (Grimes and Jope, 2001). In the present study, the protein expression of p-GSK-3β/GSK-3β was positively correlated with BDNF. These results indicated again the expression pattern of Wnt/β-catenin signaling pathway might be associated with the pathogenesis of STZ-induced AD, and BDNF might be taken as an important factor linking the imbalanced protein expression to the changed synaptic plasticity.

There were several limitations in the current study. First, although the central role of BDNF in the AD-like neurobiological changes induced by bilateral hippocampal STZ injection was suggested, it was not further identified by intervening the abundance or function of BDNF. Moreover, the correlation between BDNF and insulin or nesfatin-1, need to be observed in our further studies. Additionally, although increased expression of Aβ1−42 and Tau was demonstrated in this study, it is better to investigate the abundance of Aβ and more phosphorylation-site of Tau in detail.

In summary, our results showed that a bilaterally hippocampal injection of STZ could successfully induce AD-like behaviors in mice. Moreover, dysfunctional neuroendocrine response was also found in the bilaterally hippocampal STZ-injected mice, as indicated by the increased serum concentration of insulin and nesfatin-1. Apart from the hippocampal inflammatory response, the mechanism might be associated with the imbalanced expression of synaptic plasticity-related proteins in hippocampus and PFC, including NMDAR2A, NMDAR2B, SynGAP, PSD95, and BDNF. Moreover, the dysfunction of Wnt/β-catenin pathway, especially the decrease in the phosphorylation of β-catenin and GSK-3β, may also be involved in AD-like pathological process. Given the relationship between BDNF and the imbalanced expression of proteins associated with regulation of synaptic plasticity in the hippocampus and the PFC, the central role of BDNF was self-evident. These findings might provide new evidence for understanding the pathogenesis of STZ-associated AD.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Experimentation Ethics Committee of Tongji University School of Medicine.



AUTHOR CONTRIBUTIONS

C-CQ and X-XC performed most of the experiments, analyzed the data, and wrote the manuscript. X-RG performed Western blotting analysis. J-XX and SL modified the pictures. C-CQ and J-FG designed of the study. J-FG conceived the study and revised the manuscript. All authors read and approved the final manuscript.



FUNDING

Funding for this study was provided by the Natural Science Foundation of China (81870403, 81401122) and Anhui Medical University Basic and Clinical Cooperative Research Promotion Plan (2020xkjT036). These institutions had no role in the study design; the collection, analysis, or interpretation of the data; the writing of the manuscript, or the decision to submit the paper for publication.



ACKNOWLEDGMENTS

The authors would like to thank Dr. Qiong Zhang and Ling Hu who assisted in the experiments of molecular biology and statistical analysis of data. The preprint of this manuscript has been displayed in bioRxiv without copyright.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.633495/full#supplementary-material



ABBREVIATIONS

Aβ, amyloid beta; AD, Alzheimer's disease; ADDLs, Aβ-derived diffusible ligands; CFC, contextual fear conditioning test; CREB, cAMP response element-binding protein; DCX, doublecortin; ELISA, enzyme-linked immunosorbent assay; FDA, American Food and Drug Administration; GFAP, glial fibrillary acidic protein; GLUT2, glucose transporters protein 2; Iba-1, ionized calcium-binding adapter molecule 1; IGF, insulin-like growth factor; MWM, Morris water maze; NFTs, nerve fiber tangles; NMDARs, N-methyl-D-aspartate receptor; NOR, novel object recognition test; OFT, open field test; PFC, pre-frontal cortex; PSD95, postsynaptic density protein 95; RT, rotarod test; SPs, senile plaques; SPI, sucrose preference index; SPT, sucrose preference test; STZ, streptozotocin; SynGAP, Synaptic Ras GTPase activation protein; TST, tail suspension test.



REFERENCES

 Agrawal, R., Tyagi, E., Shukla, R., and Nath, C. (2011). Insulin receptor signaling in rat hippocampus: a study in STZ (ICV) induced memory deficit model. Eur. Neuropsychopharmacol. 21, 261–273. doi: 10.1016/j.euroneuro.2010.11.009

 Alpua, M., and Kisa, U. (2019). Nesfatin-1 and caspase-cleaved cytokeratin-18: promising biomarkers for Alzheimer's disease? Bratisl. Lek. Listy 120, 295–298. doi: 10.4149/BLL_2019_046

 Ballesteros, J. J., Buschler, A., Köhr, G., and Manahan-Vaughan, D. (2016). Afferent input selects NMDA receptor subtype to determine the persistency of hippocampal LTP in freely behaving mice. Front. Synaptic Neurosci. 8:33. doi: 10.3389/fnsyn.2016.00033

 Brigman, J. L., Wright, T., Talani, G., Prasad-Mulcare, S., Jinde, S., Seabold, G. K., et al. (2010). Loss of GluN2B-containing NMDA receptors in CA1 hippocampus and cortex impairs long-term depression, reduces dendritic spine density, and disrupts learning. J. Neurosci. 30, 4590–4600. doi: 10.1523/JNEUROSCI.0640-10.2010

 Chang, C. H., Su, C. L., and Gean, P. W. (2018). Mechanism underlying NMDA blockade-induced inhibition of aggression in post-weaning socially isolated mice. Neuropharmacology 143, 95–105. doi: 10.1016/j.neuropharm.2018.09.019

 Chang, K. W., Zong, H. F., Rizvi, M. Y., Ma, K. G., Zhai, W., Wang, M., et al. (2020). Modulation of the MAPKs pathways affects Abeta-induced cognitive deficits in Alzheimer's disease via activation of alpha7nAChR. Neurobiol. Learn. Mem. 168:107154. doi: 10.1016/j.nlm.2019.107154

 Chen, X., Levy, J. M., Hou, A., Winters, C., Azzam, R., Sousa, A. A., et al. (2015). PSD-95 family MAGUKs are essential for anchoring AMPA and NMDA receptor complexes at the postsynaptic density. Proc. Natl. Acad. Sci. U. S. A. 112, E6983–6992. doi: 10.1073/pnas.1517045112

 Chen, X.-X., Xu, Y.-Y., Wu, R., Chen, Z., Fang, K., Han, Y.-X., et al. (2019). Resveratrol reduces glucolipid metabolic dysfunction and learning and memory impairment in a NAFLD rat model: involvement in regulating the imbalance of Nesfatin-1 abundance and Copine 6 expression. Front. Endocrinol. (Lausanne) 10:434. doi: 10.3389/fendo.2019.00434

 Dai, J. X., Han, H. L., Tian, M., Cao, J., Xiu, J. B., Song, N. N., et al. (2008). Enhanced contextual fear memory in central serotonin-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 105, 11981–11986. doi: 10.1073/pnas.0801329105

 de Pins, B., Cifuentes-Diaz, C., Farah, A. T., Lopez-Molina, L., Montalban, E., Sancho-Balsells, A., et al. (2019). Conditional BDNF delivery from astrocytes rescues memory deficits, spine density, and synaptic properties in the 5xFAD mouse model of Alzheimer disease. J. Neurosci. 39, 2441–2458. doi: 10.1523/JNEUROSCI.2121-18.2019

 Devi, L., and Ohno, M. (2013). Effects of levetiracetam, an antiepileptic drug, on memory impairments associated with aging and Alzheimer's disease in mice. Neurobiol. Learn. Mem. 102, 7–11. doi: 10.1016/j.nlm.2013.02.001

 Ding, Y., Zhao, J., Zhang, X., Wang, S., Viola, K. L., Chow, F. E., et al. (2019). Amyloid beta oligomers target to extracellular and intracellular neuronal synaptic proteins in Alzheimer's disease. Front. Neurol. 10:1140. doi: 10.3389/fneur.2019.01140

 Dong, J., Xu, H., Xu, H., Wang, P. F., Cai, G. J., Song, H. F., et al. (2013). Nesfatin-1 stimulates fatty-acid oxidation by activating AMP-activated protein kinase in STZ-induced type 2 diabetic mice. PLoS ONE 8:e83397. doi: 10.1371/journal.pone.0083397

 Dos Santos, J. P. A., Vizuete, A. F., and Goncalves, C. A. (2020). Calcineurin-mediated hippocampal inflammatory alterations in streptozotocin-induced model of dementia. Mol. Neurobiol. 57, 502–512. doi: 10.1007/s12035-019-01718-2

 Folke, J., Pakkenberg, B., and Brudek, T. (2019). Impaired Wnt signaling in the prefrontal cortex of Alzheimer's disease. Mol. Neurobiol. 56, 873–891. doi: 10.1007/s12035-018-1103-z

 Gaesser, J. M., and Fyffe-Maricich, S. L. (2016). Intracellular signaling pathway regulation of myelination and remyelination in the CNS. Exp. Neurol. 283, 501–511. doi: 10.1016/j.expneurol.2016.03.008

 Gallagher, J. J., Finnegan, M. E., Grehan, B., Dobson, J., Collingwood, J. F., and Lynch, M. A. (2012). Modest amyloid deposition is associated with iron dysregulation, microglial activation, and oxidative stress. J. Alzheimers. Dis. 28, 147–161. doi: 10.3233/JAD-2011-110614

 Ge, J.-F., Xu, Y.-Y., Qin, G., Peng, Y.-N., Zhang, C.-F., Liu, X.-R., et al. (2015). Depression-like behavior induced by Nesfatin-1 in rats: involvement of increased immune activation and imbalance of synaptic vesicle proteins. Front. Neurosci. 9:429. doi: 10.3389/fnins.2015.00429

 Gong, Y., Lippa, C. F., Zhu, J., Lin, Q., and Rosso, A. L. (2009). Disruption of glutamate receptors at Shank-postsynaptic platform in Alzheimer's disease. Brain Res. 1292, 191–198. doi: 10.1016/j.brainres.2009.07.056

 Grimes, C. A., and Jope, R. S. (2001). CREB DNA binding activity is inhibited by glycogen synthase kinase-3 beta and facilitated by lithium. J. Neurochem. 78, 1219–1232. doi: 10.1046/j.1471-4159.2001.00495.x

 Henneberger, C., Bard, L., King, C., Jennings, A., and Rusakov, D. A. (2013). NMDA receptor activation: two targets for two co-agonists. Neurochem. Res. 38, 1156–1162. doi: 10.1007/s11064-013-0987-2

 Hiser, J., and Koenigs, M. (2018). The multifaceted role of the ventromedial prefrontal cortex in emotion, decision making, social cognition, and psychopathology. Biol. Psychiatry 83, 638–647. doi: 10.1016/j.biopsych.2017.10.030

 Hong, Y. J., Choi, S. H., Jeong, J. H., Park, K. W., and Na, H. R. (2018). Effectiveness of anti-dementia drugs in extremely severe Alzheimer's disease: a 12-week, multicenter, randomized, single-blind study. J. Alzheimers. Dis. 63, 1035–1044. doi: 10.3233/JAD-180159

 Hung, S. Y., and Fu, W. M. (2017). Drug candidates in clinical trials for Alzheimer's disease. J. Biomed. Sci. 24:47. doi: 10.1186/s12929-017-0355-7

 Jahanshahi, M., Saeidi, M., Nikmahzar, E., Babakordi, F., and Bahlakeh, G. (2019). Effects of hCG on reduced numbers of hCG receptors in the prefrontal cortex and cerebellum of rat models of Alzheimer's disease. Biotech. Histochem. 94, 360–365. doi: 10.1080/10520295.2019.1571228

 Jason, W., and Andrew, B. (2018). Current understanding of Alzheimer's disease diagnosis and treatment. F1000Research 7:1. doi: 10.12688/f1000research.14506.1

 Jia, L., Pina-Crespo, J., and Li, Y. (2019). Restoring Wnt/beta-catenin signaling is a promising therapeutic strategy for Alzheimer's disease. Mol. Brain 12:104. doi: 10.1186/s13041-019-0525-5

 Kamat, P. K., Kalani, A., Rai, S., Swarnkar, S., Tota, S., Nath, C., et al. (2016). Mechanism of oxidative stress and synapse dysfunction in the pathogenesis of Alzheimer's disease: understanding the therapeutics strategies. Mol. Neurobiol. 53, 648–661. doi: 10.1007/s12035-014-9053-6

 Kandimalla, R., Manczak, M., Yin, X., Wang, R., and Reddy, P. H. (2018). Hippocampal phosphorylated tau induced cognitive decline, dendritic spine loss and mitochondrial abnormalities in a mouse model of Alzheimer's disease. Hum. Mol. Genet. 27, 30–40. doi: 10.1093/hmg/ddx381

 Kaur, D., Sharma, V., and Deshmukh, R. (2019). Activation of microglia and astrocytes: a roadway to neuroinflammation and Alzheimer's disease. Inflammopharmacology 27, 663–677. doi: 10.1007/s10787-019-00580-x

 Ke, F., Li, H.-R., Chen, X.-X., Gao, X.-R., Huang, L.-L., Du, A.-Q., et al. (2020). Quercetin alleviates LPS-induced depression-like behavior in rats via regulating BDNF-related imbalance of copine 6 and TREM1/2 in the hippocampus and PFC. Front. Pharmacol. 10:1544. doi: 10.3389/fphar.2019.01544

 Kim, J. H., Liao, D., Lau, L. F., and Huganir, R. L. (1998). SynGAP: a synaptic RasGAP that associates with the PSD-95/SAP90 protein family. Neuron 20, 683–691. doi: 10.1016/S0896-6273(00)81008-9

 Kirkley, K. S., Popichak, K. A., Afzali, M. F., Legare, M. E., and Tjalkens, R. B. (2017). Microglia amplify inflammatory activation of astrocytes in manganese neurotoxicity. J. Neuroinflammation. 14:99. doi: 10.1186/s12974-017-0871-0

 Kraft, A. D., McPherson, C. A., and Harry, G. J. (2009). Heterogeneity of microglia and TNF signaling as determinants for neuronal death or survival. Neurotoxicology 30, 785–793. doi: 10.1016/j.neuro.2009.07.001

 Li, G., Peskind, E. R., Millard, S. P., Chi, P., Sokal, I., Yu, C. E., et al. (2009). Cerebrospinal fluid concentration of brain-derived neurotrophic factor and cognitive function in non-demented subjects. PLoS ONE 4:e5424. doi: 10.1371/journal.pone.0005424

 Li, H., Wu, J., Zhu, L., Sha, L., Yang, S., Wei, J., et al. (2018). Insulin degrading enzyme contributes to the pathology in a mixed model of Type 2 diabetes and Alzheimer's disease: possible mechanisms of IDE in T2D and AD. Biosci. Rep. 38:BSR20170862. doi: 10.1042/BSR20170862

 Liu, C. C., Tsai, C. W., Deak, F., Rogers, J., Penuliar, M., Sung, Y. M., et al. (2014). Deficiency in LRP6-mediated Wnt signaling contributes to synaptic abnormalities and amyloid pathology in Alzheimer's disease. Neuron 84, 63–77. doi: 10.1016/j.neuron.2014.08.048

 Magdesian, M. H., Carvalho, M. M., Mendes, F. A., Saraiva, L. M., Juliano, M. A., Juliano, L., et al. (2008). Amyloid-beta binds to the extracellular cysteine-rich domain of Frizzled and inhibits Wnt/beta-catenin signaling. J. Biol. Chem. 283, 9359–9368. doi: 10.1074/jbc.M707108200

 Marttinen, M., Takalo, M., Natunen, T., Wittrahm, R., Gabbouj, S., Kemppainen, S., et al. (2018). Molecular mechanisms of synaptotoxicity and neuroinflammation in Alzheimer's disease. Front. Neurosci. 12:963. doi: 10.3389/fnins.2018.00963

 Miao, Y., Wang, N., Shao, W., Xu, Z., Yang, Z., Wang, L., et al. (2019). Overexpression of TIPE2, a negative regulator of innate and adaptive immunity, attenuates cognitive deficits in APP/PS1 mice. J. Neuroimmune Pharmacol. 14, 519–529. doi: 10.1007/s11481-019-09861-2

 Mishra, S. K., Singh, S., Shukla, S., and Shukla, R. (2018). Intracerebroventricular streptozotocin impairs adult neurogenesis and cognitive functions via regulating neuroinflammation and insulin signaling in adult rats. Neurochem. Int. 113, 56–68. doi: 10.1016/j.neuint.2017.11.012

 Moreira-Silva, D., Carrettiero, D. C., Oliveira, A. S. A., Rodrigues, S., Dos Santos-Lopes, J., Canas, P. M., et al. (2018). Anandamide effects in a streptozotocin-induced Alzheimer's disease-like sporadic dementia in rats. Front. Neurosci. 12:653. doi: 10.3389/fnins.2018.00653

 Muller, M. K., Jacobi, E., Sakimura, K., Malinow, R., and von Engelhardt, J. (2018). NMDA receptors mediate synaptic depression, but not spine loss in the dentate gyrus of adult amyloid Beta (Abeta) overexpressing mice. Acta Neuropathol Commun. 6:110. doi: 10.1186/s40478-018-0611-4

 Ng, T. K. S., Ho, C. S. H., Tam, W. W. S., Kua, E. H., and Ho, R. C. (2019). Decreased serum brain-derived neurotrophic factor (BDNF) levels in patients with Alzheimer's Disease (AD): a systematic review and meta-analysis. Int. J. Mol. Sci. 20:57. doi: 10.3390/ijms20020257

 Nigam, S. M., Xu, S., Kritikou, J. S., Marosi, K., Brodin, L., and Mattson, M. P. (2017). Exercise and BDNF reduce Abeta production by enhancing alpha-secretase processing of APP. J. Neurochem. 142, 286–296. doi: 10.1111/jnc.14034

 Peng, S., Zhang, Y., Wang, H., Ren, B., and Zhang, J. (2011). Anesthetic ketamine counteracts repetitive mechanical stress-induced learning and memory impairment in developing mice. Mol. Biol. Rep. 38, 4347–4351. doi: 10.1007/s11033-010-0561-9

 Pruski, M., Hu, L., Yang, C., Wang, Y., Zhang, J. B., Zhang, L., et al. (2019). Roles for IFT172 and primary cilia in cell migration, cell division, and neocortex development. Front Cell Dev Biol. 7:287. doi: 10.3389/fcell.2019.00287

 Rai, S., Kamat, P. K., Nath, C., and Shukla, R. (2013). A study on neuroinflammation and NMDA receptor function in STZ (ICV) induced memory impaired rats. J. Neuroimmunol. 254, 1–9. doi: 10.1016/j.jneuroim.2012.08.008

 Rai, S., Kamat, P. K., Nath, C., and Shukla, R. (2014). Glial activation and post-synaptic neurotoxicity: the key events in Streptozotocin (ICV) induced memory impairment in rats. Pharmacol. Biochem. Behav. 117, 104–117. doi: 10.1016/j.pbb.2013.11.035

 Rodriguez, J. J., Noristani, H. N., Olabarria, M., Fletcher, J., Somerville, T. D., Yeh, C. Y., et al. (2011). Voluntary running and environmental enrichment restores impaired hippocampal neurogenesis in a triple transgenic mouse model of Alzheimer's disease. Curr. Alzheimer Res. 8, 707–717. doi: 10.2174/156720511797633214

 Sorial, M. E., and El Sayed, N. (2017). Protective effect of valproic acid in streptozotocin-induced sporadic Alzheimer's disease mouse model: possible involvement of the cholinergic system. Naunyn Schmiedebergs. Arch. Pharmacol. 390, 581–593. doi: 10.1007/s00210-017-1357-4

 Syed, Y. Y. (2020). Correction to: Sodium oligomannate: first approval. Drugs 80, 445–446. doi: 10.1007/s40265-020-01274-3

 Sze, C.-I., Bi, H., Kleinschmidt-DeMasters, B. K., Filley, C. M., and Martin, L. J. (2001). N -Methyl- d -aspartate receptor subunit proteins and their phosphorylation status are altered selectively in Alzheimer's disease. J. Neurol. Sci. 182, 151–159. doi: 10.1016/S0022-510X(00)00467-6

 Tapia-Rojas, C., and Inestrosa, N. C. (2018). Loss of canonical Wnt signaling is involved in the pathogenesis of Alzheimer's disease. Neural Regen. Res. 13, 1705–1710. doi: 10.4103/1673-5374.238606

 Teixeira, C. M., Pallas-Bazarra, N., Bolos, M., Terreros-Roncal, J., Avila, J., and Llorens-Martin, M. (2018). Untold New beginnings: adult hippocampal neurogenesis and Alzheimer's disease. J. Alzheimers Dis. 64, 497–505. doi: 10.3233/JAD-179918

 Wang, C.-C., Held, R. G., Chang, S.-C., Yang, L., Delpire, E., Ghosh, A., et al. (2011). A critical role for GluN2B-containing NMDA receptors in cortical development and function. Neuron 72, 789–805. doi: 10.1016/j.neuron.2011.09.023

 Wang, D., Wang, C., Liu, L., and Li, S. (2018). Protective effects of evodiamine in experimental paradigm of Alzheimer's disease. Cogn. Neurodyn. 12, 303–313. doi: 10.1007/s11571-017-9471-z

 Wang, K., Sun, W., Zhang, L., Guo, W., Xu, J., Liu, S., et al. (2018). Oleanolic acid ameliorates abeta25-35 injection-induced memory deficit in Alzheimer's disease model rats by maintaining synaptic plasticity. CNS Neurol. Disord. Drug Targets 17, 389–399. doi: 10.2174/1871527317666180525113109

 Wang, X., Sun, G., Feng, T., Zhang, J., Huang, X., Wang, T., et al. (2019). Sodium oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit Alzheimer's disease progression. Cell Res. 29, 787–803. doi: 10.1038/s41422-019-0216-x

 Xu, P., Xu, S. P., Wang, K. Z., Lu, C., Zhang, H. X., Pan, R. L., et al. (2016). Cognitive-enhancing effects of hydrolysate of polygalasaponin in SAMP8 mice. J. Zhejiang Univ. Sci. B 17, 503–514. doi: 10.1631/jzus.B1500321

 Yoshii, A., and Constantine-Paton, M. (2007). BDNF induces transport of PSD-95 to dendrites through PI3K-AKT signaling after NMDA receptor activation. Nat. Neurosci. 10, 702–711. doi: 10.1038/nn1903

 Zameer, S., Kaundal, M., Vohora, D., Ali, J., Kalam Najmi, A., and Akhtar, M. (2019). Ameliorative effect of alendronate against intracerebroventricular streptozotocin induced alteration in neurobehavioral, neuroinflammation and biochemical parameters with emphasis on Abeta and BACE-1. Neurotoxicology 70, 122–134. doi: 10.1016/j.neuro.2018.11.012

 Zhang, C. T., Lin, J. R., Wu, F., Ghosh, A., Tang, S. S., Hu, M., et al. (2016). Montelukast ameliorates streptozotocin-induced cognitive impairment and neurotoxicity in mice. Neurotoxicology 57, 214–222. doi: 10.1016/j.neuro.2016.09.022

 Zhang, D., Hu, X., Qian, L., O'Callaghan, J. P., and Hong, J. S. (2010). Astrogliosis in CNS pathologies: is there a role for microglia? Mol. Neurobiol. 41, 232–241. doi: 10.1007/s12035-010-8098-4

 Zhang, Q., Huang, Y., Zhang, L., Ding, Y. Q., and Song, N. N. (2019). Loss of Satb2 in the cortex and hippocampus leads to abnormal behaviors in mice. Front. Mol. Neurosci. 12:33. doi: 10.3389/fnmol.2019.00033

 Zhang, W., Shi, Y., Peng, Y., Zhong, L., Zhu, S., Zhang, W., et al. (2018). Neuron activity-induced Wnt signaling up-regulates expression of brain-derived neurotrophic factor in the pain neural circuit. J. Biol. Chem. 293, 15641–15651. doi: 10.1074/jbc.RA118.002840

 Zhang, X., Zhao, F., Wang, C., Zhang, J., Bai, Y., Zhou, F., et al. (2020). AVP(4-8) improves cognitive behaviors and hippocampal synaptic plasticity in the APP/PS1 Mouse model of Alzheimer's disease. Neurosci. Bull. 36, 254–262. doi: 10.1007/s12264-019-00434-0

 Zhao, Y., Kiss, T., DelFavero, J., Li, L., Li, X., Zheng, L., et al. (2020). CD82-TRPM7-Numb signaling mediates age-related cognitive impairment. Geroscience 42, 595–611. doi: 10.1007/s11357-020-00166-4

 Zhong, S., Zhang, S., Fan, X., Wu, Q., Yan, L., Dong, J., et al. (2018). A single-cell RNA-seq survey of the developmental landscape of the human prefrontal cortex. Nature 555, 524–528. doi: 10.1038/nature25980

 Zhou, Y., Wang, X., Zhao, Y., Liu, A., Zhao, T., Zhang, Y., et al. (2016). Elevated thyroid peroxidase antibody increases risk of post-partum depression by decreasing prefrontal cortex BDNF and 5-HT levels in mice. Front. Cell. Neurosci. 10:307. doi: 10.3389/fncel.2016.00307

 Zhu, F., Zheng, Y., Ding, Y. Q., Liu, Y., Zhang, X., Wu, R., et al. (2014). Minocycline and risperidone prevent microglia activation and rescue behavioral deficits induced by neonatal intrahippocampal injection of lipopolysaccharide in rats. PLoS ONE 9:e93966. doi: 10.1371/journal.pone.0093966

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 © 2021 Qi, Chen, Gao, Xu, Liu and Ge. 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.












	 
	BRIEF RESEARCH REPORT
published: 04 May 2021
doi: 10.3389/fnagi.2021.637574





[image: image]

Cognition and Cerebrovascular Reactivity in Midlife Women With History of Preeclampsia and Placental Evidence of Maternal Vascular Malperfusion

C. Elizabeth Shaaban1,2*, Caterina Rosano1, Ann D. Cohen3, Theodore Huppert4,5, Meryl A. Butters3, James Hengenius1, W. Tony Parks6,7 and Janet M. Catov1,8

1Department of Epidemiology, University of Pittsburgh, Pittsburgh, PA, United States

2Center for the Neural Basis of Cognition, University of Pittsburgh, Pittsburgh, PA, United States

3Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA, United States

4Department of Radiology, University of Pittsburgh, Pittsburgh, PA, United States

5Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA, United States

6Department of Pathology and Laboratory Medicine, Mount Sinai Hospital, Toronto, ON, Canada

7Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, ON, Canada

8Department of Obstetrics, Gynecology and Reproductive Sciences, University of Pittsburgh, Pittsburgh, PA, United States

Edited by:
Stefano Tarantini, University of Oklahoma Health Sciences Center, United States

Reviewed by:
Johannes Duvekot, Erasmus MC, Netherlands
Joseph Arnold Fisher, University Health Network (UHN), Canada

*Correspondence: C. Elizabeth Shaaban, Beth.Shaaban@pitt.edu

Received: 03 December 2020
Accepted: 09 April 2021
Published: 04 May 2021

Citation: Shaaban CE, Rosano C, Cohen AD, Huppert T, Butters MA, Hengenius J, Parks WT and Catov JM (2021) Cognition and Cerebrovascular Reactivity in Midlife Women With History of Preeclampsia and Placental Evidence of Maternal Vascular Malperfusion. Front. Aging Neurosci. 13:637574. doi: 10.3389/fnagi.2021.637574

Background: Preeclampsia is emerging as a sex-specific risk factor for cerebral small vessel disease (SVD) and dementia, but the reason is unknown. We assessed the relationship of maternal vascular malperfusion (MVM), a marker of placental SVD, with cognition and cerebral SVD in women with and without preeclampsia. We hypothesized women with both preeclampsia and MVM would perform worst on information processing speed and executive function.

Methods: Women (n = 45; mean 10.5 years post-delivery; mean age: 41 years; 42.2% Black) were classified as preeclampsia-/MVM-, preeclampsia+/MVM-, or preeclampsia+/MVM+. Information processing speed, executive function, and memory were assessed. In a pilot sub-study of cerebrovascular reactivity (CVR; n = 22), cerebral blood flow during room-air breathing and breath-hold induced hypercapnia were obtained via arterial spin labeling MRI. Non-parametric tests and regression models were used to test associations.

Results: Between-group cognitive differences were significant for information processing speed (p = 0.02); preeclampsia+/MVM+ had the lowest scores. Cerebral blood flow increased from room-air to breath-hold, globally and in all regions in the three groups, except the preeclampsia+/MVM+ parietal region (p = 0.12). Lower parietal CVR (less change from room-air breathing to breath-holding) was correlated with poorer information processing speed (partial ρ = 0.63, p = 0.005) and executive function (ρ = 0.50, p = 0.03) independent of preeclampsia/MVM status.

Conclusion: Compared to women without preeclampsia and MVM, midlife women with both preeclampsia and MVM have worse information processing speed and may have blunted parietal CVR, an area important for information processing speed and executive function. MVM in women with preeclampsia is a promising sex-specific indicator of cerebrovascular integrity in midlife.

Keywords: arterial spin labeling, cerebral blood flow, cognitive function, hypercapnia, hypertensive disorders of pregnancy, vascular contributions to cognitive impairment and dementia


INTRODUCTION

Preeclampsia, characterized by de novo hypertension and end-organ dysfunction (American College of Obstetricians and Gynecologists, 2020), occurs in as many as 8% of pregnancies and affects up to 15% of women (Auger et al., 2016; Garovic et al., 2020). A common finding in preeclampsia is insufficient vascular remodeling to develop the maternal side of the placenta, the maternal decidua, with lower perfusion and small vessel disease (SVD) in the placenta (Parks, 2015).

Preeclampsia is emerging as a sex-specific risk factor for vascular contributions to cognitive impairment and dementia (VCID) in later life (Theilen et al., 2016; Basit et al., 2018; Elharram et al., 2018; Gannon et al., 2019; Andolf et al., 2020). Studies indicate preeclampsia-related differences in information processing speed, executive function, and, to some extent, also memory (Brussé et al., 2008; Fields et al., 2017; Miller et al., 2019). Neuroimaging studies indicate preeclampsia-related gray matter atrophy (Mielke et al., 2016; Siepmann et al., 2017; Miller et al., 2019) and white matter hyperintensities (Wiegman et al., 2014; Siepmann et al., 2017). Recent evidence also suggests preeclampsia-related lower cerebrovascular reactivity (CVR), an early sign of cerebral SVD, using carotid or total brain transcranial Doppler 35–40 years after pregnancy (mean age, 60 years) (Barnes et al., 2018).

The reason for the occurrence of neurovascular and cognitive deficits in preeclampsia is unknown. Associations are overall independent of cardiometabolic risk factors and cardiovascular diseases. A possible explanation is that women with preeclampsia have more severe SVD not only in the placenta, but also affecting the cerebral vasculature, which can manifest as cerebral SVD later in life. Histopathological measures of placental SVD may hold the key to capturing SVD severity during pregnancy. Decidual vasculopathy and concomitant hypoxia/reperfusion lesions in the placenta are collectively termed maternal vascular malperfusion (MVM) (Parks, 2015). MVM is emerging as a risk factor for maternal vascular risk later in life for both large (Staff et al., 2010, 2013; Stevens et al., 2014, 2015; Catov et al., 2018; Holzman et al., 2020) and small vessels (Pepine et al., 2015; Bairey Merz, 2019). We have recently found that 8–10 years after pregnancy, women with MVM have excess masked hypertension (Catov et al., 2019), sublingual microvascular dysfunction (Hauspurg et al., 2020), and reduced coronary flow reserve (Countouris et al., 2020). However, prior studies of cerebrovascular integrity did not have direct measures of SVD severity during pregnancy, and hence could not assess the relationship between preeclampsia, MVM, and cerebral dysfunction. Our primary objectives were to test the associations of MVM and preeclampsia with cognition and to carry out a pilot study to assess the feasibility of measuring CVR in whole brain and regions of interest (ROIs) in these women. We hypothesized that women with both preeclampsia and MVM would perform worst on information processing speed and executive function. Our secondary aim was to explore associations of CVR with MVM, preeclampsia, and cognition.



METHODS


Participants

Participants were drawn from an observational study of women’s post-partum cardiovascular health, the WINDOWS BP Study (N = 71). Twenty-six women were enrolled before cognitive assessments began, and therefore N = 45 women were included in this study of cognitive assessments (see study participation flow in Figure 1A). We report neuroimaging pilot study results in N = 22. A detailed description of the neuroimaging study participation flow is provided in the Results section “Pilot Study Feasibility” and Figure 1B. WINDOWS BP participants were drawn from the parent WINDOWS Study (N = 498), an ancillary study to our pregnancy registry with data for all births from 2008 to 2010 at Magee-Womens Hospital, Pittsburgh, PA, United States (N = 6632); they were women who delivered a liveborn, singleton infant at Magee-Womens Hospital and who had a clinical placenta pathology report (for the index delivery). Extensive characterization of preeclampsia and placental MVM data were collected at the time of birth (2008–2010) and validated via chart review and blinded review of pathology specimens. Data on vascular and cardiometabolic factors were collected 8–10 years after delivery at the WINDOWS study visit, unless otherwise indicated. WINDOWS study participants were not currently pregnant or pregnant within the last 6 months. At the cognitive assessment study visit [mean (SD): 10.5 (0.6) years after delivery], cognitive testing and MRI were collected. Eligibility criteria for our MRI pilot study included that participants had no MRI contraindications such as claustrophobia or non-MRI cleared metal in the body. All WINDOWS study participants were stroke-free.
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FIGURE 1. Study participation flow diagrams. CVR, cerebrovascular reactivity. (A) Overall study flow diagram and (B) detailed study flow diagram for the cerebrovascular reactivity (CVR) pilot study.


By design, we enrolled women with preeclampsia regardless of MVM status and women without preeclampsia had no MVM. We focused on placental severity as opposed to clinical preeclampsia severity, and we hypothesized that women with both preeclampsia and MVM would have the most adverse profile.

This study was approved by the University of Pittsburgh Institutional Review Board, and all participants provided written informed consent before any study procedures were carried out.



MRI Pilot Study

In preparation for a larger planned study, we invited all participants of the WINDOWS BP study to complete an MRI with measures of CVR. We aimed to assess the feasibility of recruitment and carrying out our CVR imaging protocol and to obtain estimates of: CVR by study group, variance, and association effect sizes for cognition and CVR.

We follow the reporting guidance of Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) (von Elm et al., 2007) and the Consolidated Standards of Reporting Trials (CONSORT) extension to randomized pilot and feasibility trials (Eldridge et al., 2016) based on recommendations for reporting non-randomized pilot studies that serve as preparation for larger studies and which test preliminary associations (Lancaster and Thabane, 2019).



Predictors


Preeclampsia

Preeclampsia is based on the registry medical record data for the index delivery and validated via chart abstraction. Cases were identified based on American College of Obstetricians and Gynecologists (ACOG) criteria: new-onset hypertension (≥140/90 mmHg) after 20-weeks’ gestation accompanied by proteinuria or other organ involvement (American College of Obstetricians and Gynecologists, 2020).

To characterize the clinical severity of preeclampsia, we report the proportion of women with the following based on the index delivery: preeclampsia with severe features based on ICD-9 code, pulmonary edema, seizures, any headache, a pre-term delivery (<37 weeks’ gestation), and an infant that was small for gestational age. We also report gestational age and birth weight.



Maternal Vascular Malperfusion

Placental histopathology was used to detect MVM (Staff et al., 2010) using uniform consensus criteria (Khong et al., 2016). We classified MVM as present in the placenta if any of the following consensus rated features were identified: decidual vasculopathy, villous infarction, accelerated villous maturation, perivillous fibrin deposition, or intervillous fibrin deposition (defined in Supplementary Table 1). Specimens were retrieved and reviewed by an expert perinatal pathologist (WTP), blinded to all clinical information except gestational age. There was substantial agreement between the blinded review and the clinical report of MVM (kappa = 0.78). Cases with disagreement underwent an additional round of review for adjudication.



Outcomes


Cognition

Cognitive assessments were administered by trained raters overseen by a neuropsychologist. Our domains of interest were information processing speed, executive function, and memory. The information processing speed domain included Digit Symbol Coding (Wechsler, 1997a) and Stroop Word Reading and Color Naming (Golden, 1978). Tests in the executive function domain included the Similarities and Matrix Reasoning subtests of the Wechsler Adult Intelligence Scale-III (Wechsler, 1997a) and Stroop Color Word Interference (Golden, 1978). Tests in the memory domain included Logical Memory Immediate and Delayed Recall (Wechsler, 1997b). Cognitive test z-scores were created, and domain composite z-scores were then calculated as the average of the test z-scores for that domain. A higher score is better for all domains.



Cerebrovascular Reactivity

Cerebrovascular reactivity, a measure of vessel response to a vasoactive stimulus (e.g., increased CO2), is an excellent marker of cerebral SVD (Bakker et al., 1999; Rane et al., 2018). We evaluated global and regional CVR non-invasively as change in blood flow from room-air breathing to blood flow during a 24-s breath-hold using a validated arterial spin labeling MRI imaging protocol (Urback et al., 2017; Cohen and Wang, 2019). We used this less invasive approach to induce hypercapnia for our pilot study in order to assess feasibility of, lay groundwork for, and justify using the more invasive and logistically complicated approach of CO2 challenge in a larger study (e.g., administration of CO2 requires an Investigational New Drug approval). We did not measure end-tidal CO2, but breath-holding calibrates well against direct administration of CO2 to induce hypercapnia (Kastrup et al., 2001; Bulte et al., 2009), and this breath-holding approach has been used to successfully induce hypercapnia in other population-based studies (Haight et al., 2015). Details of our standardized CVR protocol and methods can be found in the Supplementary Methods section and details of ROIs in Supplementary Table 2.



Covariates and Other Study Characteristics

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured in a standardized way by trained study staff based on our established protocol using a Microlife A6 PC / BP 3GUI-8X (Guangdong, China). Following a 5-min rest, BP was measured three times on the non-dominant arm with 1-min intervals with an appropriate cuff size based on arm measurement. The average of these three measures was used for data analyses. Body mass index (BMI) at the parent study visit was calculated as [image: image] based on measured height (using a stadiometer) and weight (Tanita scale TBF-300A) after women removed their shoes, socks, and excessive clothing. Waist circumference was measured with a tape measure at end-expiration at the level of the iliac crest. Total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglycerides, glycated hemoglobin (HbA1c), and high sensitivity C-reactive protein (hs-CRP) were measured in fasting blood samples at the University of Pittsburgh Medical Center (UPMC) Presbyterian Hospital Automated Testing Laboratory. Any values that were less than the assay’s level of detection were set to the test value/2. Smoking status (yes/no) was recorded from the registry medical record during pregnancy. Gestational diabetes (yes/no) was any pregnancy prior to the parent study visit with gestational diabetes based on the registry medical record. Menopausal status (yes/no) was assessed via reproductive history questionnaire, aligned with the landmark SWAN study to record date of last menstruation, hysterectomy, oophorectomy history, and use of hormonal contraception (Tseng et al., 2012; Cortes et al., 2017).



Statistical Analysis

We calculated sample characteristics overall and by preeclampsia/MVM status in the 45 cognitive assessment study participants. They are presented as means and standard deviations for continuous variables or numbers and percentages for categorical variables. Group comparisons were carried out using ANOVA for normally distributed continuous variables, Kruskal–Wallis tests for non-normally distributed continuous variables, and Fisher’s exact tests for categorical variables. We did not conduct inferential statistical tests on the preeclampsia severity variables due to small sample and cell sizes.

For primary aim hypothesis testing involving cognition, we set alpha to 0.05 and corrected for multiple comparisons using the Bonferroni correction. Because the neuroimaging aim of this study was a pilot study, we wanted to increase the likelihood of exploring promising results in our larger planned study, making us more concerned with erroneously ruling out a potential finding (false negative) than with false positives (Rothman, 1990). Thus, we set alpha at 0.10, and we did not correct for multiple comparisons in analyses involving CVR. Statistical analyses were carried out in SPSS version 25.0, SAS version 9.4, and R version 4.0.2.


Cognition

Forty-five women had cognitive assessments (Figure 1). Differences in information processing speed, executive function, and memory by preeclampsia/MVM status were tested using ANOVA. Significant tests were repeated adjusting for education alone and in combination with SBP, BMI, or both SBP and BMI using generalized linear models (GLMs). For any cognitive domain significantly associated with preeclampsia/MVM status in education adjusted models, we followed up with Bonferroni adjusted pairwise comparisons, and we also tested whether cognitive performance differences were driven by preeclampsia or MVM using ANOVA and education adjusted GLMs. For all of these models, education was treated as a continuous variable.



Pilot Study Feasibility

We report descriptive statistics as N (%) for participants’ response to invitation to participate, screening, enrollment, and usable CVR data.



CVR

Twenty-two participants had usable CVR data (Figure 1). We analyzed CVR (change from room-air breathing to breath-hold) and also computed percent signal change as (mean of breath-hold − mean of room-air breathing) / mean of room-air breathing × 100; higher CVR values indicate increased flow in response to breath-holding. Due to small sample size, we tested within preeclampsia/MVM group change from room-air breathing to breath-hold using Wilcoxon Signed Rank tests (non-parametric paired tests). We also tested between group differences in room-air breathing, breath-hold, and percent change using Kruskal–Wallis tests.



Associations of CVR With Cognition

Nineteen participants had data on both CVR and cognition (Figure 1). We evaluated associations of global and regional CVR with cognition independent of preeclampsia/MVM status using Spearman partial correlations. We further adjusted these partial correlations one at a time for years of education, gestational diabetes, menopause, preeclamspia severity, pre-term birth, and any variables which differed significantly by preeclampsia/MVM status.



RESULTS

Participant characteristics are presented in Table 1. Overall, the participants were about 31 years of age at delivery and 41 years of age at the time of cognitive assessments. About 42% of the participants were of Black race/ethnicity, and most had greater than high school education. Among the participants, n = 24 had neither preeclampsia nor MVM, n = 8 had preeclampsia only, and n = 13 had preeclampsia with MVM. There were no significant differences in participant characteristics by preeclampsia/MVM status with the exception of DBP. Women with both preeclampsia and MVM had the highest DBP (p = 0.04, Table 1).


TABLE 1. Characteristics of study participants overall and by preeclampsia and maternal vascular malperfusion status.

[image: Table 1]Clinical features of preeclampsia severity by MVM status are reported in Table 1. Compared to women without MVM, women with MVM were likelier to have severe preeclampsia, report headaches, and to have an infant that was small for gestational age, although numbers were small, so we did not perform statistical tests of these differences. No women had pulmonary edema or seizures.


Cognition

Boxplots of unadjusted cognitive scores by preeclampsia/MVM status are shown in Figure 2. We found women with both preeclampsia and MVM had the worst information processing speed, mean (SD): preeclampsia-/MVM-, +0.19 (0.63); preeclampsia+/MVM-, +0.32 (0.72); preeclampsia+/MVM+, −0.55 (1.06) (overall p = 0.02). In pairwise comparisons, preeclampsia-/MVM- vs. preeclampsia+/MVM+ were significantly different at a Bonferroni adjusted alpha of 0.017 for three comparisons (pairwise p = 0.01), but not preeclampsia+/MVM- vs. preeclampsia+/MVM+ (p = 0.06) or preeclampsia-/MVM- vs. preeclampsia+/MVM- (p = 0.64). Preeclampsia+/MVM+ women also had the lowest executive function scores, although the overall difference was not significant (overall p = 0.26). There was no significant difference in memory scores (overall p = 0.76). Differences in information processing speed appeared driven more by MVM rather than preeclampsia (MVM+ vs. MVM-, p = 0.004; preeclampsia+ vs. preeclampsia-, p = 0.11). Overall associations of preeclampsia/MVM status with information processing speed remained similar after adjustment for years of education, SBP, and BMI.
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FIGURE 2. Cognitive performance by preeclampsia and maternal vascular malperfusion status. Boxplots of unadjusted composite z-scores for each cognitive domain. Domain composite z-scores are average z-scores of the tests comprising the domain. Diamonds = mean score. P values are from ANOVAs. MVM, maternal vascular malperfusion; PreE, preeclampsia.




Pilot Study Feasibility

Detailed pilot study participation flow is shown in Figure 1B. Out of the 71 WINDOWS BP participants who were invited to participate in the CVR pilot study, 38 (53.5%) were non-responsive. The frank refusal rate was 5.6% (n = 4). We screened 29 (40.8%) for participation, and of those, 5 (17.2%) were MRI screen failures. We enrolled 24 (33.8%) participants. Two participants were missing CVR data: one participant was unable to fit in the scanner, and one had poor scan quality due to motion while in the scanner. This resulted in 22 (31.0%) participants with usable CVR data.



Cerebrovascular Reactivity

Across the full study sample, cerebral blood flow increased during breath-hold compared to room-air breathing (average global CVR increase: 12%). This was true of global blood flow within the three preeclampsia/MVM groups as well. But using regional spatial distribution, preeclampsia+/MVM+ women demonstrated a less robust CVR response in the parietal lobe; they showed no statistically significant difference between room-air breathing and breath-hold, while preeclampsia-/MVM- and preeclampsia+/MVM- women did (Table 2). All groups significantly increased blood flow from room air breathing to breath-hold in the other ROIs. Although there was a consistent pattern across ROIs for preeclampsia+/MVM+ women to have the lowest cerebral blood flow under room-air breathing conditions, all between-group differences for cerebral blood flow during room-air breathing or breath-hold, or for percent signal change—CVR— were not statistically significant (all p > 0.1).


TABLE 2. Cerebral blood flow during room-air breathing and breath-hold stratified by preeclampsia and maternal vascular malperfusion status.
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Associations of CVR With Cognition

Scatterplots, partial correlations, and p-values of cognitive scores by CVR for significant correlations are shown in Supplementary Figure 1. We found significant correlations of lower CVR in the parietal lobe with worse information processing speed and executive function (Supplementary Figure 1), but not memory (p = 0.16), independent of preeclampsia/MVM status. Anterior and posterior cingulate CVR were significantly inversely associated with memory (Supplementary Figure 1), but not information processing speed or executive function (all p > 0.1). Lower global CVR was significantly correlated with worse information processing speed (Supplementary Figure 1), but not executive function or memory (p > 0.1), independent of preeclampsia/MVM status. These relationships survived additional one at a time adjustments for education, DBP, gestational diabetes, menopause, preeclampsia severity, and pre-term birth, except: parietal CVR with executive function adjusted for education (ρ = 0.38, p = 0.13) and both anterior cingulate CVR with memory (ρ = −0.39, p = 0.11) and global CVR with information processing speed (ρ = 0.41, p = 0.11) adjusted for preeclampsia severity. Correlations of CVR in other ROIs with cognition were not significant (all p > 0.1).



DISCUSSION

Consistent with our hypothesis, midlife women with a history of both preeclampsia and MVM had poorer information processing speed compared to women with neither preeclampsia nor MVM, and nearly so compared to women with preeclampsia only; these differences appeared driven by MVM rather than preeclampsia. While preeclampsia-related poorer information processing speed has been previously reported (Brussé et al., 2008; Fields et al., 2017; Miller et al., 2019), our results that women with both MVM and preeclampsia had worse cognitive function are novel. Our pilot study demonstrated the feasibility of enrolling such women originally drawn from a birth registry for our future larger study incorporating advanced neuroimaging, with 41% of women in our parent study screened, 34% enrolled, and 31% with usable neuroimaging data. Further characterizing the cerebrovascular integrity of women with histories of preeclampsia and MVM in a larger study is important, as our pilot results demonstrate that the women with both preeclampsia and MVM also appeared to have blunted CVR localized in the parietal lobe, a region important for information processing speed and executive function. Our results raise the intriguing possibility that small vessel impairments in the placenta may additionally mark the subset of women with preeclampsia who are susceptible to poorer cognition and cerebral SVD. Future studies to identify mechanisms are needed.

The possible blunted CVR response in women with both preeclampsia and MVM may be localized in the parietal lobe for several reasons. Both in older and younger adults with high vascular risk, cerebral SVD is more common in fronto-parietal and subcortical areas, due to poor collateral vascularity (watershed areas) (Pantoni, 2010). Of note, in this group, the parietal lobe may have been more susceptible to lower CVR because it had lower baseline flow. Cerebral SVD in fronto-parietal areas affect executive function regulation (Wardlaw et al., 2013), planning, problem-solving, and decision-making (Salthouse, 1996; Erel and Levy, 2016; Igelström and Graziano, 2017; Ardila et al., 2018; Bubb et al., 2018; Froudist-Walsh et al., 2018; Gratton et al., 2018; Nguyen et al., 2019; Worringer et al., 2019). In older age, cerebral SVD is an established risk factor for dementia (Saxton et al., 2004; Backman et al., 2005; Rapp and Reischies, 2005; Rosano and Newman, 2006; Debette et al., 2019), and associations of lower CVR with dementia risk have been documented (Di Marco et al., 2015; De Silva and Faraci, 2016; Nelson et al., 2016; Peng et al., 2018). While direct evidence for these associations is sparser in midlife (Jorgensen et al., 2018), lower neurocognitive integrity in midlife may reduce brain reserve, increasing vulnerability to age-related risk factors, and lowering the threshold for clinical manifestations of brain changes (Wang et al., 2017; Windham et al., 2019; Xu et al., 2019). Our work extends this to indicate that neurocognitive differences in the reproductive years may be detectable, a critical step to identification of high-risk individuals who may be susceptible to later life impairments. In sum, focal changes in CVR in early midlife women with preeclampsia may be an early risk factor for development of VCID.


Strengths and Limitations

The strengths of our study include our evaluation of women in early midlife at a time in which risk factors for VCID are more amenable to intervention. Our study sample included a large proportion of Black women. Prior work has primarily been in white women, yet hypertensive disorders of pregnancy and pregnancy-related morbidity and mortality are disproportionately experienced by Black women (Breathett et al., 2014; Shahul et al., 2015; Miller et al., 2020). We also applied rigorous measurement of study variables. Our characterization of preeclampsia was drawn from our birth registry, with the medical record reviewed and diagnosis adjudicated and applied according to current American College of Obstetricians and Gynecologists criteria. We evaluated MVM, a novel measure of SVD in the placenta, a vascular bed not typically considered in cerebral SVD studies. Our evaluation of MVM was based on expert review of placental histopathology, with chance of rater bias reduced by blinding to nearly all participant clinical information, including preeclampsia diagnosis. We used a functional measure of cerebral microvascular dysfunction—CVR—which is capable of capturing early changes in cerebrovascular integrity; these changes can appear without yet corresponding to the structural degradation of tissue-based markers of cerebral SVD (Shaaban et al., 2019). We used a standardized breath-hold-based CVR protocol to enhance consistency across participants. In addition, our imaging methods captured two novel aspects of CVR compared to prior methods relying on transcranial Doppler: the spatial distribution of cerebral blood flow at the regional level, and the contribution of signal from smaller sized vessels. Transcranial doppler is limited to capturing changes in large arteries and precludes parsing vascular changes regionally as we have done (Blair et al., 2016). Our regional approach allowed us to connect cognitive performance in specific domains with cerebral SVD in brain regions that subserve these functions.

There are several limitations which should be kept in mind when considering our study results. We did not have additional details on severity and neurological symptoms of preeclampsia beyond what we reported in Table 1. Our neuroimaging sample was small, and the associated analyses were, by design for a pilot study, exploratory. We noted large standard deviations in our CVR measures; thus absence of significant relationships may be true or may be due simply to small sample size and large variability. We also used breath-holding to induce hypercapnia and did not measure end-tidal CO2. These pilot study results lay groundwork for our larger planned study where we will be able to further evaluate and confirm these results using CO2 challenge to induce hypercapnia; this is expected to elicit a stronger response with a larger effect size compared to breath-holding, making it easier to detect. This study provides only one timepoint of CVR and cognitive measures; change over time was not evaluated, and we also cannot know what these participants’ cognitive performance and CVR were prior to our assessments nor prior to preeclampsia or MVM onset. Understanding how these factors in midlife evolve and relate to late-life cognitive function will require longitudinal studies.



Future Directions

Our results suggest that regional CVR may more precisely reveal preeclampsia-related injury than global CVR, especially in relatively young women. Therefore, regional CVR measures should be incorporated in future longitudinal studies linking preeclampsia to long-term brain health. Future studies can incorporate other methods that induce a greater hypercapnic response, such as CO2 challenge. Larger, longitudinal studies using a broader-based cognitive battery are warranted to further evaluate the relationships of preeclampsia, MVM, cognition, and CVR. Specifically, a better understanding of how preeclampsia and MVM impact information processing speed and whether cognitive functions worsen from early midlife into late-life will identify if pregnancy is a key window of opportunity for risk identification and targeted intervention.
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Sepsis is a life-threatening condition, the incidence of which is significantly increased in elderly patients. One of the long-lasting effects of sepsis is cognitive impairment defined as a new deficit or exacerbation of preexisting deficits in global cognition or executive function. Normal brain function is dependent on moment-to-moment adjustment of cerebral blood flow to match the increased demands of active brain regions. This homeostatic mechanism, termed neurovascular coupling (NVC, also known as functional hyperemia), is critically dependent on the production of vasodilator NO by microvascular endothelial cells in response to mediators released from activated astrocytes. The goal of this study was to test the hypothesis that sepsis in aging leads to impairment of NVC responses early after treatment and that this neurovascular dysfunction associates with impairments in cognitive performance and vascular endothelial dysfunction. To test this hypothesis, we used a commonly studied bacterial pathogen, Listeria monocytogenes, to induce sepsis in experimental animals (males, 24 months of age) and subjected experimental animals to a standard clinical protocol of 3 doses of ampicillin i.p. and 14 days of amoxicillin added to the drinking water. NVC responses, endothelial function and cognitive performance were measured in septic and age-matched control groups within 14 days after the final antibiotic treatment. Our data demonstrate that sepsis in aging significantly impairs NVC responses measured in somatosensory cortex during whisker stimulation, significantly impairs endothelial function in isolated and pressure cannulated aorta rings in response to acetylcholine stimulation. No significant impairment of cognitive function in post-sepsis aged animals has been observed when measured using the PhenoTyper homecage based system. Our findings suggest that sepsis-associated endothelial dysfunction and impairment of NVC responses may contribute to long-term cognitive deficits in older sepsis survivors.
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INTRODUCTION

Sepsis is a life-threatening condition, the incidence of which is significantly increased and the outcomes are dramatically worsened in elderly patients (Angus et al., 2001; Martin et al., 2003; Lagu et al., 2012; Corrales-Medina et al., 2015). Older adults (>65 years of age) are 10–15 times more likely to be hospitalized with sepsis than younger individuals and over 60% of older adults admitted to the intensive care unit present with sepsis upon admission (Marik, 2006). Severe sepsis accounts for up to half of bed-days in older adults (Wood and Angus, 2004; Hall et al., 2011). The incidence of sepsis in older adults is likely even higher than reported because many elderly dying patients with infection are not documented as having “sepsis” as they often receive palliative care rather than being sent to the ICU for aggressive treatment (Starr and Saito, 2014). Thus, sepsis in elderly patients is one of the most expensive conditions treated in the US hospitals, the costs for which are exceeding $60 billion per year (Andrews and Elixhauser, 2006; Wier and Andrews, 2006).

The hallmark of sepsis is exaggerated systemic inflammatory response to infection, the consequences of which include generalized microvascular dysfunction, impaired tissue perfusion, endothelial activation and coagulation abnormalities (Hotchkiss et al., 2016). It is now established that a number of sepsis survivors experience residual physical and psychological effects long after treatment and discharge from the hospital (Iwashyna et al., 2010; Calsavara et al., 2018a). One of the long-lasting effects of sepsis is cognitive impairment defined as a new deficit or exacerbation of preexisting deficits in global cognition or executive function (Calsavara et al., 2018a). Clinical data demonstrate that nearly 35% of elderly develop post-sepsis cognitive deficits in the magnitude comparable to individuals with moderate traumatic brain injury or mild Alzheimer’s disease (Pandharipande et al., 2013).

Normal brain function is critically dependent on moment-to-moment adjustment of cerebral blood flow to match the increased demands of active brain regions (Toth et al., 2014, 2015a, 2015b; Tucsek et al., 2014; Tarantini et al., 2015). This homeostatic mechanism, termed neurovascular coupling (NVC, also known as functional hyperemia), depends on the production of vasodilator NO by microvascular endothelial cells in response to mediators released from activated astrocytes. Extensive clinical and pre-clinical data demonstrate that NVC is impaired in aging (Csiszar et al., 2019; Farias Quipildor et al., 2019; Tarantini et al., 2019b) due, at least in part, to cerebromicrovascular endothelial dysfunction and is causally linked to cognitive impairment (Toth et al., 2014; Tarantini et al., 2015; Ungvari et al., 2017). Further, there is emerging evidence from experimental studies that restoration of NVC responses in aged animals leads to improved cognitive performance (Tarantini et al., 2018, 2019a; Csipo et al., 2019b; Lipecz et al., 2019). There is strong evidence that sepsis is associated with significant endothelial dysfunction, which contributes to the pathogenesis of multiple organ failure in severe cases (Aird, 2003; Peters et al., 2003; Szabo and Goldstein, 2011; Vachharajani et al., 2012; Coletta et al., 2014; De Backer et al., 2014). Aging is associated with impaired endothelial stress resilience (Ungvari et al., 2011a,b; Fulop et al., 2018) and there are strong experimental data suggesting that sepsis in aged mice is associated with exacerbated endothelial dysfunction (Coletta et al., 2014). However, the impact of sepsis on NVC responses in aging is currently unknown.

This study was designed to test the hypothesis that sepsis in aging leads to impairment of NVC responses early after treatment and that this neurovascular dysfunction associates with impairments in cognitive performance and vascular endothelial dysfunction. To test this hypothesis, we used a commonly studied bacterial pathogen, Listeria monocytogenes, to induce sepsis in experimental animals. In humans, L. monocytogenes is a food-borne pathogen known to primarily affect the elderly population in whom it causes sepsis and central nervous system infections (Yildiz et al., 2007). For example, adults >65 years of age are over 4 times more likely than the general population to experience invasive L. monocytogenes infections, and patients with L. monocytogenes CNS infections typically have worse outcomes than those infected with other common neuroinvasive bacteria (Tubiana et al., 2020). To mimic the clinical scenario, antibiotic treatment was administered. Cognitive performance, NVC responses and vascular endothelial function were measured 30 days after sepsis induction and within 2 weeks after antibiotic treatment completion.



MATERIALS AND METHODS


Sepsis Model and Experimental Animals

L. monocytogenes was used to induce sepsis in experimental animals. L. monocytogenes strain EGD was originally obtained from P.A. Campbell (Dramsi et al., 1996). Bacteria were stored in brain-heart infusion (BHI) broth (Difco, Detroit, MI) at 109 CFU/mL at −80°C. For experiments, the stock culture was diluted 1:10,000 into BHI and cultured overnight at 37°C with shaking.

This study was carried out with the approval from Institutional Animal Care and use Committee (IACUC) of the University of Oklahoma HSC (OUHSC). All animals were obtained from the NIA Aged Rodent Colony (Charles River Laboratories, Wilmington, MA).

Male C57BL/6N mice 24 months of age were used in experiments as indicated. The biological age of 24 months old mice corresponds to that of 65 year old humans. Mice were injected i.p. with 500–1,000 μL PBS containing 2.0–7.5 × 104 CFU L. monocytogenes (sepsis group, n = 27) or vehicle (sham group, n = 11), and then treated with antibiotics as previously described (Zhang et al., 2018). Although L. monocytogenes is a foodborne bacterial pathogen in humans, the choice for i.p. administration in our experimental design was based on amino acid difference between human and murine E cadherin. This difference significantly limits the invasion of L. monocytogenes through the GI in mice (Bonazzi et al., 2009), therefore the i.v. or i.p. injections are commonly used to bypass the GI tract in mice and to establish systemic infection in a reproducible fashion (Zhang et al., 2018; Cassidy et al., 2020).

Septic and sham mice were injected i.p. with 2 mg ampicillin (Butler Schein Animal Health, Dublin, OH) three times at 10–12 h intervals beginning 48 h post-infection. Bubblegum-flavored amoxicillin (2 mg/mL final concentration) was added to the drinking water 3 days post-infection and continued until sacrifice or 14 days post-infection. All solutions were warmed to body temperature prior to injection. Mice were weighed daily for 14 days. Mice were euthanized by CO2 asphyxiation and transcardially perfused with ice cold PBS.



Measurement of Neurovascular Coupling Responses

Mice in each group were anesthetized with isoflurane (4% induction for 1–2 min, 1% maintenance during surgical preparation, and 0.5% during NVC measurements), endotracheally intubated and ventilated (MousVent G500; Kent Scientific Co., Torrington, CT) as described previously (Tarantini et al., 2017). A thermostatic heating pad (Kent Scientific Co., Torrington, CT) was used to maintain rectal temperature at 37°C. End-tidal CO2 was controlled between 3.2 and 3.7% to keep blood gas values within the physiological range. Cannulation of the right femoral artery was performed for arterial blood pressure measurement (Living Systems Instrumentations, Burlington, VT). The blood pressure was within the physiological range throughout the experiments (90–110 mmHg). Mice were immobilized and placed on a stereotaxic frame (Leica Microsystems, Buffalo Grove, IL), the scalp and periosteum were pulled aside, and the skull was gently thinned using a dental drill while cooled with dripping buffer.

Prior to assessment of NVC responses, experimental animals were maintained on 0.5% isoflurane for 20 min. To assess NVC, a laser speckle contrast imager (Perimed, Järfälla, Sweden) was placed 10 cm above the thinned skull and differential perfusion maps of the brain surface were captured (Tarantini et al., 2017). Changes in cerebral blood flow were monitored above the left and right whisker barrel cortex in six consecutive and alternating trials of left and right whisker stimulation, separated by 5–10 min intervals.

For data evaluation, the relative change in the CBF signal was compared between the baseline of the region of interest (ROI) and during stimulation. To rule out an unspecific increase of cerebral blood flow, the difference between the relative change for both lateral ROI‘s was used for further evaluation to determine specific changes for the contralateral somatosensory cortex. In each study, the experimenter was blinded to the treatment of the animals.



Assessment of Endothelial Nitric Oxide (NO)-Mediated Vasodilation in Aorta

Assessment of endothelium-dependent vasorelaxation was performed in isolated aorta ring preparations as previously described (Horvath et al., 2005; Csiszar et al., 2008; Pearson et al., 2008; Csiszar et al., 2009; Bailey-Downs et al., 2012). In brief, vessels were cut into ring segments approximately 1.5 mm in length and were mounted in wire myograph chambers (Danish Myo Technology A/S, Inc., Denmark) for measurement of isometric tension. The chambers were filled with Krebs buffer solution (118 mM NaCl, 4.7 mM KCl, 1.5 mM CaCl2, 25 mM NaHCO3, 1.1 mM MgSO4, 1.2 mM KH2PO4, and 5.6 mM glucose; at 37°C; gassed with 95% O2 and 5% CO2). Optimal passive tension was applied to the rings (as determined from the vascular length-tension relationship). After 1 h equilibration, rings were pre-constricted with 10 μM phenylephrine. Acetylcholine-mediated vasodilation was quantified as a normalized relaxation compared to phenylephrine preconstriction. Endothelial NO-dependent relaxation was measured in the presence and absence of the NO synthase inhibitor N(ω)-nitro-L-arginine methyl ester in response to acetylcholine (from 1 nM up to 10 μM). Endothelium independent relaxation was determined in response to sodium nitroprusside (SNP, 0.1 nM to 10 μM).



Assessment of Cognitive Function Using the PhenoTyper Home Cage System

Cognitive performance was tested using the automated home-cage testing apparatus, PhenoTyper (Model 3000, Noldus Information Technology, Netherlands), as described previously (Logan et al., 2019). Mice were continuously monitored during the light and dark cycles. During cognitive testing, mice were rewarded with a food pellet after five successful entries into the correct hole (FR5; fixed ratio 5) as previously described (Logan et al., 2018). In brief, the percentage of correct entries made in a moving window of the trailing 30 entries was calculated and trials to reach an 80% success rate were determined. Data was tracked for the dark and light phases over the course of 4 days. For initial learning phase, mice were required to pass through the left entrance of the CognitionWall to obtain a food reward (Dustless Precision Rodent Pellets, F05684, Bio-Serv, Flemington, NJ), which was dispensed using an FR5 schedule. In 48 hours, the task was modified, and the correct response was changed to the right entry requiring the animal to extinguish the previous learning and acquire a new response, and the cognitive flexibility was calculated. The data were processed using Python programming language. The Leaning Index for initial learning and cognitive flexibility phases was calculated as correct entries minus the incorrect entries divided by the total number of entries.



Statistical Analysis

Mortality rates were analyzed using Chi-square test and data were presented in the form of Kaplan-Meier curves. NVC responses were evaluated using the appropriate unpaired t-test after testing the dataset for normality. Relaxation of aorta rings were expressed as the change of ring tension relative to the tension evoked by the preconstriction. Raw tension data of rings not exhibiting a constriction greater than 1 mN and/or endothelium-dependent vasorelaxation were excluded from further analysis. Multiple aorta ring measurements were then averaged for each animal, and two-way repeated measures ANOVA with Sidak’s post hoc test was used to compare relaxation between groups. Cognitive data from the PhenoTyper cages was calculated and presented as changes in initial learning during the first 2 days of cognitive assessment, and as cognitive flexibility during the reversal phase of cognitive assessment. Initial learning and cognitive flexibility were calculated as a number of ([correct entries-incorrect entries]/total entries) during the hours 3–12 and 51–62, respectively. Cognitive data were analyzed using the parametric unpaired t-test after passing the normality test. All statistical analysis was performed in GraphPad Prism 8.4.2 (GraphPad Software, LLC, United States). Data are shown as mean ± SEM. A p < 0.05 was considered statistically significant.




RESULTS


The Effect of L. monocytogenes Induced Sepsis on Mortality Rates and Body Weights in Aged Mice

Survival curves of aged mice after infection with L. monocytogenes are shown in Figure 1A. The weight loss is considered a key biological feature of sepsis in mouse models (Stortz et al., 2019) and the time course of changes in body weight associated with L. monocytogenes induced sepsis is shown in Figure 1B. The weight loss in current project was similar to reported data that previously utilized similar sepsis model (Cassidy et al., 2020). The timescale of observed mortality and weight loss in our sepsis model was also similar to sepsis timescale in humans, when the vast majority of deaths in first 72 h after admission to the ICU are due to primary infection-related multiple organ failure (Daviaud et al., 2015).
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FIGURE 1. The effect of L. monocytogenes induced sepsis on mortality rates and body weights in aged mice. (A) Survival curve of 24-month-old mice after L. monocytogenes infection and antibiotic treatment. Over the course of the experiment, 13 out of 27 L. monocytogenes infected mice died due to sepsis. Antibiotic treatment was initiated 48 h post-infection. (B) Time course of changes in body weight associated with L. monocytogenes induced sepsis in aged mice.


One mouse from the experimental group was euthanized per recommendations of attending veterinarian for conditions not associated with experimental sepsis protocol and were removed from analysis.



Sepsis Impairs NVC Responses in Aged Animals

To determine the effect of sepsis on NVC responses in aging, we assessed functional hyperemia in the whisker barrel cortex in mice 5 days after completion of antibiotic treatment in infected and sham-treated aged animals (n = 13 and n = 7, respectively). One mouse in sham group died due to complications with the surgical preparation and their aortas were immediately removed for vascular functional assessment. We found that in aged mice sepsis significantly impaired NVC responses evoked by contralateral whisker stimulation (Figure 2). Our data demonstrate that sepsis-induced chronic neurovascular dysfunction persists even after a complete course of translationally relevant antibiotic treatment.
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FIGURE 2. Sepsis impairs NVC responses in aged animals. Sepsis (n = 13) significantly impaired CBF responses during whisker stimulation when compared to sham controls (n = 7). Data are presented as a%-change from baseline values prior to sham or l. monocytogenes treatment. p = 0.002.




Sepsis Impairs Vascular Endothelial Function in Aged Animals

To assess the effect of L. monocytogenes induced sepsis on endothelial function, acetylcholine-mediated relaxation was measured in aorta rings under isometric conditions (n = 13 for the septic group, n = 7 for sham). Acetylcholine-induced relaxation was compared with two-way repeated measures ANOVA (Figure 3A), which showed that sepsis accounted for 5.122% of variance [F(1,14) = 9.64, p = 0.008]. Post hoc multiple Sidak’s test showed a significant difference between groups at acetylcholine concentration of 4 μM (mean difference: 22.12%, 95% CI: 1.51–42.72, p = 0.03). Inhibition of endothelial NO synthase abolished acetylcholine-evoked relaxation in both groups (data not shown). Endothelium independent vasorelaxation in response to sodium nitroprusside was not different between the groups (Figure 3B). These data suggest that sepsis induces endothelial dysfunction, which persists even after completion of a full antibiotic treatment.
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FIGURE 3. Sepsis caused by L. monocytogenes was associated with endothelial dysfunction. Endothelium-dependent vasodilation was measured using wire myography in aorta rings under isometric conditions. (A) Sepsis significantly reduced endothelial function in aged animals. A significant difference in dilation between groups was observed when 4 μM acetylcholine (ACh) was applied to aorta rings. (B) Endothelium-independent relaxation evoked by sodium nitroprusside (SNP) was not different between groups (right panel). *p < 0.05; **p < 0.01.




Sepsis Effects on Cognitive Performance in Aged Animals

To evaluate whether L. monocytogenes induced sepsis has an impact on cognition, experimental animals were evaluated for cognitive performance using the PhenoTyper homecage system (n = 13 in sepsis group and n = 7 in sham group, Figure 4A). One mouse in sepsis group was excluded from the analysis due failure in food reward/pellet dispensing system. No significant effect on cognitive performance measured using the PhenoTyper homecage system in L. monocytogenes induced sepsis in this model was observed (Figure 4B).
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FIGURE 4. Sepsis effects on cognitive performance in aged animals. PhenoTyper homecage system was used to evaluate the impact of sepsis on cognitive performance (n = 13 in sepsis group and n = 7 in sham group). (A) All experimental animals were tested for the duration of 4 days, during which Initial Learning and Cognitive Flexibility were evaluated. Our data demonstrate a trend toward an impairment of cognitive performance measured during the initial learning phase (B). Cognitive flexibility was unaltered by sepsis.





DISCUSSION

In this study, we utilized a clinically relevant in vivo model of sepsis via infection of aged mice with L. monocytogenes, an important cause of bacterial sepsis in older adults (Yildiz et al., 2007). The key finding of this study is that in aged mice, L. monocytogenes induced sepsis impairs NVC responses and promotes endothelial dysfunction, a finding which persists even after treatment with a clinically relevant regimen of antibiotics.

This is the first study to demonstrate compromised NVC responses in a relevant preclinical animal model of geriatric sepsis. Previous clinical studies reported multifaceted effects of sepsis on cerebral blood flow regulation (Terborg et al., 2001; Bowie et al., 2003; Pfister et al., 2008; Toksvang et al., 2014; Vasko et al., 2014; de Azevedo et al., 2017; Crippa et al., 2018; Masse et al., 2018). The emerging concept is that both reduced cerebral blood flow and altered autoregulation contribute to sepsis-associated encephalopathy. Our data are in line with this concept, suggesting that impaired moment-to-moment regulation of cerebral blood flow is casually linked to the pathogenesis of cognitive impairment associated with geriatric sepsis. There is a temporal evolution of cerebral hemodynamic impairments in sepsis. Our data suggest that persisting neurovascular dysfunction is manifested even after adequate antibiotic treatment in aged mice.

An abundant body of evidence demonstrates that sepsis due to a wide range of bacterial infections results in generalized endothelial dysfunction (Szabo and Goldstein, 2011; Becker et al., 2012; Wexler et al., 2012). Here we provide evidence that L. monocytogenes infection also causes marked endothelial dysfunction, which persists after antibiotic treatment. Various bacterial species can exert either a direct effect on the vascular endothelium or promote endothelial dysfunction through the induction of pro-inflammatory mediators and oxidative stress (Al-Obaidi and Desa, 2018). L. monocytogenes is known to release the pore-forming toxin listeriolysin O, which confers deleterious effects on endothelial cells (Drevets, 1998; Wilson and Drevets, 1998; Kayal et al., 1999; Kayal et al., 2002). Additionally, L. monocytogenes can also invade brain microvascular endothelial cells (Drevets et al., 1995; Greiffenberg et al., 1998). Our findings that L. monocytogenes infection promotes significant endothelial dysfunction in aged mice is translationally relevant, as healthy endothelial function is a prerequisite for normal NVC responses. The limitation to our findings is that endothelial function measured in aorta rings cannot be directly translated to the function of endothelial cells in the cerebral microcirculation due to known significant morphological and functional differences between endothelial cells from different anatomic sites (Sengoelge et al., 2005). However, recent studies suggest that the extent of generalized endothelial dysfunction predicts cognitive performance in older adults (Csipo et al., 2019a), providing additional evidence on the role of endothelial dysfunction in impairment of NVC responses in sepsis. Further, while not the part of this study, future experiments are warranted to evaluate the contribution of endothelial function in hemodynamic responses of NVC measured in vivo (such as in L-NAME and acetylcholine infused animals).

A growing body of clinical evidence demonstrates that persisting cognitive impairment is one of the major complications observed in sepsis survivors (Iwashyna et al., 2010). Recent meta-analysis studies report that cognitive impairment is observed in up to 21% of sepsis survivors and that sepsis may affect different domains of cognition including attention, cognitive flexibility, processing speed and working memory (Calsavara et al., 2018b). The study reports that cognitive decline can be observed as early as 24 h after discharge from the intensive care unit in young and middle-aged sepsis survivors of 34–64 years of age. When tested 1 year after sepsis incident, all subjects presented with a general improvement in cognitive performance for Verbal Fluency, Mini Mental State Examination, Word Listing Learning, Word List Recall, Word List Recognition and Praxis Recall. Interestingly, cognitive performance based on Modified Boston Naming Test and Constructional Praxis remained unchanged from the time of discharge from intensive care unit, suggesting sepsis has profound and long-lasting effects on cognitive performance in young and middle-aged adults (Calsavara et al., 2018b). Further, clinical studies report that cognitive impairment among sepsis survivors of > 65 years of age is significantly associated with substantial and persistent new cognitive impairments and functional disability 1-year post-sepsis, with the magnitude of these deficits likely leading to loss of independence and severely reduced quality of life. In our study, we did not observe significant difference in cognitive performance early post-sepsis when compared to control animals. Possible explanation for non-significant difference in cognitive performance, but just a trend, could be due to the sample size and due to the choice of behavioral test. PhenoTyper homecage system that was used in our experiments is the food reward-based spatial memory task (Logan et al., 2018), and while it evaluates hippocampal function, it does not allow evaluation of other domains of cognitive function that are known to be most affected in sepsis in humans (Calsavara et al., 2018b). Therefore, whether cognitive deficits observed in the model used in the current study are present in other domains of cognition and whether the relationship between impairment of NVC responses and cognitive dysfunction exist is yet to be studied.



CONCLUSION

In conclusion, findings from our study suggest that sepsis-associated endothelial dysfunction and impairment of NVC responses in aged animals may contribute to long-term cognitive deficits in older sepsis survivors. Future studies are warranted to determine whether pharmacological interventions aimed at restoration of endothelial function and NVC responses are effective in improving cognitive function in sepsis survivors.
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We and others have reported that Notch3 is a regulator of adult hippocampal neurogenesis. Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL), the most common genetic form of vascular dementia, is caused by mutations in Notch3. The present study intended to investigate whether there is a correlation between altered adult hippocampal neurogenesis and spatial memory performance in CADASIL transgenic mice. To overcome visual disabilities that hampered behavioral testing of the original mice (on an FVB background) we back-crossed the existing TgN3R169C CADASIL mouse model onto the C57BL/6J background. These animals showed an age-dependent increase in the pathognomonic granular osmiophilic material (GOM) deposition in the hippocampus. Analysis in the Morris water maze task at an age of 6 and 12 months revealed deficits in re-learning and perseverance in the CADASIL transgenic mice. Overexpression of Notch3 alone resulted in deficits in the use of spatial strategies and diminished adult neurogenesis in both age groups. The additional CADASIL mutation compensated the effect on strategy usage but not on adult neurogenesis. In brain bank tissue samples from deceased CADASIL patients we found signs of new neurons, as assessed by calretinin immunohistochemistry, but no conclusive quantification was possible. In summary, while our study confirmed the role of Notch3 in adult neurogenesis, we found a specific effect of the CADASIL mutation only on the reversion of the Notch3 effect on behavior, particularly visible at 6 months of age, consistent with a loss of function. The mutation did not revert the Notch3-dependent changes in adult neurogenesis or otherwise affected adult neurogenesis in this model.
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INTRODUCTION

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL), the most common genetic cause of stroke and vascular dementia, results in accumulation of granular osmiophilic material (GOM) in small and medium sized arteries (Chabriat et al., 2009). We previously identified GOMs in the vasculature of the adult hippocampus in an established transgenic mouse model overexpressing Notch3 (N3) with a CADASIL-causing point mutation (Ehret et al., 2015). In that model we saw effects on adult hippocampal neurogenesis but could not assess any potential role in hippocampus-dependent behavior, because the existing mice, which are on a FVB background, cannot be feasibly tested for spatial memory because of a genetic visual deficit (Voikar et al., 2001; Farley et al., 2011). The current project aimed at overcoming that limitation in order to support our original hypothesis that neurogenesis-related impairments due to the N3 mutation in neural stem cells might contribute to the overall phenotype in CADASIL.

The hippocampus is one of the first structures affected in dementias, playing an essential role in memory processing. Particularly the consolidation of declarative memory, which includes semantic and episodic memory, is processed by the hippocampus (O’Keefe and Dostrovsky, 1971; reviewed by Morris, 2007). Even though only a few studies have specified the memory deficits seen in CADASIL patients and despite the limitations of the neuropsychological assessment strategies used, some interesting commonalties have arisen. CADASIL patients often present deficits in episodic memory, executive function and working memory prior to stroke and age-dependent cognitive decline (Buffon et al., 2006; Epelbaum et al., 2011). This pattern of memory impairment suggests, besides the involvement of subcortical-frontal regions, connections to the hippocampal subfields. Furthermore, a correlation has been identified between hippocampal volume and cognitive performance in CADASIL patients, independent of vascular lesions (O’Sullivan et al., 2009). Hence, these findings point to potential role of the hippocampus in the manifestation of CADASIL.

Besides its pivotal role in memory processing, the hippocampus is also unique in that it maintains lifelong adult neurogenesis. The current view suggests that neurogenesis in this region provides increased plasticity, which is critical for lifelong cognitive flexibility (Burghardt et al., 2012; Kempermann, 2012; Spalding et al., 2013; Garthe et al., 2014). This process is tightly controlled by internal and external factors acting on residing stem and progenitor cells. The Notch super-family is one of such transcriptional regulators that play a central role in stem cell quiescence and maintenance, progenitor cell proliferation and differentiation in the developing and adult brain (Ehm et al., 2010; Imayoshi et al., 2010; Lugert et al., 2010). Since CADASIL is due to a diversity of point mutations in N3, the Notch signaling pathway is of particular relevance. Although most of the work focuses on Notch1 (N1), some aspects regarding the critical function of N3 in stem cell quiescence and neurogenesis have been identified (Kawai et al., 2017; Than-Trong et al., 2018). In adult mice, N3 is expressed in neural stem and progenitor cells in the subependymal zone of the lateral ventricles (Kawai et al., 2017) and the subgranular zone of the hippocampus (Ehret et al., 2015). Importantly, our previous research identified N3 as a critical regulator of precursor cell proliferation and differentiation in the neurogenic niche of the murine hippocampus (Ehret et al., 2015). Although a detailed analysis in human cells and tissues is still lacking, these findings already suggest that N3 might exert regulatory influences on neuronal plasticity that could impact hippocampus-dependent learning and memory.

The N3 signaling pathway is of outstanding relevance in CADASIL, since mutations in the N3 gene are disease-causative. We already proved the presence of altered hippocampal neurogenesis independent to overt vascular abnormalities in a transgenic mouse model of CADASIL (Ehret et al., 2015). In the current study we aimed at confirming whether N3 dysfunction might be an additional underlying mechanism accounting for the learning and memory deficits seen in CADASIL patients, possibly independent of vascular dysfunction but related to a dysfunction in neural stem cells in the hippocampus. For that purpose, we backcrossed the established mouse model TgN3R169C (Joutel et al., 2010) onto a C57BL/6J background in order to allow unconstrained behavioral testing in the classical Morris water maze task. We used a concrete testing paradigm, which we had previously identified as highly sensitive to the contribution of adult-generated neurons to spatial learning (Garthe et al., 2009, 2014). Additionally, we intended to investigate whether we could find signs of altered adult hippocampal neurogenesis in samples from CADASIL patients.



MATERIALS AND METHODS


Animals and Tissue Preparation

TgN3WT and TgN3R169C generated by Joutel et al. (2010) and crossed back for 10 generations to C57BL/6J (Charles River), were maintained at the CRTD – Center for Regenerative Therapies Dresden, Dresden, Germany. WT littermates from both strains were used as controls. All experiments were conducted in accordance with the applicable European and National regulations (Tierschutzgesetz) and approved by the responsible authority (Landesdirektion Dresden, approval number 24-9168.11-1/2012-26). Animals were maintained on a 12 h light/dark cycle with food and water provided ad libitum. TgN3WT and TgN3R169C mice were genotyped by PCR (Notch3 forward: 5′ TTC AGTGGTGGCGGGCGTC 3′ Notch3 reverse: 5′GCCTACAGGTGCCACCATTA CGGC 3′; Vector forward: 5′ AACAGGAAGAATCGCAACGTTAAT 3′ Vector reverse: 5′ AATGCA GCGATCAACGCCTTCTC 3′). Notch3 PCR products from TgN3WT and TgN3R169C mice were sequenced and the genetic mutation site was identified to confirm the correct genotype of the strains used. The effect on protein expression has been analyzed in the original TgN3WT and TgN3R169C mice and is shown in Supplementary Figure 4.

Female and male C57BL/6J, TgN3WT, and TgN3R169C mice received intraperitoneal injections of 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich) at 50 mg/kg, dissolved in sterile 0.9% NaCl (10 mg/ml). BrdU was delivered three times every 6 h for 6 months old animals and seven times every 24 h for 12 months old animals. Mice were killed 28 days after BrdU administration by using a mixture of ketamine and xylazine and transcardial perfusion with 0.9% NaCl and 4% paraformaldehyde (PFA). The brains were left in 4% PFA for 24 h at 4°C, transferred to 30% sucrose and cut into 40 μm thick serial coronal sections on a freezing microtome (HM430, Thermo Scientific). Sections were stored at −20°C in cryoprotectant solution (25% ethylene glycol, 25% glycerol in 0.1 M phosphate buffer, pH 7.4).



Human Samples

Post-mortem human hippocampus samples (N = 7 CADASIL and N = 6 Control samples) were obtained from the CADASIL brain bank, Leiden University, Netherlands (age range 48–70 years, including both sexes). Out of the seven CADASIL patients, six had a mutation on exon 4 and one in exon 8. The modeled R169C mutation was not present in the human samples. All participants gave informed consent that their samples could be used for research and publication, nevertheless to prevent traceability the data are only presented in charts. For details on the influence of age, sex or post mortem delay on the obtained (but ultimately inconclusive) data see Supplementary Figure 1.



Immunohistochemistry


Animal Tissue

As described previously (Kempermann et al., 2003), for BrdU detection every sixth brain section from C57BL/6J, TgN3WT, TgN3R169C animals at 6 months and 12 months of age were used (group size at 6 months WT = 15, TgN3 both 12 and at 12 months WT = 19, TgN3 both 13). Briefly for BrdU detection, sections were quenched with 0.6% H2O2 for 30 min, incubated in 2 N HCl for 30 min at 37°C followed by 1 h blocking with TBS++ (10% donkey serum, 0.2% Triton-X 100 in TBS) and incubation in monoclonal rat anti-BrdU antibody (1:500; OBT0030, Serotec) overnight at 4°C in TBS+ (3% donkey serum in TBS). For calretinin detection an analog protocol was used, but without the HCl denaturing step. Sections were incubated with primary antibody rabbit anti-calretinin (1:2000, CR7697, Swant). To determine the total number of labeled cells, the peroxidase method was used with biotinylated donkey anti-rat or anti-rabbit antibody (similarly as described for the human tissue). However, no counter stain was performed and sections were mounted on gelatine-coated slides and cover-slipped with Neo-Mount (Merck). For phenotyping of BrdU+ cells, immunofluorescence was performed. Free-floating sections were washed, incubated with 2 N HCL for 30 min at 37°C, blocked for 1 h in TBS++ and incubated over night at 4°C with the following primary antibodies: rat anti-BrdU (as above), mouse anti-NeuN (1:500; MAB377, Millipore), rabbit anti-S100β (1:1000; ab52642, Abcam). The next day, sections were washed and incubated with secondary antibody for 2 h at RT. All secondary antibodies were purchased from Dianova: anti-mouse Dye-Light 549, anti-rat Alexa 488, anti-rabbit Alexa 647. After a final washing step, sections were incubated for 10 min in Hoechst (1:4000 in TBS; 33342, Sigma-Aldrich) and then mounted on glass slides using 2.5% PVA-DABCO.



Human Tissue

Paraffin-fixed sections of 5 μm thickness were taken from three different blocks per human hippocampus. Per patient six sections two per each block were analyzed. Tissue sections were dewaxed with xylene and rehydrated with decreasing concentrations of ethanol. Unmasking was performed using 1 mM EDTA (pH 8) at 110°C in a pressure cooker for 5 min. Sections were afterward incubated with 3% H2O2 for 30 min, blocked for 1 h in TBS+ (containing 10% donkey serum) and subsequently Avidin-Biotin blocked (SP2001, Vector labs) followed by incubation with calretinin antibody (1:2000, CR7697, Swant) overnight at 4°C in TBS+ (containing 5% donkey serum).

To determine the number of labeled cells, the peroxidase method (Vectastain Elite ABC kit, Vector laboratories) was used with biotinylated donkey anti-rabbit antibody (1:500, Dianova) and diaminobenzidine (DAB, Sigma) as a chromogen. Sections were finally haematoxylin counter stained (Richard-Allan Scientific Hematoxylin, Thermo Scientific), sequentially dehydrated and cover-slipped with Entellan (Sigma-Aldrich).



Image Quantification

Bromodeoxyuridine and calretinin cell quantification were performed on coded slides using widefield light microscopy with a Leica microscope (DM 750, Leica). The number of immunopositive (+) cells present in the SGZ of the DG was quantified by manually counting all DAB-positive cells present within 40 μm of the granular cell layer of the DG formation (i.e., from Bregma −1.06 to Bregma −3.88). Fluorescence images for BrdU phenotyping were obtained on a fluorescence microscope with 2D structured illumination (ApoTome.2, Zeiss). Images were processed with Zen software (Zeiss), Fiji and Illustrator CS5 (Adobe). Only general contrast and color level adjustments were made; otherwise images were not digitally manipulated. Net neurogenesis and gliogenesis were calculated for each animal separately by multiplying the proportion of BrdU differentiation obtained through fluorescent double labeling (NeuN+BrdU+ or S100β+BrdU+) with the number of BrdU+ cells obtained through DAB.



Morris Water Maze Task

Mice were trained in the reference memory version of the Morris water maze task to locate a hidden escape platform in a circular pool (2 m diameter). In opaque water (by adding non-toxic titan white) at 19–20°C, mice had to swim six trials a day for five consecutive days for 6 months-old mice, or seven consecutive days for 12 months-old mice. The experimental design (see Figures 2A, 4A) contained 3 or 4 days acquisition (for 6 and 12 months old mice, respectively) followed by 2 or 3 days of reversal, where the platform position was switched to the opposite quadrant. Mice were released every day from a new starting position and allowed to search for the hidden platform for a maximum of 120 s. During each day the starting position remained constant. At the end of each trial and irrespective of trial performance, mice were guided to the platform and allowed to remain there for at least 15 s. At the last day a final trial with a visual platform in a new position was performed to evaluate the visual abilities of the mice. Swim paths were recorded using EthoVision (Noldus) and further analyzed using Matlab (The Mathworks). To visualize spatial preference for the goal position in the probe trials, a heat map like occupancy plot was divided into 10 cm × 10 cm wide sectors and the probability of an animal to be found in each sector was calculated. Search strategies were classified according to parameters and an algorithm described in our previous study (Garthe et al., 2014), originally based on (Balschun et al., 2003). Strategies were defined by no more than two parameters that are not dependent on pool dimensions. In detail, the swim path data from EthoVision (Noldus) were used to derive the time-tagged x, y-coordinates for the dominant search strategies by an algorithm implemented in Matlab (Mathworks). For analysis of these search strategies a logistic regression model was applied and evaluated using the working environment R (for details see statistics).



Electron Microscopy

Female and male mice were perfused with 0.9% NaCl followed by Karnovsky’s fixative (2% glutaraldehyde, 2% paraformaldehyde, 20 mM HEPES). The brains were left in Karnovsky solution overnight followed by vibratome sectioning (Model 1200 Leica) at a thickness of 200 μm. Tissue was contrasted for 2 h in 1% OsO4 at 4°C, washed, en bloc contrasted with 1% uranyl acetate for 2 h at 4°C, washed and gradually dehydrated in ethanol. This was followed by infiltration of Epon 812 resin, embedding in molds and polymerization at 60°C for 24 h. Semithin sections were stained with 1% toluidine blue and 0.5% Borax (TB/Borax) and inspected with widefield microscope BZ 8000 (Keyence). Ultrathin 70 nm sections were analyzed on a transmission electron microscope (Morgagni 268D, FEI).



Statistics

For analysis of human post-mortem samples we used unpaired t-test since data was normally distributed.

For analysis of adult neurogenesis rates in transgenic animals we used one-way ANOVA, since the data passed the D’Agostino & Pearson normality test, with Bonferroni post-hoc test.

For statistical analysis of the effect of WT, TgN3WT, and TgN3R169C on water maze performance (swim speed, latency, and path length), we performed the non-parametric testing of Friedman with Dunn’s post-hoc test since the data was not normally distributed. For probe trial performance we used Kruskal–Wallis test at 6 months of age since data was not normally distributed, and one-way ANOVA at 12 months of age since data was normally distributed (tested with D’Agostino & Pearson normality test).

For statistical analysis of the effect of WT, TgN3WT, and TgN3R169C on the search strategies, we applied a logistic regression (LR) (as discribed previously Garthe et al., 2016). Using the LR model with nested effect, we estimated the odds ratios for the three different genotypes (WT, TgN3WT, and TGN3R169C), thus comparing the chance of using more versus less hippocampus-dependent search strategies. Corresponding p-values are based on ANOVA. Calculations for search strategy analysis were done in working environment R, all other statistical calculations were done in Prism 7 (GraphPad).



RESULTS

Based on the previous observation of reduced adult hippocampal neurogenesis (Ehret et al., 2015) in the CADASIL transgenic mouse model established by Joutel et al. (2010), we aimed at identifying behavioral deficits in hippocampus-dependent spatial learning by the Morris water maze task. Therefore, this CADASIL transgenic mouse model was back-crossed onto the C57BL/6J background (B6) to overcome the limitations of the FVB/N background (Pugh et al., 2004) like impaired vision (Voikar et al., 2001).


Accumulation of Granular Osmiophilic Material Starts at 6 Months in CADASIL Transgenic Mice on the B6 Background

We first confirmed that in the new backcrossed model, neuropathological characteristics of CADASIL would be maintained. Accumulations of electron dense GOMs in small and medium sized arteries, a key feature of the disease process, appears in some transgenic animal models but not in all. Especially in the used animal model of TgN3R169C on FVB/N background, GOM deposits started to occur at 5 months in the pial arteries and became widely distributed throughout the brain by 10–12 months of age (Joutel et al., 2010). On the B6 background, we now carried out a detailed electron microscopic analysis to observe the disease progression. Surprisingly, we found GOM accumulations already at 6 months of age in TgN3R169C on C57BL/6 background in the hippocampus (Figure 1). GOMs can be found close to the 3rd ventricle and around medium-sized vessels of the hippocampal fissure.
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FIGURE 1. Accumulations of GOMs in hippocampus of TgN3R169C mice. Electron microscopic analysis of the hippocampus in TgN3R169C mice showed accumulation of electron dense granular osmiophilic material at 15 and 12 months of age and less dense accumulation already at 6 months of age, as highlighted by the red arrow. Scale bar for left column 5 μm, right column 0.5 μm. EC, endothelial cells; Lu, Lumen; Nuc, Nucleus; vSMC, vascular smooth muscle cells.




Deficits in Hippocampus-Dependent Learning in Aged TgN3WT and TgN3R169C Mice on the B6 Background

An extended protocol was used for this task, consisting of 4 days of acquisition and 3 days of reversal, to cope with age-dependent deficits (experimental protocol Figure 2A). At 12 months of age, the transgenic mice showed specific deficits in relearning of a new platform position in the old context (reversal) while the initial acquisition was not impaired. In detail, the analysis of latency to find the hidden platform was unimpaired (Chi-Square = 0.857, p = 0.768; Figure 2C), but since swim speed differed significantly (Chi-Square = 12.29, p = 0.003 with TgN3WT < TgN3R169C, p = 0.0015; Figure 2D), the analysis of path lengths is a more reliable measure (Chi-Square = 6, p = 0.05 with TgN3WT vs. TgN3R169C p = 0.048; Figure 2B). Relearning of a new platform position was impaired in CADASIL mice, as the analysis of path-length during reversal showed (Chi-Square = 6, p = 0.027 with WT vs. TgN3R169C p = 0.04). Nevertheless, the initial memory of the previous platform position was not impaired, as analyzed during a probe trial by measuring the time the mouse spent in the relevant target zone [F(2,40) = 1.667, p = 0.20] and the number of former goal crossings [F(2,40) = 0.86 p = 0.43; Figures 2G,J]. In addition, we asked how many trials it took each mouse after goal reversal to regain a mean path length that was equal or shorter than on the last day of acquisition. Although there were variations between the different lines, no statistically significant difference could be detected [ANOVA F(2,40) = 2.45, p = 0.09; Figure 2K]. The low p-value of 0.09 nevertheless indicates that further studies with increased power might reveal an effect of the mutation on the N3-dependent impairment.
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FIGURE 2. Impaired spatial learning in the Morris water maze task in Notch3 and CADASIL transgenic mice at 12 months of age. (A) The experimental protocol of the Morris water maze task adjusted for aged animals and thus containing 4 days of acquisition and 3 days of reversal. (B) Analysis of path length showed an impaired performance after platform relocation in CADASIL mice (* represents p < 0.05). (C) Analysis of latency shows similar trends but no significant effect since the swim speed is significant higher in TgN3R169C. (D) Swim speed of CADASIL mice differed significantly compared to N3 transgenic controls (**p < 0.01). (E) Examples for classification of search strategies used to define “unspatial” vs. “spatial” more hippocampus-dependent patterns. (F) Contribution of the respective search strategies to group performance, color code as indicated in (E). (G) Heat maps from the respective animal groups of the probe trial performance (only the first 30 s). (H) Graphic illustration of the induced change in the odds to choose a more hippocampus-dependent strategy as uncovered by logistic regression analysis based on previous classification shown in (E). (I) Graphic illustration of the induced change in the odds for perseverance based strategy in the reversal phase of the Morris water maze task. (J) Analysis of former goal crossings as an indicator of target accuracy in the probe trials. No impairment in previous goal location can be seen in transgenic mice. (K) Number of trials an individual animal needed to regain the average path length of day 4.


In conclusion, the old platform position could be easily remembered, but CADASIL TgN3R169C mice showed deficits in up-dating the old context. A detailed analysis of the search strategies revealed that the mice used different strategies to locate the hidden platform. These strategies are indicative of the underlying cognitive processes and brain structures involved (Balschun et al., 2003; Garthe et al., 2009). Thus, we analyzed the search patterns (Figure 2E) of the mice while they were navigating to the hidden goal during task acquisition (days 1–4) and the reversal (days 5–7). Specifically, we compared the ratio of spatially directed effective search patterns to less directed patterns and thus less effective strategies shown by the TgN3WT and TgN3R169C mice compared to WT mice (Figures 2F,H). Using a logistic regression, we statistically assessed changes in the chance (odds) for using either a more or less hippocampus-dependent strategy. The estimated odds-ratio (OR) for transgenic mice overexpressing N3 compared to WT was OR = 0.777 (p = 0.004), whereas the CADASIL mutation resulted in estimated OR = 0.936 (p = 0.063). Consequently, overexpression of N3 significantly impaired the use of spatial, more hippocampus-dependent strategies, while the CADASIL mutation per se (in comparison to N3 overexpression) resulted in less severe deficits in the use of spatial strategies. In the reversal phase, perseverance could be seen predominantly in the N3 and CADASIL transgenic mice. We therefore applied the logistic regression model to the perseverance and found a significantly increased perseverance in CADASIL mutant mice (OR = 2.61, p = 0.003) in addition to the perseverance seen in N3 overexpressing mice (OR = 2.36, p < 0.001; Figure 2I). These findings highlight that the R169C mutation resulted in deficits in up-dating of the allocentric map at this age, thereby resulting in an increased perseverance. These deficits are potentially due to a combined effect of vascular changes in the hippocampal niche (Ehret et al., 2015) and reduced adult neurogenesis. To confirm these neurogenic deficits in the modified mouse model, we carried out histological analysis of adult hippocampal neurogenesis.



Deficits in Adult Neurogenesis in Aged N3 and CADASIL Transgenic Mice on the B6 Background

We had previously found alterations in adult neurogenesis in these N3 and CADASIL transgenic mouse models on the FVB/N background (Ehret et al., 2015). In the new modified transgenic mouse model deficits due to N3 overexpression could be found at 12 months of age, which is in agreement with our previous observation. Also in line with the previous report, the CADASIL mutation did not additionally impact precursor proliferation and neuronal survival, as only differences to WT animals could be detected but not to the N3 overexpressing controls in this age group.

In detail, analysis of adult neurogenesis by BrdU revealed a reduction in cell survival in TgN3R169C [ANOVA F(2,44) = 5.54, p = 0.007, with TgN3R169C< WT p = 0.006; Figure 3B]. Further phenotyping of BrdU+ cells showed a decreased proportion of neuronal differentiation [NeuN+; ANOVA F(2,43) = 20.62, p < 0.001 with TgN3WT< WT p < 0.001 and TgN3R169C< WT p < 0.001] and an increase in astrocytic differentiation [F(2,43) = 12.01, p < 0.0001 with TgN3WT> WT p = 0.013 and TgN3R169C> WT p < 0.0001; Figure 3C,E,F]. While net gliogenesis was not altered [ANOVA F(2,44) = 0.39 p = 0.67], net neurogenesis was reduced in both N3 and CADASIL transgenic animals [ANOVA F(2,44) = 12.19, p < 0.0001 with TgN3WT < WT p = 0.002 and TgN3R169C > WT p = 0.0002; Figure 3D]. The morphology of BrdU+ new neurons and new astrocytes in both N3 and CADASIL transgenic mice appeared normal as shown in Figures 3E,F. For further confirmation of these results, we counted the number of calretinin+ cells in the SGZ of the DG as an independent marker for immature neurons in the adult dentate gyrus (Kempermann et al., 2004; Mattiesen et al., 2009; Knoth et al., 2010). A reduction in the number of calretinin+ cells was found [ANOVA F(2,46) = 8.61 p = 0.0007 with TgN3WT< WT p = 0.018 and TgN3R169C < WT p = 0.001; Figure 3A], and thus these results were in line with the BrdU data (representative images shown in Supplementary Figure 1).


[image: image]

FIGURE 3. Reduced adult neurogenesis in Notch3 and CADASIL transgenic mice at 12 months of age. (A) The number of calretinin+ cells, as a marker for young neurons, is reduced in the SGZ of the DG of Notch3 and CADASIL transgenic mice. (B) Analysis of adult neurogenesis by the number of BrdU+ cells 28 days post injection showed a reduction in CADASIL transgenic animals. (C) Phenotyping of BrdU+ cells located in the SGZ of the DG with neuronal marker (NeuN) and astrocyte marker (S100β) showed decreased neuronal differentiation and an increased astrocytic differentiation of Notch3 and CADASIL transgenic mice compared to WT, Data = Mean ± SEM. (D) Net neurogenesis, as calculated by number of BrdU+/NeuN+ cells, is reduced in Notch3 and CADASIL transgenic mice. (E,F) Representative image from TgN3R169C mice of two BrdU+/NeuN+ neurons (E) and a BrdU+/S100β+ astrocyte (F), scale bar 30 μm. N = 19 for WT and 13 for TgN3WT and TGN3C169C for all graphs. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.005); DG, dentate gyrus; SGZ, subgranular zone.


In conclusion, N3 overexpression reduced survival and differentiation potential of precursor cells in adulthood with no significant additional effect of the CADASIL mutation. A correlation analysis was carried out (Supplementary Figure 2) to gain further information about a link between the mutation, the neurogenesis effect and the behavioral findings. In the TgN3WT mice, a strong cluster of neurogenesis and gliogenesis parameters was found, which was weaker in WT and TgN3R169C animals. Further, a positive correlation between water maze performance and adult neurogenesis was detected as described previously (Kempermann and Gage, 2002). Adult neurogenesis correlated well to the performance on the last day of acquisition (day 4) when the mice were most efficient in finding the hidden platform. CADASIL transgenic animals on the other hand did not show such strong positive correlations between adult neurogenesis and hippocampus-dependent learning, although they overexpressed N3 to the same extent. Thus, TgN3R169C showed clusters of positive correlations for water maze performance throughout all trials, which indicated that these mice behaved more predictable and therefore, presumably, less flexible. This is corroborated by the finding that a correlation to neurogenesis could be detected only on the first day of reversal, when relearning is just starting and mice randomly search for the new platform.

In conclusion, the correlation analysis indicated that N3 is a regulator of adult neurogenesis and gliogenesis and might influence hippocampus-dependent learning in our animal model. The CADASIL mutation partly reverted the behavioral effects of N3 but not on adult neurogenesis.



Deficits in Spatial Learning and Reduced Neurogenesis in N3 Transgenic Mice at 6 Months of Age

As first GOM accumulations were already present at 6 months of age (Figure 1), we also asked whether the described phenotypes were already present at this much younger age, possibly offering insight into the developmental process that leads to the described changes.

At 6 months of age, CADASIL and N3 transgenic mice on the B6 background learned the Morris water maze task quickly and did not show any deficits during acquisition. The analysis of latencies throughout the experiment, with 3 days acquisition and 2 days reversal (Figure 4A), showed no significant differences of N3 transgenic mice to find the hidden platform (Chi-Square = 5.2, p = 0.09; Figure 4C). Swim speed, however, differed significantly (Chi-Square = 8.4, p = 0.008; Figure 4D), as TgN3WT mice were significantly slower compared to WT (p = 0.006). Consequently, the analysis of path length as a less confounded measure was used, but did not reveal a significant difference (Chi-Square = 0.77 p = 0.76; Figure 4B). Although CADASIL mice showed slight deficits in remembering the previous platform location as the heat maps of the probe trial illustrate (Figure 4G). Nevertheless, analysis of probe trial performance revealed no significant differences in target accuracy, which was assessed by the number of former goal crossings (Chi-Square = 0.625, p = 0.73; Figure 4J) and the time spent in the target zone [ANOVA F(2,53) = 2.073, p = 0.135; Figure 4I]. A closer look into the learning strategies (Figure 4E) revealed that N3 overexpression led to a reduction of spatial, hippocampus-dependent strategies (Figure 4F). Analysis of the spatial versus non-spatial strategies by logistic regression revealed an OR = 0.62 (p = 0.007) for N3 overexpressing mice (Figure 4H). The CADASIL mutation on the other side resulted in an OR = 1.436 (p = 0.009), indicating that at this age CADASIL mice used more spatial cues as N3 transgenic controls.
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FIGURE 4. Morris water maze task in Notch3 and CADASIL transgenic mice at 6 months of age. (A) The experimental protocol of the Morris water maze task containing 3 days of acquisition and 2 days of reversal. (B) Analysis of path length showed no deficits in performance. (C) Analysis of latency showed deficits, but since swim speed is reduced in TgN3WT path length is a more reliable measure. (D) Swim speed of TgN3WT mice is reduced compared to WT and TgN3R169C. (E) Classification of search strategies. (F) Contribution of the respective search strategies to group performance, color code as indicated in (E). (G) Probe trial performance of the respective animal groups indicated by heat maps (only the first 30 s were plotted). Dark-red zones represent a 6-fold presence probability. (H) Graphic illustration of the induced change in the odds to choose a more hippocampus-dependent strategy, which is determined by logistic regression analysis based on classification shown in (E). The values indicated that Notch3 overexpression leads to the use of less spatial cues and that the CADASIL mutation per se results in the use of more spatial cues, which brought TGN3R169C mice back to WT levels. (I) Analysis of time spent in target zone during the first 30 s of probe trial as indicator of target accuracy. (J) Analysis of former goal crossings as a precise indicator of target accuracy in the probe trials. Although CADASIL transgenic mice showed less target accuracy of the previous goal location, no significant changes can be detected with the applied measures.


As hippocampus-dependent learning seemed to be partially impaired in N3 transgenic mice at 6 months of age, we carried out a detailed analysis of precursor proliferation and differentiation in the adult hippocampus. As expected from our study on the FVB/N background (Ehret et al., 2015), histological analysis revealed that adult neurogenesis, in particular precursor proliferation and differentiation, was impaired at 6 months in N3 and CADASIL transgenic mice to the same extent. Hence, also the number of young neurons, as analyzed by calretinin immune labeling (Supplementary Figure 1), was significantly reduced in N3 and CADASIL transgenic mice [ANOVA F(2,35) = 85, p < 0.0001 with TgN3WT < WT, p < 0.0001 and TgN3R169C < WT p < 0.0001; Figure 5A]. Similar results were obtained by the analysis of BrdU+ cells 28 days post injection [ANOVA F(2,35) = 19.56, p < 0.0001 with TgN3WT< WT, p < 0.0001 and TgN3R169C< WT, p < 0.0001; Figure 5B; representative images Supplementary Figure 1]. Phenotyping of BrdU+ cells revealed a reduction in neuronal differentiation (as measured by % of BrdU+/NeuN+ co-labeling) in CADASIL transgenic mice in comparison to WT mice [ANOVA F(2,25) = 3.41, p = 0.0049 with TgN3R169C < WT, p = 0.047; Figure 5C]. Further, an increase in astrocytic differentiation (measured by % of BrdU+/S100β+ co-labeling) in CADASIL transgenic mice in comparison to WT mice [ANOVA F(2,25) = 4.62, p = 0.019; TgN3R169C> WT p = 0.025] was observed. As a result, net neurogenesis was reduced in N3 and CADASIL transgenic mice [ANOVA F(2,13) = 10, p = 0.002 with TgN3WT< WT, p = 0.004 and TgN3R169C< WT, p = 0.007; Figure 5D]. Nevertheless, net gliogenesis was not altered [ANOVA F(2,13) = 1.2, p = 0.32]. These results indicate that in N3 overexpressing mice, adult neurogenesis is already impaired at an early age, which is in line with the observed albeit mild deficits in hippocampus-dependent spatial search strategies in the Morris water maze task. The CADASIL mutation in contrast, did not lead to an additional impairment in precursor proliferation or differentiation in this transgenic mouse model on C57BL/6J background.
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FIGURE 5. Reduced adult neurogenesis in Notch3 and CADASIL transgenic mice at 6 months of age. (A) The number of calretinin+ cells, as a marker for young neurons, is reduced in the SGZ of the DG of Notch3 and CADASIL transgenic mice. (B) Analysis of adult neurogenesis by the number of BrdU+ cells 28 days post injection showed a reduction in Notch 3 and CADASIL transgenic animals. (C) Phenotyping of BrdU+ cells with neuronal marker (NeuN) and astrocyte marker (S100β) showed decreased neuronal differentiation and an increased astrocytic differentiation in CADASIL transgenic mice compared to WT, Data = Mean ± SEM. (D) Net neurogenesis, as calculated by number of BrdU+/NeuN+ cells, is reduced in Notch3 and CADASIL transgenic mice. N = 15 WT and 12 for TgN3WT and TgN3R169C in all graphs. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.005), DG, dentate gyrus; SGZ, subgranular zone.




Attempt to Study Adult Neurogenesis in CADASIL Patient Samples

Based on our current and previous observation (Ehret et al., 2015) of a potential direct regulatory influence of N3 on adult hippocampal neurogenesis and the loss-of-function deficits seen in CADASIL transgenic mice, we intended to analyze adult neurogenesis also in patient samples. We were aware of the fact that there are substantial challenges to assessing adult neurogenesis in human specimens (Kempermann et al., 2018; Moreno-Jimenez et al., 2019). Histological analysis on hippocampal samples collected from the CADASIL brain bank (Leiden, Netherlands) showed calretinin-positive cells in the dentate gyrus (Figure 6B) of both patient and control specimens, indicative of adult hippocampal neurogenesis (Brandt et al., 2003; Mattiesen et al., 2009; Knoth et al., 2010; Boldrini et al., 2018). Interneurons were distinguished from immature granular cells based on size and location (shown in Figures 6C,D). Additional neurogenic markers were tested but did not produce convincing results in these specimens (see Supplementary Table B). All samples were checked for confounding effects of age, sex and post-mortem interval, when the areal density of calretinin-positive cells was assessed (Supplementary Figure 3). Altough post-mortem delay did not negatively influence density, no statistical differences in density of calretinin-positive cells were found (Figure 6A). Given the rareness of this disease (and related tissue samples), it was unfortunate that no stereological quantification was possible and the results remain unconclusive with respect to a potential effect of CADASIL on adult neurogenesis.
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FIGURE 6. Calretinin expression in the dentate gyrus of CADASIL post-mortem samples. (A) Number of calretinin+ new born neurons per area of the granular cell layer (GCL) of control (CTRL) and CADASIL (CAD) patient samples. Cell density was averaged over 4–6 sections per patient. (B–D) Representative micrograph of calretinin+ new born neurons (white arrow) and larger Interneurons (black arrow), which are mainly found the hilus of human DG from CADASIL (B,D) and Control patients (C). Tissue was counter stained by haematoxylin. ML, molecular layer. Data = Mean ± SEM, N = 6–7, Scale bar 50 μm.




DISCUSSION

The present study aimed at further elucidating the potential involvement of the hippocampus and failing adult neurogenesis in the manifestation of CADASIL. We had previously shown that N3 plays an essential role in adult neurogenesis, controlling aspects of precursor proliferation, activation and differentiation (Ehret et al., 2015). This is of particular relevance for CADASIL, since the functional consequences of the several established CADASIL mutations, including the R169C mutation investigated here, have still no yet been comprehensively described. The current study identified deficits in hippocampus-dependent spatial memory in CADASIL transgenic mice. The observed behavioral phenotype was mild and could not be explained by N3-dependent effects on adult neurogenesis, because the mutation did not affect the neurogenesis phenotype beyond the N3 effect.

At the same time we confirmed that a regulatory influence of N3 appears to be critical for a variety of neural stem and precursor cells (Kawai et al., 2017; Than-Trong et al., 2018). The differential activation and differentiation of stem and precursor cells might lead to a deficient use of spatial search strategies. Previous studies had shown that, if adult neurogenesis was abolished, as for example in Cyclin D2 knockout mice (Garthe et al., 2014), after irradiation (Snyder et al., 2005), or after treatment with a cytostatic agent (Garthe et al., 2009; Goodman et al., 2010), flexible re-learning was impaired. In the present study we could show that with increasing age especially this reversal learning is impaired in R169C CADASIL transgenic mice. So far, only one other CADASIL study had looked into spatial learning, but re-learning had not been assessed (Liu et al., 2015). The limitation of the model lies on the fact that it relies on N3 overexpression. Some of the effects of the mutation (on the ratio of spatial vs. unspatial strategies but not on perseverance) unveiled a loss of function that reverted or counteracted the pure N3 effects.

The used animal model is based on a strong (4-fold overexpression) of N3 with an endogenous-like expression pattern due to a PAC-based transgenesis approach (Joutel et al., 2010). Both transgenic lines express rat N3 at similar levels in addition to the endogenous mouse N3 protein (Supplementary Figure 4). Since the overexpression per se has such a strong effect on stem and progenitor cells, the additional functional deficits observed through the mutation are rather small and thus hard to distinguish from the overexpression phenotype. Nevertheless only models with at least 2–4 fold overexpression have been able to represent the spectrum of disorders observed in CADASIL patients like the occurrence of GOMs, white matter brain lesions and vascular deficits (Joutel et al., 2010). In comparison to the previous evaluation of this model on the FVB/N background, fewer deficits could be detected in neurogenesis at the early stage of 6 months. Our studies thus add to the body of literature that describes how strongly the effect of a mutation depends on the genetic background.

Generally, in dementias, such as in Alzheimer’s disease, re-learning and recall are prominently affected (Karantzoulis and Galvin, 2011; Tort-Merino et al., 2017). In CADASIL patients this has not yet been specifically analyzed and only deficits in working memory, short-term memory, recall of verbal memory as well as executive and organizational functions have been studied (Taillia et al., 1998; Amberla et al., 2004; Epelbaum et al., 2011). Impaired adult neurogenesis does not affect spatial learning per se; it is relevant for specific aspects like up-dating of a previously formed cognitive map (Zhang et al., 2008; Garthe et al., 2014) and behavioral pattern separation (Clelland et al., 2009). There is theoretical and experimental evidence to support that adult neurogenesis levels do not correlate with probe trial performance but with water maze acquisition (Kempermann and Gage, 2002). Our data further support this view since adult neurogenesis (BrdU+/NeuN+) correlated to water maze performance (Day 2 and 4) for WT and TgN3WT mice (Supplementary Figure 2). However, no correlation between adult neurogenesis and the acquisition phase of Morris water maze was found in CADASIL transgenic mice; only a correlation to the reversal phase and perseverance was observed. This indicates that aged CADASIL transgenic mice partially lack the flexibility of relearning a new spatial position. The use of spatial search strategies was impaired in N3 transgenic mice and almost back to WT levels in CADASIL transgenic mice, which partially supports a partial loss of function phenotype as found previously for this CADASIL mutation (Ehret et al., 2015). N3 overexpression on the side leads to predominantly less hippocampus-dependent strategies (Figure 2H) and perseverance after platform reversal.

Thus, these results confirm the critical involvement of N3 in precursor cell proliferation, activation and differentiation (Ehret et al., 2015; Kawai et al., 2017; Than-Trong et al., 2018), which might have direct functional consequences for the flexible integration of new information into previously established contexts (Garthe et al., 2009; Garthe and Kempermann, 2013). On the other hand, these results show that the impairment seen in CADASIL transgenic mice due to the mutation itself seems to be an additional component diminishing only certain aspects of plasticity and thus influencing the up-dating of the existing allocentric map, but do not per se lead to a loss of function phenotype. GOM accumulations and other subtle aspects of the pathology might additionally impair hippocampal function. Taken together, a complex relationship of vascular and neurogenic origin might influence hippocampus-dependent function in CADASIL, specifically with respect to the R169C mutation.

Since we know the limitation of the available murine CADASIL models, we also intended to analyze adult neurogenesis in human tissue sections. We had the opportunity to undertake the present study with rare CADASIL tissue samples from Leiden University and tested several histological markers (DCX, PCNA, Prox1, Sox2) and protocols (for details see Supplementary Table B) based on previously described markers (Knoth et al., 2010). Of these, only Calretinin immune reactivity could be consistently established. Further the structural diversity in the human hippocampal samples made stereological investigations impossible so that no strong quantitative data could be obtained. This limitation was further aggravated by the fact that cell counts needed to be normalized to area of the granular cell layer (Moreno-Jimenez et al., 2019), a common approach to compensate for the comprehensive stereotaxic analysis that would otherwise be desirable but relies on homogenous tissue samples or very high N. Nevertheless, to grossly evaluate potential region-specific differences, we subdivided the hippocampus into head, body and tail structures (Duvernoy and Vannson, 1988). Of these, the head region seemed to show some prominent changes in cell density (Supplementary Figure 5). Regional specific differences have not been evaluated by MRI in CADASIL patients so far, but the hippocampal head is sensitively affected in Alzheimer’s disease and mild cognitive impairment (Wang et al., 2003; Feng et al., 2018), schizophrenia (O’Driscoll et al., 2001), epilepsy (Bernasconi et al., 2003), and traumatic brain injury (Ariza et al., 2006). Regional differences, if confirmed, would therefore be in line with other studies. Other than that, our study unfortunately remained inconclusive with respect to adult neurogenesis in patient samples.

We present the data nevertheless, because omitting the description of the unsuccessful attempt would create a publication bias in that positive findings are generally more likely to be published than negative or ambiguous results. Data on adult hippocampal neurogenesis in humans are scarce and problematic to obtain, partly because of the limited availability of specimen to be studied. This applies particularly to disease cases, such as CADASIL. With calretinin we could only assess one, obviously robust, marker, which by itself could not settle the case. But it is important that attempts are published and the difficulties and challenges are made public, because of the high expectations on studies on adult neurogenesis in disease contexts to include human data.

Independent of this question, our study provides evidence for an involvement of N3 in structural and functional plasticity of the hippocampus by controlling aspects of cell proliferation, activation and differentiation, which has functional consequences for spatial memory. In addition, the CADASIL mutation seems to partially impair N3 function affecting spatial memory function in the Morris water maze task.
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Diabetic retinopathy (DR) is one of the most common microvascular complications associated with diabetes mellitus. However, its correlation with another diabetes-related disorder, cognitive impairment, has not been well studied. This systematic review and meta-analysis aimed to explore the association between DR and cognitive impairment. MEDLINE (PubMed), the Cochrane Library, and EMBASE databases were searched for observational studies that reported an association between DR and cognitive impairment. Data from selected studies were extracted, and a meta-analysis was conducted using fixed-effects modeling. Fifteen observational studies were included in the systematic review, and 10 studies were included in the meta-analysis. The odds ratio of the association between DR and cognitive impairment was 2.24 (95% confidence interval [CI], 1.89–2.66; I2 = 0.8%). The hazard ratio of the association between DR and cognitive impairment was significant in four studies, ranging from 1.09–1.32. Minimal or mild DR was not significantly associated with cognitive impairment (odds ratio [OR], 2.04; 95% CI, 0.87–4.77). However, the association between proliferative DR and cognitive impairment (OR, 3.57; 95% CI, 1.79–7.12; I2 = 16.6%) was not stronger than the association between moderate or worse DR and cognitive impairment (OR, 4.26; 95% CI, 2.01–9.07; I2 = 0.0%). DR is associated with cognitive impairment, and screening for DR will be helpful for the early identification of individuals with cognitive impairment. Further studies are needed to confirm the association between proliferative DR and cognitive impairment.
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INTRODUCTION

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycemia caused by defective secretion of insulin, the impaired biological action of insulin, or both. In 2015, 415 million people were estimated to have diabetes, with a projected increase to 642 million by 2040 (Chatterjee et al., 2017). The overall prevalence of diabetic retinopathy (DR) is 35% among patients with diabetes worldwide (Hammes, 2018). As one of the most common microvascular complications of diabetes mellitus, screening for DR has been widely performed in clinical practice.

Cognition is a process in which the human brain receives information from the outside world, processes it, and transforms it into internal psychological activities to acquire or apply knowledge. It includes memory, language, visual space, execution, computation, understanding, and judgment. Cognitive impairment mainly includes mild cognitive impairment and dementia. Mild cognitive impairment (MCI) is defined as acquired cognitive complaints with objective abnormal test results in one or more domains on formal cognitive testing, and dementia is defined as the most severe stage of cognitive dysfunction, with objective impairment of multiple cognitive domains, by definition affecting activities of daily life (Biessels and Whitmer, 2020). Although the lack of standardized diagnostic criteria and differences in the characteristics of different study samples lead to significant uncertainties in these estimates, the prevalence of MCI is approximately 10–20% (Langa and Levine, 2014), and the incidence of dementia is ~7% in people over 65 years of age (Prince et al., 2013).

Both cognitive impairment and diabetes mellitus are closely associated with aging. Although cognitive impairment is not unique to diabetes, diabetes-related cognitive impairment is now recognized as a complication of diabetes. The risk of incident MCI (up to 60%) and dementia (50–100%) is higher in patients with type 2 diabetes than in those without (Srikanth et al., 2020). In one retrospective study, the risk of incident dementia in hospital-admitted patients with type 1 diabetes was 1.65 times higher than that in people without diabetes (Smolina et al., 2015). Although the risk of developing cognitive impairment in diabetes has received much attention, clinical guidelines have recently begun to emphasize its importance.

The prediction and identification of cognitive impairment in individuals with diabetes will be helpful in early intervention. Furthermore, since the eyes are the “window” to the brain, damage to the retina may be a sign of neurodegenerative diseases of the brain (Simó et al., 2018). Therefore, if DR is associated with cognitive impairment, it will be beneficial for predicting and preventing diabetes-related cognitive impairment and further emphasizes the importance of DR screening.

However, the relationship between DR and cognitive impairment has not been fully studied, and the findings are ambiguous. To date, one systematic review of DR and cognitive impairment in patients with type 2 diabetes has been published (Crosby-Nwaobi et al., 2012), but only three studies were included in the review, and there was a lack of population-based cohort studies. Therefore, the present systematic review and meta-analysis aimed to explore the association between DR and cognitive impairment as well as the association between the grades of DR and cognitive impairment.



METHODS


Literature Search Strategy

Relevant studies were identified by systematically searching MEDLINE (PubMed), the Cochrane Library, and EMBASE databases from inception to November 6, 2020 (date last searched), using a combination of Medical Subject Heading terms with related free-text terms (“diabetic retinopathy,” “cognitive dysfunction,” “dementia,” “Alzheimer disease”). Additional articles were identified via manual search of the reference lists of relevant articles and previous review articles.

During this process, two independent investigators (Cheng and Zhao) completed this work to reduce selection bias. If there were disputes, a third investigator (Wang) resolved the disagreements.



Inclusion and Exclusion Criteria

Articles were included if they fulfilled the following criteria: 1) were cohort study, cross-sectional study, or case-control study design; 2) had DR as the exposure of interest; 3) included people without diabetic retinopathy as the control group; 4) had cognitive impairment including dementia as an outcome of interest; and 5) odds ratios (ORs) or hazard ratios (HRs) and 95% confidence intervals (CIs) were reported or could be calculated. The studies were limited to those conducted in the human population and English. Studies were excluded if categorized as editorials, literature reviews, case reports, and conference abstracts. Included and excluded studies were collected following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram (Moher et al., 2009). The current systematic review and meta-analysis followed the Meta-analysis of Observational Studies in Epidemiology guidelines for meta-analysis of observational studies (Stroup et al., 2000).



Study Selection and Data Extraction

Eligible studies were assessed for overlap based on authors, study region, study population, sample size, and variable measurements. If there was an overlap of the study groups, articles of better quality were selected for the analysis. In addition, the following information was extracted from each study: authors, year of publication, country, study design, definition of cognitive impairment and DR, participant characteristics, sample size, outcome of interest, adjusted confounders (if possible), and duration of follow-up (if possible). During this process, two independent investigators independently screened the titles and abstracts of the identified searches, followed by a full-text review of potentially eligible articles to reduce selection bias.



Quality Assessment

The Newcastle-Ottawa Scale was used in the current systematic review and meta-analysis to evaluate the quality of cohort studies and case-control studies in terms of study group selection, group comparability, and exposure or outcome of interest (Stang, 2010). The scale uses a star system (with a maximum of nine stars). Studies with stars 0–3 were considered as “low quality,” with stars 4–6 were considered as “moderate quality,” and with stars 7–9 were considered as “high quality.” We also evaluated the quality of cross-sectional studies according to the standards recommended by the Agency for Healthcare Research and Quality (https://www.ncbi.nlm.nih.gov/books/NBK35156/). The methodological quality of the included studies was assessed using an 11-item checklist. An item would be scored “0” if it was answered “NO” or “UNCLEAR;” if it were answered “YES,” then the item would be scored “1.” Thus, studies with scores 0–3 were considered of “low quality,” with scores 4–7 were considered of “moderate quality,” and with scores 8–11 were considered of “high quality.” Two authors (Cheng and Yang) independently assessed the risk of bias.



Data Synthesis and Analysis

Summary estimates and corresponding 95% CIs for the outcome of the relationship between DR and the risk of cognitive impairment were pooled, if possible. In the case of studies reporting ORs or HRs with various degrees of adjustment, we always used fully adjusted estimates and their 95% CIs. For studies that did not estimate ORs of the relationship between DR and the risk of cognitive impairment, we calculated the unadjusted ORs and 95% CIs using a two-by-two table. A fixed-effects model was used to pool the ORs across the selected studies. Cochran's Q-test and I2 statistics were used to quantify heterogeneity, with values of I2 > 50% representing medium heterogeneity (Lijmer et al., 2002; Li et al., 2015). We also performed a subgroup analysis to identify potential effect modifiers. If a study included multiple grades of DR, each result was analyzed separately in the subgroup analysis. Subgroup analyses by study type, duration of follow-up, and whether confounding factors had been adjusted (studies that provided unadjusted ORs and 95% CIs were grouped with those in which we calculated ORs using a two-by-two table) were also performed. Given the expected heterogeneity of the eligible studies, a sensitivity analysis was performed. We used the funnel plot and the Egger test to evaluate publication bias. A P-value of less than 0.05 was considered statistically significant. All analyses were conducted with STATA 15.1. Due to the high heterogeneity, a quantitative meta-analysis could not be performed to pool HRs across the selected studies.




RESULTS


Literature Search

The initial literature search yielded 1574 articles. Four additional articles were identified via manual search. Among all articles, 231 were duplicates. After screening the abstracts and titles, 43 articles remained. After a full-text review, 27 studies were excluded for the reasons specified in the PRISMA diagram. Fifteen observational studies were included in the systematic review, and 10 studies were included in the meta-analysis (Figure 1).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram of this systematic review and meta-analysis.




Study Characteristics

As summarized in Table 1, among the eligible studies reporting ORs and 95% CIs, four studies had a cross-sectional study design (Baker et al., 2007; Umegaki et al., 2008; Ogurel et al., 2015; Xia et al., 2020), two studies had a case-control study design (Roberts et al., 2008; Gorska-Ciebiada et al., 2015), and four studies had a cohort design (Kadoi et al., 2005; Bruce et al., 2014; Nunley et al., 2015; Gupta et al., 2019). Overall, there were 4769 adult participants among the 10 studies included in the meta-analysis. A total of five studies were carried out in Asia (China, Singapore, Turkey, and Japan) (Kadoi et al., 2005; Umegaki et al., 2008; Ogurel et al., 2015; Gupta et al., 2019; Xia et al., 2020), one study was carried out in Europe (Gorska-Ciebiada et al., 2015), two studies were carried out in North America (Roberts et al., 2008; Nunley et al., 2015), and two studies were carried out in Oceania (Baker et al., 2007; Bruce et al., 2014). Most of these studies were conducted on older subjects. Among the included studies, three studies used the Early Treatment of Diabetic Retinopathy Study (ETDRS) or modified ETDRS criteria to define DR (Kadoi et al., 2005; Ogurel et al., 2015; Gupta et al., 2019), four studies used other methods to define DR (Baker et al., 2007; Umegaki et al., 2008; Bruce et al., 2014; Nunley et al., 2015), and three studies did not mention how to define DR (Roberts et al., 2008; Gorska-Ciebiada et al., 2015; Xia et al., 2020). The control groups of the nine studies included the diabetic population (Kadoi et al., 2005; Baker et al., 2007; Umegaki et al., 2008; Bruce et al., 2014; Gorska-Ciebiada et al., 2015; Nunley et al., 2015; Ogurel et al., 2015; Gupta et al., 2019; Xia et al., 2020), while the control group of one study consisted of a non-diabetic population (Roberts et al., 2008).


Table 1. Characteristics of the study providing odds ratios.

[image: Table 1]

As summarized in Table 2, among the eligible studies reporting HRs and 95% CIs, all five studies had a cohort design (Exalto et al., 2014; Rodill et al., 2018; Deal et al., 2019; Lee et al., 2019; Yu et al., 2020), and four of them were carried out in the USA (Exalto et al., 2014; Rodill et al., 2018; Deal et al., 2019; Lee et al., 2019). Two studies used the same database but different populations (Exalto et al., 2014; Rodill et al., 2018). In these five studies, there were 1,957,187 participants (10.2% with DR, n = 200,323) aged 40 years or older. The mean duration of follow-up ranged from 5.1 to 16 years. All studies conducted multivariable-adjusted analyses with important confounders, including age and sex. The outcomes were dementia, including Alzheimer's disease and vascular dementia. Due to the high heterogeneity, a quantitative meta-analysis could not be performed to pool HRs across the selected studies.


Table 2. Characteristics of the study providing hazard radios.

[image: Table 2]

Of the 15 included studies, six were of fair quality (Roberts et al., 2008; Exalto et al., 2014; Rodill et al., 2018; Deal et al., 2019; Gupta et al., 2019; Lee et al., 2019), while others were of moderate quality (Kadoi et al., 2005; Baker et al., 2007; Umegaki et al., 2008; Bruce et al., 2014; Gorska-Ciebiada et al., 2015; Nunley et al., 2015; Ogurel et al., 2015; Xia et al., 2020; Yu et al., 2020) (Supplementary Tables 1, 2).



DR and Cognitive Impairment

The OR of the association between DR and cognitive impairment was 2.24 (95% CI, 1.89–2.66; I2 = 0.8%), pooled from all included studies in Table 1 (Figure 2). The OR was 2.12 (95% CI, 1.55–2.88; I2 = 0.0%), pooled from studies in which confounding factors had been adjusted, and the OR was 2.30 (95% CI, 1.87–2.83; I2 = 49.2%), pooled from studies in which confounding factors had not been adjusted (Figure 3). When the comparison was stratified by study type, the association between DR and cognitive impairment was significant in all study types (Figure 3). When the comparison was stratified by the duration of follow-up, the association between DR and cognitive impairment was more significant with a follow-up of over 10 years (OR, 2.92; 95% CI, 1.55–5.48) than with a follow-up of less than 10 years (OR, 2.39; 95% CI, 1.72–3.32) (Figure 3). Finally, eliminating each of the included studies from the analysis did not affect the overall association between DR and cognitive impairment (Supplementary Figure 1). The Egger test did not show statistically significant asymmetry in the funnel plot (P = 0.538, Figure 4), indicating no significant publication bias.


[image: Figure 2]
FIGURE 2. Forest plot and pooled estimates of the association between diabetic retinopathy and cognitive impairment. Each study corresponds to a horizontal line and a square. The size of the square represents the weight of the study in the pooled analysis, and the length of the horizontal line represents the 95% confidence interval (CI). The pooled fixed-effect estimate and its 95% CI are represented by a dashed vertical and a diamond. The vertical at 1 indicates that diabetic retinopathy is not associated with cognitive impairment.
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FIGURE 3. Subgroup analysis of the association between diabetic retinopathy and cognitive impairment. Forest plot and pooled estimates of the association between diabetic retinopathy and cognitive impairment, stratified by whether confounding factors had been adjusted, study type, and duration of follow-up. Each subgroup corresponds to a horizontal line and a square. The square represents the pooled estimate, and the length of the horizontal line represents the 95% confidence interval. The vertical at 1 indicates that diabetic retinopathy is not associated with cognitive impairment.
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FIGURE 4. Funnel plot of standard error of log odds ratio (OR) for the association of diabetic retinopathy and cognitive impairment. The vertical line represents the summary estimate of log OR. Diagonal dashed lines estimate the expected distribution of studies; The Egger test did not show statistically significant asymmetry of the funnel plot (P = 0.538).


The HRs of the association between DR and cognitive impairment were significant in four out of five studies, ranging from 1.09 to 1.32. Only one study showed that there was no connection between DR and cognitive impairment (HR, 1.12; 95% CI, 0.82–1.54).



Grades of DR and Cognitive Impairment

The distribution of studies by the estimate of the association between the grades of DR and cognitive impairment is plotted in Figure 5. Compared to other groups, minimal or mild DR was not significantly associated with cognitive impairment (OR, 2.04; 95% CI, 0.87–4.77). However, although proliferative diabetic retinopathy (PDR) was further distinguished, the association between PDR and cognitive impairment (OR, 3.57; 95% CI, 1.79–7.12; I2 = 16.6%) was not stronger than the association between moderate or worse DR and cognitive impairment (OR, 4.26; 95% CI, 2.01–9.07; I2 = 0.0%). Only one study reported HR data on patients with grades of DR, and a similar result was reported: compared to moderate or severe DR groups, mild DR was not significantly associated with cognitive impairment (HR, 1.5; 95% CI, 0.9–2.5).
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FIGURE 5. Grades of diabetic retinopathy and cognitive impairment. Forest plot and pooled estimates of the association between diabetic retinopathy and cognitive impairment, stratified by the grade of diabetic retinopathy. Each study corresponds to a horizontal line and a square. The size of the square represents the weight of the study in the pooled analysis, and the length of the horizontal line represents the 95% confidence interval (CI). The pooled fixed-effect estimate and its 95% CI are represented by a dashed vertical and diamond. The vertical at 1 indicates that diabetic retinopathy is not associated with cognitive impairment.





DISCUSSION

In this systematic review and meta-analysis of observational studies, DR was found to be associated with cognitive impairment. Our meta-analysis provided evidence that patients with DR were more than twice as likely to develop cognitive impairment than were those without DR. The positive association was consistent across different study types, duration of follow-up, and regardless of whether confounding factors had been adjusted. In most of the included studies that reported HRs, there was also a positive association between DR and cognitive impairment. However, among the studies that provided HRs, the only study that found no link between DR and cognitive impairment was performed in a large group of patients with diabetes who survived to older ages (Rodill et al., 2018). As this study population included a healthy survivor group that outlived many peers, the relationship between DR and cognitive impairment might be underestimated.

Although DR is a common microvascular complication of diabetes, only one systematic review has previously investigated its association with cognitive impairment (Crosby-Nwaobi et al., 2012). However, only three studies were included in the systematic review, and the only cohort study was not population-based. In addition, the cohort study in that systematic review utilized a group of people who were about to undergo coronary artery bypass grafting, which might cause a certain degree of bias and reduce the applicability of the results. Moreover, the previous systematic review did not show whether patients with moderate to worse DR had more severe cognitive impairment than those without or with mild DR. Therefore, the current study attempted to quantitatively analyze the relationship between diabetic retinopathy and cognitive impairment based on more studies, especially cohort studies, and further explore the relationship between the degree of DR and cognitive impairment.

We found that minimal or mild DR was not significantly associated with cognitive impairment, but moderate to worse DR or PDR was strongly associated with cognitive impairment. Crosby-Nwaobi et al. found that patients with no or minimal DR demonstrated more cognitive impairment than did those with PDR (Crosby-Nwaobi et al., 2013), and this conclusion was inconsistent with ours. However, there were two important limitations in the previous study that may account for the discrepancy between their conclusions and ours. First, the authors combined people without DR with mild DR as a control group, which may have weakened the association between PDR and cognitive impairment. Second, the level of education was different between the no/mild DR and PDR groups. Education level is associated with cognitive impairment, which may have influenced the final results.

Unfortunately, the mechanisms underlying the association between DR and cognitive impairment have not been well-explained. DR highlights hyperglycemia-induced microvascular damage as a specific complication of diabetes. The relationship between hyperglycemia and microvascular dysfunction is bidirectional and constitutes a vicious cycle (Stehouwer, 2018). Due to retinal vascular shared origin and drainage with the cerebrovascular circulation (Moss, 2015), one possible hypothesis is that DR may indicate diabetes-induced microvascular changes in the brain, which may ultimately cause cognitive impairment. Neurovascular coupling dysfunction and destruction of the blood–brain barrier are common in diabetic cerebrovascular dysfunction (van Sloten et al., 2020). Similarly, neurovascular coupling dysfunction (Garhöfer et al., 2020) and destruction of the blood–retinal barrier (Starr et al., 2003) are common in DR. This suggests that DR and cerebral microangiopathy have similar pathophysiological changes. This idea is further supported by the presence of microbleeds (Woerdeman et al., 2014), white matter lesions, and lacunes (Sanahuja et al., 2016) in the brains of patients with DR. Diabetes cerebral microvascular dysfunction and damage may lead to ischemia, hemorrhage, abnormal neuronal function, neuronal cell death, and altered neuronal connectivity, which contribute to cognitive dysfunction (van Sloten et al., 2020). The proximity of the onset of retinopathy to the onset of some cognitive domain damage also seems to support this idea. Within 5 years of diagnosis, 14% of patients with type 1 diabetes and 33% of patients with type 2 diabetes may develop DR (Cheung et al., 2010), and verbal memory and fluency are also likely to decline (Callisaya et al., 2019).

However, this hypothesis about the mechanism of the association between DR and cognitive impairment cannot fully explain the results of the current meta-analysis and systematic review. First, if this hypothesis is correct, then since the severity of DR is associated with the risk of cerebral microangiopathy (Modjtahedi et al., 2020), the severity of DR should also be associated with the risk of cognitive impairment. However, what was puzzling was that although some included studies focused on the relationship between PDR and cognitive impairment (OR, 3.57; 95% CI, 1.79–7.12; I2 = 16.6%), the relationship was not stronger than that between moderate to worse DR and cognitive impairment (OR, 4.26; 95% CI, 2.01–9.07; I2 = 0.0%). A possible explanation could be that moderate to worse DR included PDR in most of the included studies, and, therefore, its association with cognitive impairment has been overestimated. Second, in most of the cohort studies we included, why was there still a time gap between the onset of diabetic retinopathy and cognitive impairment, and the longer the time gap, the stronger the relationship? We speculated that it may be because even though cerebrovascular and some cognitive domains are damaged early, it still needs a certain degree of time to accumulate before it can be reflected in global cognitive tools, but this speculation still lacks necessary evidence. Third, the tools used to evaluate cognitive impairment, such as the Mini-Mental State Examination and Montreal Cognitive Assessment, can only evaluate the cognitive level of patients but cannot confirm the occurrence of cerebral microvascular disease. Therefore, the results of this meta-analysis and systematic review do not provide strong support for this hypothesis. More evidence is needed to confirm whether there is a clear mechanistic link between DR and cognitive impairment.

The included cohort studies that reported HRs mostly showed that DR could predict dementia (Table 2). Dementia typically occurs after the age of 65–70 years, and no evidence exists that diabetes increases the risk of early-onset dementia (Biessels et al., 2014). This may indicate that different stages of cognitive impairment in patients with diabetes should not be regarded as a continuum (Biessels and Despa, 2018). Our results suggest that strategies that focus on DR screening may be useful in identifying individuals at risk of dementia, which could expand the role of diabetic retinopathy screening.



LIMITATION

There are some limitations to this systematic review and meta-analysis. First, whether PDR, the most severe form of DR, is most strongly associated with cognitive impairment remains unresolved. If the risk of cognitive impairment is related to the grade of retinopathy, the mechanistic link between DR and cognitive impairment is more plausible. However, although researchers were aware of the problem, PDR was not separated from moderate or worse DR. Second, some studies have reported that mild DR was not associated with cognitive impairment, but we were not able to obtain the data. Third, because some studies did not report adjustments or reported incomplete adjustments for potential confounders, we were not able to combine models with studies that adjusted for the same set of confounding factors. Fourth, because the definitions of DR and cognitive impairment varied in the included studies, we did not compare the results for different retinopathy diagnostic criteria, cognitive impairment diagnostic criteria, or cognitive testing tools. Fifth, since the included studies evaluated global cognitive function, we were unable to assess the relationship between DR and different cognitive domains. Sixth, many of the included studies did not specify the type of diabetes, even though the mechanisms of cognitive impairment caused by different types of diabetes may differ (McCrimmon et al., 2012). Finally, there is clear evidence of sex differences in cognitive impairment, and the rate of cognitive decline with aging is also different between the sexes (Li and Singh, 2014). However, because most of the included studies adjusted for sex as a confounding factor and the lack of information on retinopathy in sex, we were unable to use these studies to analyze males and females separately. A previous study suggested that negative associations between DR and several cognitive measures were statistically significant only in males (Ding et al., 2010), but the significantly greater number of men with DR than females in this study may have exaggerated the results. Therefore, further research is needed to confirm whether the relationship between DR and cognitive impairment differs between the sexes.



CONCLUSION

In conclusion, the present systematic review and meta-analysis demonstrated that DR is associated with an increased risk of cognitive impairment. Screening for DR may help identify individuals with cognitive impairment at an earlier stage. More studies are needed to confirm the association between PDR and cognitive impairment.
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Cerebral white matter hyperintensities (WMHs) represent macrostructural brain damage associated with various etiologies. However, the relative contributions of various etiologies to WMH volume, as assessed via different neuroimaging measures, is not well-understood. Here, we explored associations between three potential early markers of white matter hyperintensity volume. Specifically, the unique variance in total and regional WMH volumes accounted for by white matter microstructure, brain iron concentration and cerebral blood flow (CBF) was assessed. Regional volumes explored were periventricular and deep regions. Eighty healthy older adults (ages 60–86) were scanned at 3 Tesla MRI using fluid-attenuated inversion recovery, diffusion tensor imaging (DTI), multi-echo gradient-recalled echo and pseudo-continuous arterial spin labeling sequences. In a stepwise regression model, DTI-based radial diffusivity accounted for significant variance in total WMH volume (adjusted R2 change = 0.136). In contrast, iron concentration (adjusted R2 change = 0.043) and CBF (adjusted R2 change = 0.027) made more modest improvements to the variance accounted for in total WMH volume. However, there was an interaction between iron concentration and location on WMH volume such that iron concentration predicted deep (p = 0.034) but not periventricular (p = 0.414) WMH volume. Our results suggest that WM microstructure may be a better predictor of WMH volume than either brain iron or CBF but also draws attention to the possibility that some early WMH markers may be location-specific.

Keywords: cerebral small vessel disease, DTI, white matter hyperintensities, cerebral perfusion, brain iron, QSM


INTRODUCTION

Cerebral white matter hyperintensities (WMHs) are diffuse regions of high signal intensity on T2-weighted magnetic resonance imaging scans (MRI; Hachinski et al., 1987; Wardlaw et al., 2015). The high signal intensity associated with WMHs reflect alterations in local tissue properties, including increased water content and myelin rarefaction (Fazekas et al., 1993; Pantoni and Garcia, 1997). WMHs are very common in older adults, with prevalence rates of ~60–80% in those above 65 years of age (de Leeuw et al., 2001; Wen and Sachdev, 2004). While non-specific in etiology, WMHs are generally associated with cerebral small vessel disease (cSVD; Pantoni and Garcia, 1995; Wardlaw et al., 2013a).

WMHs are thought to reflect “macrostructural” damage associated with moderate-to-advanced stages of cSVD (Debette and Markus, 2010; Gouw et al., 2011; Wardlaw et al., 2015). Consistent with this possibility, pathology studies suggest that WMHs are associated with structural brain changes such as gliosis, axonal degeneration, myelin loss and vacuolation (Gouw et al., 2011; Valdés Hernández et al., 2015). Further, a meta-analysis of 22 studies showed that WMHs were associated with progressive cognitive impairment, a 2-fold increase in the risk of dementia and a 3-fold increase in stroke risk (Debette and Markus, 2010). In addition, WMHs are associated with decreased physical ability (Sachdev et al., 2005), depression (Taylor et al., 2003) and increased risk of mortality (Debette and Markus, 2010).

A number of other MRI metrics have been suggested as potentially earlier markers of WMH volume (Wardlaw et al., 2013b; Smith and Beaudin, 2018). Identification of earlier neuroimaging markers of WMH volume is an important goal toward early identification of participants for enrollment in cSVD clinical trials (Charidimou et al., 2016; Boulouis et al., 2017). Ultimately, earlier markers of WMH will be defined as those which predict subsequent changes in vascular-related cognitive processes or WMH growth with high accuracy. Several studies have shown that baseline DTI-based measures in normal-appearing white matter (NAWM) predict WMH growth 1 to 2 years later (Maillard et al., 2014; Promjunyakul et al., 2018). However, while longitudinal studies are the gold-standard, they are also expensive and time-consuming. Results from cross-sectional studies may prove useful in guiding the selection of promising predictors of WMHs for use in future longitudinal studies. A number of previous cross-sectional studies have suggested significant relationships between either DTI metrics in NAWM (Maillard et al., 2011; Pelletier et al., 2016; Promjunyakul et al., 2016) or ASL (ten Dam et al., 2007; Brickman et al., 2009; Bahrani et al., 2017) and WMH volume. More recently, several studies have reported significant associations between brain iron and WMH volume (Yan et al., 2013; Valdés Hernández et al., 2016; Sun et al., 2017). However, no studies have considered these predictors simultaneously. Doing so is critical to identify which predictors account for the most unique variance in WMH volume after controlling for shared variance between predictors.

In addition to considering associations with total WMH volume, WMHs are often studied based on their specific location (Wardlaw et al., 2013a). In particular, specific regions of periventricular (PV) and deep WMH volume are often compared (Gouw et al., 2011; Griffanti et al., 2018). However, it remains unclear whether PV and deep WMHs reflect different pathologies (Gouw et al., 2011) or similar pathologies at different stages of cSVD severity (Ryu et al., 2014). Exploring potential interactions between predictors and WM location may help address this question.

Here, we explored the associations between several potential early stage markers of WMH volume. White matter (WM) microstructure, cerebral blood flow, and brain iron were used as predictors of WMH volume. Of key relevance, comprehensive models were used to assess the variance in WMH volume associated with each individual predictor, after controlling for variance associated with the other predictors to assess potential additive and synergistic effects on WMH volume and location. In addition, we explored whether each predictor contributed preferentially to PV or deep WMH volume.



MATERIALS AND METHODS


Participants

Eighty healthy older adults (48 women, age range 60–86 years) were recruited for the experiment. All participants provided informed consent under a protocol approved by the Institutional Review Board of the University of Kentucky. Participants were recruited from an existing longitudinal cohort at the Sanders-Brown Center on Aging (SBCoA) and the Lexington community. Participants from the SBCoA were cognitively intact based on clinical consensus diagnosis and scores from the Uniform Data Set (UDS3) used by US ADRCs (Besser et al., 2018). Participants recruited from the community did not complete the UDS3 battery but were required to score 26 or more on the Montreal Cognitive Assessment (MoCA; Nasreddine et al., 2005) as a study inclusion criteria. Exclusion criteria were significant head injury (defined as loss of consciousness for more than 5 min), heart disease, stroke, neurological or psychiatric disorders, claustrophobia, pacemakers, the presence of metal fragments or any metal implants that are incompatible with MRI, diseases affecting the blood (anemia, kidney/heart disease etc.) or significant brain abnormalities detected during imaging. One participant was excluded from the sample due to the presence of an old stroke within the right motor cortex that was not clinically evident at study enrollment. Detailed characteristics of the final group of participants are shown in Table 1.


Table 1. Group demographics and Montreal Cognitive Assessment (MoCAa) scores.
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Magnetic Resonance Imaging Protocol

Participants were screened to ensure magnetic safety for scanning within the Siemens Magnetom Prisma 3T (software version E11C) with a 64-channel head coil at the University of Kentucky's Magnetic Resonance Imaging and Spectroscopy Center (MRISC). The following scans were acquired: (1) a 3D multi-echo, T1-weighted Magnetization Prepared Rapid Gradient Echo (T1) scan, (2) a 3D fluid-attenuated inversion recovery (FLAIR) scan, (3) a diffusion tensor imaging (DTI) scan, (4) a 3D, multi-echo gradient-recalled echo scan used for quantitative susceptibility mapping (QSM), and (5) a pseudo-continuous arterial spin labeling (PCASL) perfusion scan. Several other sequences were collected during the scanning session related to other scientific questions and are not discussed further here.

The T1 sequence covered the entire brain [1 mm isotropic voxels, 256 × 256 × 176 mm acquisition matrix, repetition time (TR) = 2,530 millisecond (ms), inversion time = 1,100 ms, flip angel (FA) = 7°, scan duration = 5.88 min] and had four echoes [First echo time (TE1) =1.69 ms, echo spacing (ΔTE = 1.86 ms)]. The 3D FLAIR sequence covered the entire brain (1 mm isotropic voxels, 256 × 256 × 176 acquisition matrix, TR = 5,000 ms, TE = 388 ms, inversion time = 1,800 ms, scan duration = 6.45 min). The DTI sequence was acquired with 126 separate diffusion directions (2 mm isotropic voxels, 81 slices, TR = 3,400 ms, TE = 71 ms, scan duration = 7.45 min, posterior-to-anterior phase encoding direction) and 4 b-values (0 s/mm2, 500 s/mm2, 1,000 s/mm2 and 2,000 s/mm2). A short (28 s) reverse phase-encoding direction scan was also obtained with the same parameters as the main DTI scan and used to correct for susceptibility-induced distortions in the main DTI scan. The 3D spoiled gradient-recalled echo sequence was used for QSM (1.2 mm isotropic voxels, 144 slices, FA = 15°, 24 millisecond TR, scan duration = 6.3 min) with eight separate TEs (TE1 = 2.98 ms, ΔTE = 2.53 ms). A 3DGRASE PCASL sequence was used with 9 control-label pairs [3 segments (echo planar imaging factor = 63, turbo factor = 14), 9 tagged and 9 untagged volumes and 1 M0 for calibration, 3.4 × 3.4 × 4.0 mm voxels, 220 × 220 × 144 mm acquisition matrix (36 slices), TR = 5,070 ms, TE = 31.4 ms, FA = 120°, labeling duration = 2,025 ms, post-labeling delay = 2,500 ms, scan duration = 5.15 min].



WMH Analyses

WMH volumes were computed using a validated 4-tissue segmentation method (DeCarli et al., 2013). Participants' FLAIR images were first registered to their own T1 [the four echoes averaged into a root mean square (RMS) image] image using FLIRT from FMRIB Software Library version 6.0.1 (FSL; Jenkinson et al., 2012), corrected for inhomogeneities using a previously published local histogram normalization (DeCarli et al., 1996), and then non-linearly aligned to a standard atlas (DeCarli et al., 2013). WMHs were estimated in standard space using Bayesian probability based on histogram fitting and prior probability maps. Voxels labeled as WMHs based on these maps also must have exceeded 3.5 SDs above the mean WM signal intensity. WMH volumes were calculated in participants' native FLAIR space after back-transformation and reported in cubic millimeters. WMHs were visually validated to ensure quality.


Periventricular and Deep WMH ROIs

WMH volume was further subdivided into periventricular (PV) and deep regions of interest (ROIs; Figure 1). PV WMHs were defined as being located within ~10 mm of the ventricles and deep WMHs were defined as those located outside this radius (Griffanti et al., 2018). These ROIs were delineated using a validated group mask of the lateral ventricles, the Automatic Lateral Ventricle delIneatioN (ALVIN) mask, which was created using data from 275 healthy adults (age range 18–94; Kempton et al., 2011).
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FIGURE 1. WMH Regional ROI Masks. PV (top: green) and deep (bottom: red) ROI masks are overlaid onto FLAIR images. These ROIs were defined by registering the ALVIN mask to each participant's native FLAIR space, with the area within the ALVIN mask defined as the PV ROI and the area outside defined as the deep ROI. Although both ROIs include all tissues, not just WMHs, these ROIs were multiplied by the participants WMH mask resulting in only WMH volume in each region.


In order to accomplish this, each participant's RMS T1 image was first skull-stripped and segmented using FreeSurfer 6.0 (Fischl et al., 2004). The resulting images were then aligned to the participants' FLAIR images using the analysis of functional neuroimages (AFNI) and a local Pearson correlation cost function. A binary mask was then created from these FLAIR aligned T1 images for later use in masking deep WMHs (described below). Subsequently, the aligned non-binarized T1 images were warped to MNI space using the MNI ICBM152 atlas (1 mm, 6th generation; Grabner et al., 2006) and a non-linear transformation. The inverse transformation matrix was then applied to the ALVIN mask (which is in MNI space) to bring it back to each participant's native space, using AFNI and a nearest neighbor interpolation method.

The ALVIN mask extends beyond the lateral ventricles into brain parenchyma (~7–11 mm in most participants) to ensure inclusion of the lateral ventricles across participants with varying brain size. Typically, subsequent multiplication with a segmented CSF image is then performed to exclude parenchyma from the ventricular mask (Kempton et al., 2011). Here, rather than performing this step, each participant's WMH mask was multiplied by their native-space ALVIN mask (Figure 1, top panel, PV ROI) to produce PV WMH masks (Figure 2). Lastly, deep ROIs were created by subtracting the participant's native-space ALVIN masks from their binarized FLAIR aligned T1 masks (Figure 1, bottom panel). Each participant's deep ROI was then multiplied by their WMH mask to produce deep WMH masks (Figure 2).
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FIGURE 2. A Sample Segmented WMH Mask. In this axial FLAIR slice, WMHs in a representative participant are color-coded according to being in either PV (green) or deep (red) regions. WMH volume was extracted from each region separately for every participant.





QSM Analyses

QSM images were processed in MATLAB using the Morphology Enabled Dipole Inversion toolbox (MEDI toolbox, release of 11/06/2017; Liu et al., 2012, 2013). This approach generates QSM images by inverting an estimate of the magnetic field to generate a distribution of local magnetic susceptibility used to calculate values for the underlying anatomy. The anatomical information required for MEDI was a (skull-stripped) magnitude image obtained during the same scan. The following steps were performed during MEDI: (1) non-linear fitting to the multi-echo data was used to estimate the magnetic field inhomogeneity. (2) Phase unwrapping using the magnitude image as a guide (Liu et al., 2013). (3) Removal of the background field by applying a projection onto the dipole field (Liu et al., 2011). (4) The remaining field was inverted to calculate the quantitative susceptibility map in parts per billion (PPB). (5) Local magnetic susceptibility in CSF was used to scale the QSM maps for susceptibility normalization such that positive values correspond to local magnetic susceptibility greater than CSF while negative values correspond to susceptibility less than CSF.

For the final step, ventricular reference masks were created for each participant by first registering the RMS T1 scans to the QSM magnitude image. The aligned RMS T1 scan was then used with ALVIN (Kempton et al., 2011) and SPM12 to create lateral ventricle masks for each participant, which were eroded by one voxel to prevent partial volume effects with surrounding gray and white matter. These masks were resampled to the QSM voxel resolution (1.2 mm isotropic) and used in the MEDI toolbox as the CSF reference mask (step 5).


Gray Matter QSM Measurement

Average GM QSM measures were calculated using FreeSurfer-derived ROIs from the cortex and dorsal striatum (caudate and putamen) as described in detail in our previous work (Zachariou et al., 2020). Briefly, these regions were selected based on previous literature indicating that iron in these areas increase with age (Aquino et al., 2009; Acosta-Cabronero et al., 2016). First, each participant's RMS T1 image was skull-stripped and segmented using FreeSurfer 6.0. Next, per participant cortical ROIs were created by combining the relevant GM segmented neocortical and allocortical (i.e., hippocampus) structures. Similarly, per participant subcortical ROIs were created from the FreeSurfer segmentations of the caudate and putamen.

The cortical and subcortical ROIs for each participant were then registered to their QSM images in native space using the following steps. First, each participant's RMS T1 was registered to the QSM magnitude image using the AFNI align_epi_anat.py function and a local Pearson correlation cost function. The resulting transformation matrices were then applied to each participants' cortical and subcortical ROIs using the AFNI function 3dAllineate with a nearest neighbor interpolation method. Finally, these ROIs were eroded by one voxel to prevent partial volume effects and were resampled to the QSM voxel resolution (1 to 1.2 mm isotropic voxels).

Due to significantly higher iron concentrations (over 10 times higher) in subcortical compared to cortical GM regions, per participant mean QSM values were extracted separately from the cortical and subcortical ROIs using fslstats. These values were then converted into z-scores and the mean of these z-scores across the 3 ROIs was used to create a single GM QSM measure for each participant.




CBF Analyses

PCASL images were processed in FSL. First, all tagged/untagged pairs were motion corrected to the M0 image using FSL MCFLIRT. A perfusion image was subsequently calculated by taking the mean difference between the tagged and untagged pairs using asl_file in the BASIL toolbox (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL), which also helps correct for partial volume effects. Oxford_asl, which is also part of the BASIL toolbox, was then used for per-voxel calibration (using the M0 image) resulting in a calibrated map of tissue perfusion (ml/100 g/min).


Gray Matter CBF Measurement

Participants' FreeSurfer GM ROIs were registered to their PCASL images in native space using the following steps. Each participant's RMS T1 was aligned to their PCASL M0 image using AFNI and a local Pearson correlation cost function. The resulting transformation matrices were then applied to each participants' FreeSurfer GM ROIs using AFNI and a nearest neighbor interpolation method. Lastly, these ROIs were eroded by one voxel to prevent partial volume effects and were resampled to the PCASL voxel resolution (1 to 3.4 mm isotropic voxels).

Unlike with QSM, mean GM CBF signal was similar across the caudate, putamen, and cortical ROIs. Therefore, these ROIs were combined into a single ROI for our CBF measurement. Mean GM CBF signal was then extracted from the combined ROI using FSL.




DTI Analyses

DTI was analyzed with FSL's tract-based spatial statistics (TBSS) pipeline (Smith et al., 2006), as described in detail in our previous work (Brown et al., 2016, 2019). Briefly, each participant's diffusion data was corrected for susceptibility induced field distortions using FSL's topup (Andersson et al., 2003), skull-stripped using BET (Smith, 2002), and non-linearly corrected for eddy currents and participant motion simultaneously with eddy (Andersson and Sotiropoulos, 2016). Greater than 2 mm subject motion per slice was used as a guideline for examination of excessive motion, although no slices from any participants were ultimately removed (minimal motion artifacts). The diffusion tensor model and eigenvalues (λ1, λ2, λ3) were computed within each voxel using DTIFIT, which were used to calculate fractional anisotropy (FA) images. After the initial preprocessing step (tbss_1_preproc), non-linear voxel-wise registration was used to transform each participant's FA image into MNI152 space, where they were averaged to create a mean FA image (tbss_2_reg and tbss_3_postreg). A common white matter tract skeleton was then created using the mean FA image. All participants FA data was then projected onto this skeleton which was thresholded at FA > 0.2 (tbss_4_prestats) to correct partial volume effects that may occur after warping across all participants. Radial diffusivity (RD) images were likewise processed with the same templates and transformations using tbss_non_FA.


DTI Masks of PV and Deep WM

The DTI ROI masks were generated from the JHU ICBM-81 WM ROI atlas (Mori et al., 2008). Several DTI ROIs were explored based on being major WM tracts with established connections between specific gray matter regions, located within either PV or deep WM regions and being well-aligned across participants in our DTI data. The PV ROI mask included the corpus callosum as it is the largest white matter structure in the brain connecting homologous structures across hemispheres (Fitsiori et al., 2011). Specific corpus callosum sub-sections were selected for being major partitions of the corpus callosum and well-aligned across participants (Splenium, Body, Tapetum). The deep ROI mask included the superior longitudinal fasciculus and external capsule which were chosen based on being major primary association fiber tracts in deep WM, and containing distant connections (connecting frontal and parietal regions and basal ganglia/claustrum with cortical regions, respectively; Mori et al., 2008). Furthermore, both tracts are believed to connect to cortical areas associated with several cognitive functions including language function, attention, and working memory/executive function (Mori et al., 2008; Wang et al., 2016; Nolze-Charron et al., 2020).

Mean FA and RD were extracted from each ROI tract, for each participant, using fslmeants. Mean values were computed across entire ROI WM tracts in order to provide anatomically meaningful diffusion estimates (i.e., estimates of tracts connecting specific gray matter regions). As a separate estimate, mean values were also computed across WM tracts after excluding values that overlapped with WMH voxels, resulting in ROIs restricted to only normal appearing white matter (NAWM). However, since the results were the same using each of these ROI methods, we present results using FA and RD values extracted from entire WM tracts to provide anatomically meaningful results. Extracted values from the entire ROIs were then used to create overall PV and deep FA and RD composite scores. These unweighted composite scores were created for each participant using the mean of the regional z-scored ROI tract values. This resulted in four composite scores for each participant: a PV FA composite score, a PV RD composite score, a deep FA composite score, and a deep RD composite score.




Statistical Analyses

Statistical analyses were performed using SPSS (IBM, Chicago, IL, USA, version 26), with results considered statistically significant at p < 0.05. Data was considered a statistical outlier and removed if it was >3 standard deviations from the mean. All images for all participants were visually inspected for quality control. All predictors and dependent variables were tested for the assumption of normality using the Shapiro-Wilk test. Collinearity between predictors in all models was explored using the variance inflation factor (VIF), with a value of 5 implemented as a threshold value (Stine, 1995). CBF was z-scored across participants in the analyses to match the scale of the QSM and FA/DR composite scores. The coefficient of variation was calculated for unstandardized FA/DR, QSM, and CBF values in every ROI. This was done by dividing the standard deviation across participants by the mean signal across participants in every ROI. We also report the mean coefficient of variation across ROIs for FA/DR, QSM and CBF values. Finally, estimated total intracranial volume (eTIV) provided by FreeSurfer was z-scored across participants. This intracranial volume (ICV) measure was used as a covariate in subsequent analyses.

We first explored whether FA or DR better predicted PV and deep WMH volume (Section FA and RD as Predictors of WMH Volume). Separate linear regression models were run with FA and DR composite scores as the predictors and PV or deep WMH volume as the dependent variables. Age, sex, and ICV were included as covariates. The specific DTI metric, FA or RD, which had the larger effect size when predicting PV and deep WMH volume (partial r) was used in subsequent analyses.

Main effects of predictors on total WMH volume and predictor × WMH location interactions were initially explored using a general linear model repeated measures ANCOVA (Sections Imaging Modality Main Effects on WMH Volume and WMH Location Interactions and CBF Association With WMH Volume in Partial Models). CBF, QSM, and FA/DR, along with all possible interaction terms (CBF × QSM, QSM × FA/DR, and CBF × FA/DR) were the predictors of interest, with WMH volume as a 2-level dependent variable with PV and deep volume (not z-scored) as the levels. Age, sex, and ICV were included as covariates. For this analysis, white matter tracts from both PV and deep DTI ROIs were combined into a single FA/DR composite to reduce collinearity arising from including two DTI composites. We report the main effects of all predictors to examine effects on WMH volume more generally, and predictor interactions with WMH location to assess if any factors preferentially predict PV or deep WMH volume. Significant predictor by location interactions were followed-up with post-hoc analysis to identify relationships with WMH volume in each specific location (Section RD, CBF, and QSM Associations With Regional WMH Volumes). We were also interested in whether the accuracy of any of our predictors (CBF, QSM, or FA/DR) improves with increasing participant age. To test this possibility, we included age × predictor interaction terms in linear regression models predicting PV and deep WMH volume (Section Age Moderation Analysis).

Stepwise linear regression was used to further explore how much explained variance (R2) each predictor added regarding WMH volume (Section Additive Effects of WMH Predictors Using R2 Change). To accomplish this, we z-scored PV and deep WMH volume (the dependent variables used in the main ANCOVA model) across participants and then used the mean of the z-scores as our dependent variable (composite WMH volume). This was done to give equal weighting to WMH in both locations; using the more traditional total WMH volume would be largely driven by PV WMH volume which in general has much greater volume. The first step of the regression included only the covariates (age, sex, ICV). At each step, we added in the most significant predictor of WMH volume remaining as revealed by the initial ANCOVA. Interactions were excluded as they were not significant in the preceding analyses.

A retrospective power analysis was conducted to determine if our null between factor interaction findings were the result of insufficient power (Section Power Analysis). Post-hoc F-tests parameters were selected using G*power (version 3.1.9.2) with effect size, total sample size, number of tested predictors and total number of predictors specified. Cohen's f2 was used as a guideline for interpreting effect size.




RESULTS


Participant and Data Characteristics

Participants summary demographic information is presented in Table 1. There were no outliers in any of the predictors (FA/DR composites, QSM composite, and CBF measurement) and one outlier in WMH data, which was excluded. Data from two other participants, one with a failed WMH segmentation and another with excessive motion in the QSM scan rendering it unusable, were also excluded. All the WMH distributions were skewed as is typical (PV; W statistic = 0.597; p < 0.001; Deep; W statistic = 0.318; p < 0.001) and were log transformed. The QSM composite and CBF measurement were normally distributed (p = 0.725; p = 0.669), while the FA/DR composites were mildly skewed but were not log transformed (W statistic = 0.924; p < 0.001), as this is not typically done in the DTI literature. Error residuals from all analyses were normally distributed indicating that the assumption of normality was met. Variance inflation factor for all predictors was <2 and tolerance was >0.5 in all analyses. The mean coefficient of variation was 0.0601 for FA (Superior Longitudinal Fasciculus ROI = 0.0585, External Capsule ROI = 0.0463, Body of Corpus Callosum ROI = 0.0556, Splenium of Corpus Callosum ROI = 0.0332, Tapetum of Corpus Callosum ROI = 0.107), and 0.0925 for DR (superior longitudinal fasciculus ROI = 0.0645, external capsule ROI = 0.0568, Body of Corpus Callosum ROI = 0.0955, Splenium of Corpus Callosum ROI = 0.0707, Tapetum of Corpus Callosum ROI = 0.175). The mean coefficient of variation was 0.362 for QSM (Caudate ROI = 0.395, Putamen ROI = 0.466, Cortical ROI = 0.225). The coefficient of variation was 0.174 for CBF (Gray Matter ROI = 0.174).



FA and RD as Predictors of WMH Volume

Participant's DTI PV and deep composite scores (for FA and RD) were computed by z-scoring individual participant's mean values in each tract in the mask and then calculating the mean of those z-scores across tracts (Section DTI Masks of PV and Deep WM). RD had a larger effect size than FA in a model predicting PV WMH volume (RD partial r = 0.415, p < 0.001; FA partial r = −0.379, p = 0.001) and deep WMH volume (RD partial r = 0.323, p = 0.005; FA partial r = −0.141, p = 0.233). Therefore, RD was used as the DTI measure in PV and deep DTI ROIs in subsequent models.



Imaging Modality Main Effects on WMH Volume and WMH Location Interactions

The ANCOVA indicated a main effect of DTI-based RD (F = 13.516, partial Eta = 0.412, p < 0.001) and QSM-based iron concentration (F = 5.107, partial Eta = 0.268, p = 0.027) on total WMH volume (Table 2). The main effect of CBF on total WMH volume was marginally significant (F = 3.530, partial Eta = −0.226, p = 0.065). There was a QSM × WMH location interaction [explored in post-hoc analysis below (Section RD, CBF, and QSM Associations with Regional WMH Volumes), F = 6.208, partial Eta = 0.293, p = 0.015] such that QSM positively predicted deep but not PV WMH volume, but no CBF × WMH location (F = 0.029, p = 0.866) or RD × WMH location interactions (F = 0.053, p = 0.819). There were no significant interactions between predictors.


Table 2. Summary of main effects and interactions of predictors on WMH volume and location.
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CBF Association With WMH Volume in Partial Models

Our ANCOVA with all 3 contributing factors revealed that CBF was only marginally significant in predicting total WMH volume. However, several previous studies report associations between CBF and total WMH volume. Therefore, we further explored if CBF was significantly associated with total WMH volume in partial models of the ANCOVA with standard covariates age, sex, and ICV included. The purpose of this analysis was to determine which predictor may account for some of the variance in the CBF-WMH relationship.

With CBF as the only predictor of interest, CBF negatively predicted total WMH volume (F = 4.339, p = 0.041). CBF still predicted total WMH volume when QSM (and CBF × QSM interaction) was entered into the model but RD was omitted (F = 4.745, p = 0.033), yet was only marginally significant when RD was entered into the model but QSM was omitted (F = 3.777, p = 0.056).



Additive Effects of WMH Predictors Using R2 Change

In step 1, covariates alone accounted for 20% of the variance in composite WMH volume (Adjusted R2 = 0.200; Table 3). Including RD in the model increased the variance explained to 33.6% (Adjusted R2 change = 0.136). Further additions of QSM and CBF increased the variance explained to 37.9% at step 3 (Adjusted R2 change = 0.043) and 40.6% (Adjusted R2 change = 0.027) at step 4, respectively.


Table 3. Total explained variance (Adjusted R2) and explained variance attributed to the newest added predictor (Adjusted R2 change) at each step of the linear regression predicting composite WMH volume.
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RD, CBF, and QSM Associations With Regional WMH Volumes

Separate linear regressions were next used as a post-hoc analysis for the initial ANCOVA to further explore the QSM × WMH volume location interaction, using CBF and RD as covariates. QSM positively predicted deep (bootstrapped Beta = 0.236, partial r = 0.307, F = 6.841; p = 0.034, SE = 0.109, 95% BCa CI = 0.032 to 0.388), but not PV WMH volume (bootstrapped Beta = 0.052, partial r = 0.114, F = 0.883; p = 0.414, SE = 0.063, 95% BCa CI = −0.055 to 0.121; Table 4).


Table 4. Summary of main effects and interactions of predictors on WMH volume in periventricular and deep regions.
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Age Moderation Analysis

Linear regression models were used to explore the possibility of age × CBF, age × QSM, and age × DR interactions. Results indicated that the interaction terms were not statistically significant when predicting PV or deep WMH volume [age × CBF for PV (p = 0.986) and for deep (p = 0.628); age × QSM for PV (p = 0.140) and for deep (p = 0.328); and age × DR for PV (p = 0.270) and for deep (p = 0.778); Supplementary Table 1].



Power Analysis

If we assume that an interaction effect was present, this study had over 99% power to detect an interaction with a large effect (f2 = 0.35), 92% power to detect an interaction with a medium effect (f2 = 0.15), and 23% power to detect an interaction with a small effect (f2 = 0.15). The actual f2 for our most relevant interaction term (QSM × RD) was very small (0.005). This may suggest that the interactions in our models are not truly present; alternatively, the effect may be so small that it would require >1,500 participants to achieve 80% power.




DISCUSSION

We explored the main effects and interactions of DTI-based radial diffusivity (RD), QSM-based brain iron concentration and ASL-based cerebral blood flow (CBF) on WMH volume and location. Results indicated that RD was the strongest predictor of total WMH volume and was associated with WMH regardless of location. In contrast, iron concentration was more strongly associated with deep than periventricular (PV) WMH volume. Finally, CBF did not account for any unique variance in WMH volume or location after controlling for other predictors. Our findings demonstrate the importance of considering multiple predictors of WMHs simultaneously to identify the strongest individual predictors, after controlling for shared variance between predictors.


Additive Effects of Individual Predictors of WMH Volume

The covariates and predictors (WM microstructure, brain iron and CBF) explored in this study accounted for almost half of the total variance in composite WMH volume (Table 3). WM microstructure (assessed with RD) contributed the largest percentage of unique variance accounted for in composite WMH volume after accounting for covariates and other predictors, suggesting that WM microstructure is the most robust predictor of the three. While QSM and CBF were also significant predictors, each explained only modest percentages of WMH variance after accounting for covariates and other predictors indicating that a portion of their variance may be better explained by WM microstructure.



RD Predicts Both PV and Deep WMH Volume

DTI-based RD was strongly associated with WMH volume in both PV and deep locations. Our findings are in-keeping with results from previous cross-sectional studies suggesting that RD (Pelletier et al., 2016) and other DTI-based metrics (Maillard et al., 2011; Maniega et al., 2015; Promjunyakul et al., 2016) appear to predict global WMH volume in both PV and deep WM. However, we know of only one previous study using RD as a WMH predictor that controlled for other neuroimaging predictors (Promjunyakul et al., 2018). In that study, RD values predicted new PV and deep WMH growth ~1.5 years later (Promjunyakul et al., 2018), and was a stronger WMH predictor than CBF.

The present results add to the literature, indicating that RD is associated with WMH volume in both PV and deep regions after controlling for CBF and brain iron concentration. Higher RD is associated with relatively lower myelination, axonal packing and axonal density (Madden et al., 2009). Thus, lower myelination and axonal packing/density appear to be associated with higher WMH volume, both independently of other neuroimaging metrics and across WM location.



Iron Concentration Is More Closely Associated With Deep Than PV WMH Volume

Non-heme brain iron concentration was quantified using QSM, which has been validated against postmortem tissue iron concentrations in both subcortical structures (Langkammer et al., 2012; Sun et al., 2015) and cortical structures (Fukunaga et al., 2010; Bulk et al., 2018). Our QSM ROI included both cortical and subcortical structures. We observed a significant main effect of cerebral iron concentration on total WMH volume after controlling for WM microstructural properties and cerebral blood flow. While non-heme iron is crucial for many cellular processes, it is also is a potent oxidizer that can generate reactive oxygen species (ROS), damaging neurons (Moos et al., 2007; Ward et al., 2014). Increased unbound iron is thought to contribute to demyelination resulting from free radical damage affecting oligodendrocytes and myelin sheaths (Todorich et al., 2009; Bartzokis, 2011). However, given that we controlled for myelin damage in our models (DTI-based RD was used as a covariate), the main effect of QSM on WMH we observed could reflect additional damage to neuronal cell bodies and/or axons (e.g., Wallerian degeneration).

One reason why iron was less predictive of total WMH volume than RD relates to the interaction we observed between brain iron and location on WMH volume. Specifically, brain iron concentration was more predictive of deep WMH volume than PV WMH volume. Several previous studies have had mixed findings, with some indicating that iron is associated with total WMH volume (Yan et al., 2013; Valdés Hernández et al., 2016; Sun et al., 2017), although others have not (Gattringer et al., 2016). However, none of these studies accounted for CBF or FA/RD in their models or explored potential iron by WMH location interactions.

The interaction we observed between iron and location on WMH volume likely relates to deep WM ROIs containing more tracts with connections to iron-rich basal ganglia and other subcortical structures in our study. In particular, the deep ROI included the external capsule, a series of WM tracts situated between the putamen and claustrum. The external capsule includes extensive connections between the claustrum and subcortical structures such as the basal ganglia and thalamus (Smythies et al., 2013). In contrast, the PV WM ROI was primarily composed of the body and splenium of the corpus callosum, which connect homologous neocortical structures.

It is well-established that age-related cerebral iron accumulation is seen predominantly in subcortical structures of the basal ganglia (Zecca et al., 2004; Ward et al., 2014). Thus, it is possible that high concentrations of iron in basal ganglia structures may have contributed to Wallerian degeneration of deep tracts such as the external capsule. However, it should be noted that our analyses focused on major WM tracts. There are a number of smaller WM tracts in the PV region with connections to basal ganglia structures such as the lenticular fasciculus and nigrostriatal tracts which were not included in our study due to less optimal spatial alignment across participants.



CBF Does Not Predict WMH Volume After Controlling for Other Factors

Our results showed that CBF was negatively associated with total WMH volume when it was the only predictor of interest. This is consistent with results from a number of studies reporting a negative relationship between CBF and WMH volume (ten Dam et al., 2007; Brickman et al., 2009; Bahrani et al., 2017). However, our results indicated that CBF was only a marginally significant predictor of total WMH volume after controlling for other predictors (p = 0.065). In particular, we found that RD accounted for some of the variance in the CBF-WMH volume relationship (Section CBF Association With WMH Volume in Partial Models), and better predicted WMH volume than CBF in general (Table 2, section Additive Effects of WMH Predictors Using R2 Change). One possible explanation for this is that CBF only predicts total WMH volume when reduced blood flow is pronounced enough to cause microstructural damage to myelin and WM tracts.



Age Did Not Moderate Relationships Between Predictors (CBF, QSM, DR) and WMH Volume

It is possible that CBF, QSM, or DR could better predict WMH volume at older age levels, as all these measures are known to correlate with age (Acosta-Cabronero et al., 2016; Beck et al., 2021; Juttukonda et al., 2021). We investigated this possibility by exploring whether age moderated the strength of relationship between any of our predictors and WMH volume. However, we did not find any evidence of age moderation in this study (Supplementary Table 1). As our study included mostly healthy older adults, future studies could examine the possibility that age may moderate the relationship between cSVD predictors and WMH volume at more advanced neurodegenerative states, such as those associated with mild cognitive impairment or dementia.



Study Strengths and Limitations

Strengths of our study include the consideration of multiple predictors (WM microstructure, brain iron concentration and CBF) of WMH volume, employing rigorous MRI analyses, a moderately large sample size and wide age range of older adults. Further, the integration of multiple WMH predictors in the same model controls for shared covariance between predictors, allowing identification of the best predictors through their unique variance on WMH volume. An additional strength of our study was consideration of interactions between predictors and spatial location (i.e., PV and deep WMHs).

This study also has limitations that highlight the need for additional follow-up studies. First, our cross-sectional study cannot determine how predictors would be associated with WMH growth. Future research with multiple time points is needed to identify baseline predictors of longitudinal WMH change. Second, as is true in most studies, ASL in our study had poorer spatial resolution than either DTI or QSM. The mean CBF signal used in our study consisted of a number of individual gray matter ROIs, including subcortical structures such as the caudate and putamen. Subcortical structures are surrounded by white matter where ASL signal is reduced compared to gray matter, and relatively large ASL voxels may have contributed to greater partial volume effects and averaging of lower CBF signal. For example, the putamen is bordered laterally by the external capsule, a long, thin WM tract. FreeSurfer segmentation, which we used, tends to overestimate the boundaries of the putamen by including the external capsule (Dewey et al., 2010; Perlaki et al., 2017). Although CBF did not predict total WMH volume when other predictors were controlled in our study, it is possible that CBF could contribute unique variance in total WMH volume using more advanced ASL techniques that are currently in development. Third, future studies should explore more than one clinical subset of participants. Our study focused on cognitively normal older adults and it is possible that our results may not generalize to individuals with more advanced WMH burden and cognitive impairment (Mild Cognitive Impairment and Alzheimer's Disease). Longitudinal follow-up is needed to identify if synergistic interactions begin to emerge at the onset of dementia.

This study employed a large-scale ROI approach to assess effects of more global CBF/QSM/DR predictors on overall measures of WMH volume (including total, PV and deep regions). In previous work in this area, both large-scale ROI approaches (ten Dam et al., 2007; Brickman et al., 2009; Leritz et al., 2014; Pelletier et al., 2016; Wiseman et al., 2018) and voxelwise or small ROI approaches (Maillard et al., 2011, 2014; Promjunyakul et al., 2016, 2018) have been employed. Each of these approaches have strengths and limitations. For example, local/small ROI approaches have the potential to reveal fine-grained anatomical relationships but may have limitations associated with imperfect registration between imaging modalities. In contrast, large-scale ROI approaches such as the one used here may “blur” some fine-grained anatomical associations, but have the advantage of identifying network-level associations. Finally, as with several previous studies (ten Dam et al., 2007; Griffanti et al., 2018), this study focused on deep vs. PV WMH regions. Future work should explore the possibility that WMH predictors may have differential effects in additional ROIs, such as in lobar ROIs.




CONCLUSION

WM microstructure is strongly associated with both total and regional WMH volumes, even after controlling for other predictors. Brain iron concentration is also a significant predictor but adds only modest unique variance due to being selectively associated with deep but not PV WMH volume. Future studies should attempt to further clarify which predictors contribute additional, unique variance in WMH volume after controlling for WM microstructure and brain iron concentration.
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RNF213 p.R4810K (c.14429G > A) Variant Determines Anatomical Variations of the Circle of Willis in Cerebrovascular Disease
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Introduction: Dysregulation of the RING finger protein 213 (RNF213) gene impairs vascular formation in experimental animal models. In addition, vascular abnormalities in the circle of Willis are associated with cerebrovascular disease. Here, we evaluated the relationship between the East Asian founder variant RNF213 p.R4810K and consequent anatomical variations in the circle of Willis in cerebrovascular disease.

Patients and Methods: The present study is an observational cross-sectional study. It included patients with acute anterior circulation non-cardioembolic stroke admitted to our institution within 7 days of symptom onset or last-known-well from 2011 to 2019, and those who participated in the National Cerebral and Cardiovascular Center Biobank. We compared anatomical variations of the vessels constituting the circle of Willis between RNF213 p.R4810K (c.14429G > A) variant carriers and non-carriers using magnetic resonance angiography and assessed the association between the variants and the presence of the vessels constituting the circle of Willis. Patients with moyamoya disease were excluded.

Results: Four hundred eighty-one patients [146 women (30%); median age 70 years; median baseline National Institutes of Health Stroke Scale score 5] were analyzed. The RNF213 p.R4810K variant carriers (n = 25) were more likely to have both posterior communicating arteries (PComAs) than the variant non-carriers (n = 456) (56% vs. 13%, P < 0.01). Furthermore, variant carriers were less likely to have an anterior communicating artery (AComA) than non-carriers (68% vs. 84%, P = 0.04). In a multivariate logistic regression analysis, the association of RNF213 p.R4810K variant carriers with the presence of both PComAs and the absence of AComA remained significant.

Conclusion: Our findings suggest that the RNF213 p.R4810K variant is an important factor in determining anatomical variations in the circle of Willis.

Keywords: RNF213 p.R4810K, the circle of Willis, cerebral circulation, magnetic resonance angiography, single nucleotide polymorphism


INTRODUCTION

RING finger protein 213 (RNF213) is a susceptibility gene for large artery atherosclerosis (LAA) (Okazaki et al., 2019) as well as moyamoya disease (MMD), which is a progressive steno-occlusive disease of the circle of Willis (Kamada et al., 2011; Liu et al., 2011). This gene encodes a large protein containing two AAA + ATPases and an E3 ligase domain (Liu et al., 2011; Morito et al., 2014), and plays an important role in regulating vascular endothelial function and angiogenesis (Koizumi et al., 2016). Several studies have revealed that MMD patients in East Asia commonly possess the RNF213 p.R4810K (c.14429G > A) variant (Koizumi et al., 2016). Notably, in Japan, about 90% of MMD patients have this variant, compared with just 2–3% of the general population (Koizumi et al., 2013; Cao et al., 2016). Approximately 20–25% of Japanese patients with intracranial proximal arterial stenosis, but who do not meet the diagnostic criteria for MMD, also have this variant (Miyawaki et al., 2012).

Genetic variants have major effects on the development of cerebral vasculature, as demonstrated in both clinical and experimental studies. Different genetic backgrounds in mice significantly affect flow-mediated outward remodeling in the bilateral posterior communicating arteries (PComAs) after unilateral occlusion of the middle cerebral artery (MCA) (Faber et al., 2019). Moreover, knockdown of RNF213 in zebrafish impairs the formation of the cerebral vasculature. A recent clinical study has also reported that the RNF213 p.R4810K variant is associated with intracranial major artery stenosis or occlusion in anterior cerebral circulation (Matsuda et al., 2017).

We therefore sought to evaluate the relationship between the East Asian founder variant RNF213 p.R4810K, associated with a single nucleotide polymorphism (SNP; rs112735431), and consequent anatomical variations in the circle of Willis in cerebrovascular disease.



MATERIALS AND METHODS


Study Design and Patients

This observational cross-sectional study was performed at the National Cerebral and Cardiovascular Center (NCVC), Osaka, Japan. The study was conducted in accordance with the Declaration of Helsinki and was approved by the local ethics committees at the NCVC Biobank and Kyoto University. The study was also approved by the Institutional Review Board of NCVC (approval numbers M29-003-9 and M30-145-5). All participants signed a comprehensive consent form at the NCVC.

All patients with ischemic stroke or transient ischemic attack (TIA) who were admitted to our institute within 7 days of symptom onset or last-known-well were prospectively registered to the NCVC Stroke Registry (Yoshimoto et al., 2021). Data for the period from January 2011 to July 2019 were retrospectively reviewed, and patients who met the following criteria were included: (1) admitted with acute anterior circulation non-cardioembolic stroke or TIA; (2) participated in the NCVC Biobank; and, (3) had magnetic resonance imaging (MRI) data available. Patients with MMD were excluded based on diagnostic criteria (Research Committee on the Pathology, and Treatment of Spontaneous Occlusion of the Circle of Willis, and Health Labour Sciences Research Grant for Research on Measures for Intractable Diseases, 2012).



Genotype Analysis

Peripheral blood samples were obtained from all patients. Genomic DNA was extracted from the buffy coat of blood samples using QIAsymphony SP equipment (Qiagen, Hilden, Germany). Genotyping was performed using TaqMan SNP Assays (Applied Biosystems, Foster City, CA, United States) as described previously (Liu et al., 2011). From the RNF213 p.R4810K variant genotype analysis, individuals with the GA variant for p.R4810K or the homozygote AA genotype were defined as variant carriers, while individuals with the wild-type homozygote were defined as variant non-carriers.



Imaging Protocol

MRI was performed using a 3-tesla system (MAGNETOM Verio or Spectra, Siemens, Erlangen, Germany) at admission. Circle of Willis morphology was evaluated by magnetic resonance angiography (MRA) with maximum intensity protection, a method used to reconfigure and prevent overvaluation and overestimation.

The vessels constituting the circle of Willis were defined as follows: (i) the anterior communicating artery (AComA), (ii) the A1 segments of the anterior cerebral arteries (ACAs), (iii) the intracranial internal carotid arteries (ICAs) beyond the PComA bifurcation, (iv) the PComAs, (v) the P1 segments of the posterior cerebral arteries (PCAs), and (vi) the top of the basilar artery (BA) (Figure 1). Intracranial ICA was defined as the ICA from the PComA bifurcation to the top of the ICA.
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FIGURE 1. Vessels constituting the circle of Willis. (i) The AComA, (ii) the A1 segment of the ACAs, (iii) the intracranial ICA beyond the PComA bifurcation, (iv) the PComAs, (v) the P1 segment of the PCAs, and (vi) the top of the BA. ACAs, anterior cerebral arteries; AComA, anterior communicating artery; BA, basilar artery; ICAs, internal carotid arteries; PCAs, posterior cerebral arteries; PComAs, posterior communicating arteries.


Based on the MRA findings, the A1 segments of the ACAs, the intracranial ICAs, the PComAs, and the P1 segments of the PCAs were classified into the presence of both vessels (Figure 2A), a unilateral vessel (Figure 2B), or the absence of both vessels (Figure 2C). The AComA and the top of the BA were classified by the presence and absence of the vessels. The absence of vessels included artery aplasia or hypoplasia (defined as an internal diameter under 1 mm Merkkola et al., 2006). To determine the anatomical variations, the MRA findings of the vessels constituting the circle of Willis and the focal narrowing of the M1 segment of the MCA were independently analyzed by two stroke neurologists (F.E. and T.Y.), who were blind to the clinical information. Joint assessments were carried out for consensus if required.


[image: image]

FIGURE 2. Presence of both vessels (A), unilateral presence of one vessel (B), and bilateral absence of the vessels (C).




Clinical Data Collection

The baseline clinical characteristics were collected from the NCVC Stroke Registry: sex, age, prestroke modified Rankin Scale (mRS) score, medical history (hypertension, diabetes mellitus, dyslipidemia, ischemic heart disease, and chronic kidney disease), atrial fibrillation, current smoking, systolic blood pressure on admission, baseline National Institutes of Health Stroke Scale (NIHSS) score, Alberta Stroke Program Early Computed Tomographic Score (ASPECTS) on diffusion-weighted imaging (DWI) or computed tomography (CT), the presence of vessels constituting the circle of Willis (AComA, both A1 segments of the ACAs, both intracranial ICAs, and both PComAs), completeness of the circle of Willis, focal narrowing of the M1 segment of the MCA, stroke subtype, and clinical outcome (mRS score at discharge and in-hospital mortality). Hypertension was diagnosed at hospital discharge or from the use of antihypertensive medications before the index stroke/TIA. Diabetes mellitus was diagnosed at hospital discharge or from antidiabetic treatment before the index stroke/TIA. Dyslipidemia was diagnosed at hospital discharge or from lipid-lowering therapy before the index stroke/TIA. A complete circle of Willis was defined by the presence of all of the vessels that constitute the circle of Willis. Stroke subtype, including LAA, small vessel occlusion (SVO), and other/undetermined etiology, was determined by stroke neurologists according to the Trial of ORG 10172 in Acute Stroke Treatment criteria (Adams et al., 1993).



Statistical Analyses

Data are summarized as the median [interquartile range (IQR)] for continuous variables and the frequencies (percentages) for categorical variables. Patients were divided into two groups: RNF213 p.R4810K variant carriers and non-carriers. The clinical characteristics, presence of vessels constituting the circle of Willis, and clinical outcomes were compared between groups using the Mann–Whitney U-test or Fisher’s exact test, as appropriate. We assessed the correlations between anatomical variations of the circle of Willis (both PComAs and AComA) and the RNF213 p.R4810K variant using the following models. For Model 1, a multivariate logistic regression model was created to investigate the association between anatomical variations of the circle of Willis (both PComAs and AComA) and the RNF213 p.R4810K variant. Variables with P < 0.10 (women, age, focal narrowing of the M1 segment of MCA, and stroke subtype) were selected for the multivariate model. For Model 2, associations between anatomical variations of the circle of Willis (both PComAs and AComA) and the RNF213 p.R4810K variant were explored using a multivariate logistic regression model; the stepwise method was used for variable selection. To exclude statistically non-significant variables from the logistic regression model, bidirectional stepwise variable selection was used, with a P-value for entry of 0.05 and a P-value for removal of 0.10. Odds ratios (ORs) with 95% confidence intervals (CIs) were also calculated. We also analyzed the intraclass correlation coefficients for the evaluation of vessels constituting the circle of Willis.

The enrolled patients were then divided into three groups according to stroke subtype (LAA, SVO, and other/undetermined etiology). Baseline characteristics, including the presence of vessels constituting the circle of Willis, were compared. We evaluated the associations between the presence of vessels constituting the circle of Willis and the stroke subtype. All analyses were performed using JMP 14.0.0 statistical software (SAS Institute Inc., Cary, NC, United States).



RESULTS

The study flow chart is provided in Figure 3. From January 2011 to July 2019, 7823 patients were enrolled in the NCVC Stroke Registry. Of these, 481 patients [146 (30%) women, median (IQR) age of 70 (57–78) years] met our study criteria. Patients were excluded because of acute intracerebral hemorrhage (n = 1785), acute cardioembolic stroke (n = 2620), non-participants at the NCVC Biobank (n = 2919), non-availability of MRI (n = 6), and MMD cases (n = 12). Of the 481 patients [146 women (30%); median (IQR) age 70 (57–78) years, median NIHSS score 5 (2–5)] enrolled in the present study, 25 patients (5.2%) had the GA variant for p.R4810K and no patients had the homozygote AA genotype. The most common comorbidities were hypertension (80%) and dyslipidemia (68%). Forty-nine patients (11%) had a complete circle of Willis. The median (IQR) mRS score at discharge was 1 (1–3) and the in-hospital mortality rate was 0.4%. The distributions of ASPECTS on DWI or CT and mRS scores at discharge in variant carriers and non-carriers are shown in Figure 4.
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FIGURE 3. Study flow chart. Patients were excluded based on acute intracerebral hemorrhage (n = 1,785), acute cardioembolic stroke (n = 2,620), non-participants at the NCVC Biobank (n = 2,919), non-availability of MRI (n = 6), and MMD cases (n = 12). MMD, moyamoya disease; MRI, magnetic resonance imaging; NCVC, National Cerebral, and Cardiovascular Center; TIA, transient ischemic attack.



[image: image]

FIGURE 4. Pie charts of ASPECTS on DWI or CT (A) and mRS score at discharge (B).


Compared with RNF213 p.R4810K (c.14429G > A) non-carriers (n = 456), carriers (n = 25) were more frequently women (52% vs. 29%, P = 0.02), younger (62 years vs. 70 years, P < 0.01), had focal narrowing of the M1 segment of the MCA (44% vs. 12%, P < 0.01), had a lower presence of AComA (68% vs. 84%, P = 0.04), and a higher presence of both PComAs (56% vs. 13%, P < 0.01). The baseline characteristics of RNF213 p.R4810K variant carriers and non-carriers are shown in Table 1. Compared with patients with the unilateral presence or absence of PComAs (n = 406), patients with the presence of both PComAs (n = 75) were more frequently women (41% vs. 28%, P = 0.03), younger (median 62 years vs. 71 years, P < 0.01), less hypertensive (69% vs. 82%, P = 0.02), had more focal narrowing of the M1 segment of the MCA (26% vs. 12%, P = 0.02), and more frequently RNF213 p.R4810K variant carriers (19% vs. 3%, P < 0.01). In the multivariate analysis using the stepwise model (Model 2), patients having both PComAs were more frequently younger (per 1-year increase; OR 0.71, 95% CI 0.59–0.85) and were significantly associated with the variant (OR 8.61, 95% CI 3.48–21.31). The patient baseline characteristics, stratified according to PComA patency state, are shown in Table 2. Two models were used to evaluate the associations between PComAs patency state and the factors shown in Table 3. Compared with patients with AComA (n = 401), those without AComA (n = 80) were older (median 75 years vs. 69 years, P = 0.03), and more frequently the variant carriers (11% vs. 4%, P = 0.04). In the multivariate analysis using the stepwise model (Model 2), the absence of AComA were also significantly associated with the variant (OR 2.38, 95% CI 1.02–5.88), as shown in Tables 4, 5. There were no associations between the other vessels constituting the circle of Willis and the RNF213 p.R4810K variant.


TABLE 1. Baseline characteristics between RNF213 p.R4810K (c.14429G > A) variant carriers and non-carriers.
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TABLE 2. Baseline characteristics between patients with the presence and absence of both PComAs.
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TABLE 3. Logistic regression analyses for the presence of both PComAs.
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TABLE 4. Baseline characteristics between the presence and absence of AComA.
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TABLE 5. Logistic regression analyses for the absence of AComA.

[image: Table 5]The intraclass correlation coefficients for the evaluation of vessels constituting the circle of Willis were as follows: 0.97 (95% CI 0.97–0.98) for AComA, 0.98 (95% CI 0.98–0.99) for both A1 segments of the ACAs, 1.00 for both intracranial ICAs, 1.00 for the top of the BA, 0.97 (95% CI 0.97–0.98) for both PComAs, and 0.96 (95% CI 0.95–0.97) for both P1 segments of the PCAs.

There were no significant differences in the vessels constituting the circle of Willis for each stroke subtype, except that the presence of AComA was significantly higher in patients with SVO (LAA 89% vs. SVO 92% vs. other/undetermined etiology 79%, P < 0.01). Moreover, the frequency of RNF213 p.R4810K variant carriers were significantly higher in patients with LAA (LAA 10% vs. SVO 4% vs. other/undetermined etiology 2%, P < 0.01). A comparison of the baseline characteristics by stroke subtype is shown in Supplementary Table 1, in the online-only Data Supplement.



DISCUSSION

The current study provides relevant new data about the associations between vessels constituting the circle of Willis and the RNF213 p.R4810K variant carrier state. Our results indicate that the East Asian founder variant of RNF213 affects the vascular formation of the circle of Willis. RNF213 p.R4810K variant carriers had a higher frequency of the presence of both PComAs and the absence of AComA compared with non-carriers, even after adjusting for differences in baseline characteristics using a stepwise method. These findings reinforce the idea of anterior cerebral circulation failure even in RNF213 p.R4810K variant carriers who do not satisfy the diagnostic criteria for MMD (Research Committee on the Pathology, and Treatment of Spontaneous Occlusion of the Circle of Willis, and Health Labour Sciences Research Grant for Research on Measures for Intractable Diseases, 2012). To our knowledge, no other SNPs have been reported to be associated with such substantial anatomical variations in the circle of Willis as in the current findings for the RNF213 p.R4810K variant.

In terms of the variation of vessels constituting the circle of Willis, a previous study evaluated the intracranial arterial morphology of healthy subjects and reported that 21% (110/525) had an absence of AComA, 19% (100/525) had both PComAs, and 20.9% had a complete circle of Willis; however, the RNF213 p.R4810K variant was not examined in this study (Kondori et al., 2017). In the variant carriers in the present study, the rate of absence of AComA was 32% (8/25), the rate of both PComAs was 56% (14/25), and a complete circle of Willis was present in 20% (5/25) of individuals. Thus, compared with the healthy subjects in the previous report (Kondori et al., 2017), our results showed higher rates of an absence of AComA and the presence of both PComAs in variant carriers. These results suggest that this variant affects anatomical variations in the circle of Willis. In the variant non-carriers, the rate of a complete circle of Willis was very low, at 9% (43/456), and the presence of both PComAs was only 13% (61/453); these findings likely reflect the fact that our study included only patients with a history of ischemic stroke/TIA.

In a previous study examining sex differences in stroke (Arboix et al., 2014), women generally had more stroke events at an older age and a higher number of stroke events than men because of a longer life expectancy. In the present study, although patients with the RNF213 p.R4810K variant were more frequently women and younger, as previously reported (Kamimura et al., 2019; Okazaki et al., 2019), there were no differences in clinical outcomes, including mRS score at discharge and in-hospital mortality. To clarify the impact of this variant on clinical outcomes, long-term outcomes should be investigated in future research.

Advanced MMD is characterized by the discontinuity or disappearance of PComAs in Suzuki staging (Jin et al., 2011), probably as a result of arteriopathy extending proximally into these vessels. This seems to contradict our finding that variant carriers had increased patency of PComAs. However, this inconsistency may be explained by the different stages of RNF213-related vasculopathy between variant carriers with advanced MMD and those with sporadic ischemic stroke or TIA in our cohort (Okazaki et al., 2019; Hosoki et al., 2021), which excluded MMD. That is, patients with advanced MMD, who represent the extreme end of the disease spectrum of RNF213-related vasculopathy, have terminal ICA stenosis or occlusion. Anterior circulation insufficiency no longer activates compensatory mechanisms for collateral flow because of the arteriopathy of PComAs. In contrast, patients on the less severe end of the RNF213-related vasculopathy spectrum may still have activation of the mechanisms that compensate for insufficient anterior circulation through the PComAs, PCAs, and meningeal arteries (Song et al., 2019). Both the continuity and differences between MMD and non-moyamoya ischemic stroke in the same variant carriers should be further clarified to establish and stratify treatment strategies for RNF213-related vasculopathy.

Another explanation of PComA patency may be attributable to the embryonic development of cerebral circulation. In the embryonic stage, the neural crest gives rise to pericytes, thereby contributing to the formation of anterior cerebral circulation, which specifically includes primitive ICAs but not the vertebrobasilar arteries of mesodermal origin (Komiyama, 2017a). Therefore, failures in the differentiation and migration of neural crest cells may lead to the insufficiency of anterior cerebral circulation, including MMD, multisystemic smooth muscle dysfunction syndrome caused by ACTA2 mutation, and PHACE syndrome, which are collectively named vascular neurocristopathy (cardio-cephalic neural crest syndrome) (Komiyama, 2017b). Thus, anatomical variations of the circle of Willis in variant carriers may not be acquired, but might be primarily determined in the embryonic stage. Additional studies in healthy carriers or other ischemic stroke and TIA cohorts are required to determine precisely when the RNF213 p.R4810K variant leads to the observed arterial variations. This gene polymorphism may also be involved in the relationship between cerebrovascular pathology and Alzheimer’s disease (AD) because vascular abnormalities affect the accumulation of amyloid protein and the progression of behavioral abnormalities in both AD patients and animal models (Farkas and Luiten, 2001). Another report (Roher et al., 2003) has demonstrated a relationship between circle of Willis atherosclerosis and AD, thus strengthening the importance of cerebrovascular architecture in AD.

There are several limitations in the present study. The first and major limitation was the lack of genetic and neuroimaging data from healthy volunteers, which was the result of ethical and procedural issues. Because only patients with previous ischemic stroke/TIA were enrolled in this study, it will be necessary to evaluate healthy subjects in a future validation cohort. Second, the anatomical variations of intracranial arteries were evaluated by MRA in the current study. Digital subtraction angiography is the gold standard technique and is superior to MRA in the evaluation of cerebrovascular architecture, although MRA has an advantage as a non-invasive imaging modality. Third, only 14% of patients enrolled in the study gave full consent for their data to be collected and stored at the NCVC Biobank; such selection bias may have led to an overestimation of the prevalence of the RNF213 p.R4810K variant. Fourth, although a previous whole-genome microarray analysis demonstrated associations between RNF 213 polymorphisms and AD (Bai et al., 2014), cognitive status was not evaluated in the present study because the cerebrovascular disease affects cognitive function, and thus makes the diagnosis of AD difficult in an acute stroke setting. However, the results of the current study may stimulate future exploration of the association between AD and the RNF 213 p.R4810K variant. Finally, we were unable to entirely rule out acquired changes in intracranial arteries caused by atherosclerosis. However, the association between the presence of both PComAs and the RNF213 variant remained even after adjusting for baseline factors using the stepwise method.



CONCLUSION

RNF213 p.R4810K variant carriers had higher rates of the presence of both PComAs and an absence of AComA than non-carriers. In variant carriers, an insufficiency of anterior cerebral circulation arteries may be accompanied by compensatory collateral flow through the PComAs, thus affecting the anatomy of the circle of Willis.
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Oxidative RNA damage has been found to be associated with age-related diseases and 8-oxo-7,8-dihydroguanosine (8-oxoGsn) is a typical marker of oxidative modification of RNA. Urine tests are a feasible non-invasive diagnostic modality. The present study aimed to assess whether the measurement of urinary 8-oxoGsn could represent a potential early maker in mild cognitive impairment (MCI) of frail patients with cardiovascular disease (CVD). In this cross-sectional study performed in China from September 2018 to February 2019. Urinary 8-oxoGsn was measured in frail (Fried phenotype: 3–5) in patients with CVD and was adjusted by urinary creatinine (Cre) levels. Cognitive function was assessed by the Chinese version of the Mini-Mental State Examination (MMSE) and participants were classified into non-MCI (≥24) and MCI (<24) groups. Univariate and multivariate logistic regression models were used to determine the relationship between 8-oxoGsn/Cre and MCI. Receiver operating characteristic (ROC) curve analysis was used to assess the 8-oxoGsn/Cre ratio in relation to MCI in frail patients with CVD. A total of 106 elderly patients were enrolled in this study. The mean age of participants was 77.9 ± 6.8 years, the overall prevalence of MCI was 22.6% (24/106), and 57.5% (61/106) of participants were women. In the multivariate logistic regression analysis, urinary 8-oxoGsn/Cre was independently associated with MCI (odds ratio [OR] = 1.769, 95% confidence interval [CI] = 1.234–2.536, P = 0.002), after adjusting for age, sex, education level, marital status, and serum prealbumin levels. The area under the ROC curve was 0.786 (0.679–0.893) (P < 0.001), and the optimal cut-off value was 4.22 μmol/mol. The urinary 8-oxoGsn/Cre ratio showed a sensitivity of 87.5% and a specificity of 69.5%. The present study suggests the urinary 8-oxoGsn/Cre ratio may be a useful indicator for the early screening of MCI in frail patients with CVD.

Clinical Trial Registration: ChiCTR1800017204; date of registration: 07/18/2018. URL: http://www.chictr.org.cn/showproj.aspx?proj=28931.
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INTRODUCTION

Mild cognitive impairment (MCI) is a transition between normal aging and dementia, and is an early indicator of dementing disorders in adults (Lovell and Markesbery, 2008). Subjects with MCI have a 10-fold increased risk of developing Alzheimer’s disease (AD) at a rate of 15% annually (Geda et al., 2013). Distinguishing between MCI individuals from individuals with no evidence of MCI (no-MCI) is an important task and requires a complete understanding of risk factors and biomarkers for early detection of MCI.

In older adults, frailty represents a state of increased vulnerability to stressor events and increases the risk of early mortality, disability, falls, and hospitalization (Fried et al., 2001). Frailty is common in patients with cardiovascular disease (CVD). However, there is a bidirectional link between frailty and CVD (Uchikado et al., 2020), whereby frailty is associated with an earlier onset of CVD, and conversely, the presence of CVD is associated with a greater incidence of frailty (Fernandes et al., 2020). These two states influence each other and worsen the prognosis of these patients. Frail patients have been associated with a significantly increased risk of developing vascular dementia, over other types of dementia, compared to non-frail participants (Robertson et al., 2013). Early detection of MCI can help to prevent vascular dementia in frail patients.

The most commonly used markers of frailty and MCI are those related to inflammatory, nutritional, vascular, and metabolic factors (Ma and Chan, 2020). In addition, frailty and cognitive decline are associated with oxidative stress, a pro-inflammatory environment leading to endothelial dysfunction, which further promotes the occurrence of the above two states (Lin and Beal, 2006; Ma and Chan, 2020).

We and other groups have found that oxidative stress contributes significantly to the pathogenesis and progression of AD (Shan and Lin, 2006; Dai et al., 2018), as well as other forms of dementia (Nunomura et al., 2004). Oxidative RNA damage can impair protein translation, and the damaged RNA can be prematurely degraded, further impairing the synthesis of essential proteins (Butterfield and Halliwell, 2019). The oxidative stress marker 8-oxo-7,8-dihydroguanosine (8-oxoGsn) can reliably be quantified in urine using an ultra-performance liquid chromatography-mass spectrometry (UPLC-MS/MS) assay and is a valid marker of RNA damage (Weimann et al., 2002). Levels of 8-oxoGsn may be associated with the pathogenesis of bipolar disorder (Knorr et al., 2019), which is a mental disorder characterized by recurrent relapses of affective episodes, cognitive impairment, and disease progression (Schneider et al., 2012). In a study of 5 patients with MCI, increased oxidative modification of RNA was found in neurons and was associated with early neurofibrillary tangles in the hippocampus/parahippocampal gyrus (Lovell and Markesbery, 2008). However, these examinations are invasive, as both require sampling of the cerebrospinal fluid and the hippocampus. In the realm of biomarker discovery, the urine is a popular matrix due to its non-invasive collection in humans and its availability in large quantities (Cook et al., 2020), it provides a precious clinical sample for early non-invasive disease diagnosis. If patients with MCI could be detected early by examination of urine, the burden on patients will be reduced.

Our previous study showed that urinary 8-oxoGsn is independently associated with frailty in elderly patients with CVD (Liang et al., 2020). However, only a few studies have investigated RNA oxidation and MCI in frail patients with CVD. The aim of this study was to assess whether 8-oxoGsn could represent a potential indicator for the MCI among frail patients with CVD.



MATERIALS AND METHODS


Study Design and Participants

This study was a prospective cross-sectional study performed in China, which included inpatients aged ≥65 years old admitted to the Department of Cardiology from September 2018 to February 2019. Baseline assessments were carried out by experienced and trained investigators. Written informed consent was obtained from all participants. This study conformed to the Declaration of Helsinki and was approved by the Ethics Committee of Beijing Hospital (No.2018BJYYEC-121-02).

Inclusion criteria included: (1) definite diagnosis of CVD; (2) frail patients: Fried phenotype ≥3; and (3) sufficient urine samples for analysis. Exclusion criterion consisted of patients with a definite diagnosis of dementia.

Initially, 542 individuals with CVD participated in the baseline study. We excluded 348 robust individuals and 64 pre-frail participants. Of these, 24 participants without fresh urine samples were excluded, including 1 patient with AD. Finally, this study enrolled 106 participants for the determination of whether 8-oxoGsn is a useful marker for MCI in frail patients with CVD. In the supplementary materials, we also analyzed the data of 390 non-frail patients with qualified urine samples in order to establish a control group to verify the main conclusions.



Assessment of Frailty

The Fried phenotype was used to assess frailty (Fried et al., 2001) and is based on five criteria: unintentional weight loss, self-reported exhaustion, weakness, slow walking speed, and low physical activity. Participants meeting three or more criteria were categorized as frail based on: (1) unintentional weight loss: weight decreased by >5% in the previous year; (2) self-reported exhaustion: feeling tired all of the time (at least 3 or 4 days per a week); (3) weakness: maximum grip strength of the dominant hand at ≤20% of the population distribution, adjusted for sex and body mass index; (4) slow walking speed: using the average of timed walk test over a 4-meter course, defined as walking 4-m at <0.65m/s (height ≤ 173 cm for men or ≤159 cm for women) or <0.76 m/s (height > 173 cm for men or >159 cm for women); and (5) low physical activity: <383 kcal per week for men or <270 kcal per week for women.



Cognitive Function Assessment

Cognitive function was assessed by the Chinese version of the Mini-Mental State Examination (MMSE) (An and Liu, 2016). The MMSE tests consists of 30 items within 6 dimensions: orientation, registration, attention, language, memory, and visual construction skills (Tsoi et al., 2015). The total MMSE score ranged from 0 to 30, with higher scores reflecting better cognitive function. We treated responses of “unable to understand and answer” as “wrong” (Lv et al., 2019). Participants were classified into non-MCI (NO-MCI, ≥24) and MCI (<24) groups using the cut-off score of 24.



Measurement of Urinary 8-OxoGsn, Creatinine and Prealbumin in All Patients

For this study, fresh midstream urine samples were obtained in the morning within 24 h after admission to hospital. All samples were coded at the moment of collection to ensure a blind study. Urine samples were stored at -80°C until they were processed. The samples were thawed at 4°C, then after centrifugation at 7500 × g for 5 min to remove large particles, the supernatant was used for the analysis. Urinary 8-oxoGsn levels were determined by UPLC-MS/MS, as described elsewhere (Liang et al., 2020). Creatinine (Cre) concentrations were determined in urine samples using the MicroVue Creatinine EIA kit (Hitachi Koki; Tokyo, Japan). The results for 8-oxoGsn in urine were normalized for Cre. Prealbumin was measured with immunonephelometric assays on BN II system (Siemens Healthcare; Tarrytown, New York).



Statistical Analyses

The Kolmogorov-Smirnov test was used to verify whether continuous variables conformed to a normal distribution. Results were expressed as mean and standard deviation (normally distributed data) or median (interquartile range; non-normally distributed data). Categorical variables were expressed as numbers and percentages. The Student’s t-test or Mann-Whitney test for continuous data and the Fisher’s exact test or chi-square test for categorical data were used to identify statistical differences between the two groups. In our study, prealbumin was used to reflect nutritional status and high-sensitivity C-reactive protein was used to represent inflammatory state, which are commonly used markers of MCI. Univariate and multivariate logistic regression models were used to determine the relationship between the 8-oxoGsn/Cre ratio and MCI. Multivariate logistic regression was adjusted for age, sex, education level, marital status, and serum prealbumin levels (factors with a P-value < 0.10 in univariate analyses were entered into the multivariate model). Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated in the results of the logistic regression models. Receiver operating characteristic (ROC) curve analysis was used considering the 8-oxoGsn/Cre ratio in relation to MCI in frail patients with CVD. The optimal cutoff point was calculated using the maximum value of the Youden Index (determined as sensitivity + [1-specificity]) (Schisterman et al., 2005). A P-value < 0.05 was considered statistically significant. All the data analyses were conducted using the IBM SPSS Statistics software program (version 24; IBM Corporation, Armonk, NY, United States). Graphs were created with GraphPad Prism version 7.0.0 for Windows (GraphPad Software San Diego, CA, United States).



RESULTS

The characteristics of the study population are presented in Table 1. Overall, a total of 106 elderly frail patients were enrolled in this study. The participants were classified into NO-MCI (n = 82) and MCI (n = 24) groups based on the MMSE scores. At baseline, the mean age of participants was 77.9 ± 6.8 years, 57.5% (61/106) of participants were women. Age (P < 0.001), sex (P = 0.003), education level (P < 0.001), and marital status (P = 0.007) showed statistically significant differences between groups. Among the five criteria of frailty, the MCI group had more patients exhibiting weakness (P = 0.029) compared to the NO-MCI group, no significant differences were observed regarding the proportion of individuals with unintentional weight loss (P = 0.183), self-reported exhaustion (P = 0.096), slow walking speed (P = 0.936), and low physical activity (P = 0.975). Furthermore, there were no differences in comorbidities or serum high sensitivity C-reactive protein levels among the two groups. Serum prealbumin was significantly higher in NO-MCI cases than in MCI cases (22.75 ± 5.11 vs. 19.04 ± 5.74 mg/dL; P = 0.003). Participants with MCI were more likely to have higher levels of urinary 8-oxoGsn/Cre [5.43 (4.39–6.38) vs. 3.60 (2.94–4.42) μmol/mol; P < 0.001] (Figure 1).


TABLE 1. The baseline characteristics of study participants by cognitive function status.
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FIGURE 1. Boxplot for 8-oxoGsn/Cre in the urine samples of NO-MCI and MCI individuals. Error bars represent median with interquartile distance. 8-oxoGsn, 8-oxo-7,8-dihydroguanosine; Cre, creatinine; NO-MCI, Non-mild cognitive impairment; MCI, mild cognitive impairment.


Three hundred and ninety non-frail patients with CVD were divided into two groups according to the MMSE. The characteristics of non-frail patients are shown in Supplementary Table 1. There was no difference in levels of urinary 8-oxoGsn/Cre between the two groups [NO-MCI: 3.20(2.48–4.14) μmol/mol vs. MCI: 3.69(3.10–4.54) μmol/mol, P = 0.186].

Univariate analysis demonstrated that age (P = 0.001), sex (P = 0.006), education level (P < 0.001), marital status (P = 0.009), serum prealbumin (P = 0.005), and urinary 8-oxoGsn/Cre (P = 0.005) were associated with MCI. To better explore the association between 8-oxoGsn/Cre and MCI, a multivariate logistic regression model was built. The urinary 8-oxoGsn/Cre ratio was independently associated with MCI (OR = 1.769, 95% CI = 1.234–2.536, P = 0.002), after adjusting for age, sex, education level, marital status, and serum prealbumin. Age (OR = 1.202, 95% CI = 1.045–1.383, P = 0.010) and education level (OR = 0.742, 95%CI = 0.621–0.886, P = 0.001) were independently associated with MCI in frail patients with CVD (Table 2). In non-frail patients, univariate logistic regression analysis demonstrated that urinary 8-oxoGsn/Cre was not associated with MCI in non-frail patients (OR = 1.152, 95%CI = 0.933–1.423, P = 0.189).


TABLE 2. Univariate and multivariate logistic regression.

[image: Table 2]A ROC curve analysis was performed to estimate the diagnostic potential of urinary the 8-oxoGsn/Cre ratio for MCI. The area under the ROC curve (AUC) was 0.786 (0.679–0.893) (P < 0.001) (Figure 2). The optimal cut-off value of the urinary 8-oxoGsn/Cre ratio by the maximal Youden index was 4.22 μmol/mol. It showed a sensitivity of 87.5% and a specificity of 69.5%. Its positive predictive and negative predictive values were 74.2% and 84.8%, respectively, and its positive likelihood ratio and negative likelihood ratio were 2.87 and 0.18.
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FIGURE 2. Receiver operating characteristic curve for the 8-oxoGsn/Cre to predict MCI. 8-oxoGsn, 8-oxo-7,8-dihydroguanosine; Cre, creatinine; MCI, mild cognitive impairment; AUC, areas under the curve.




DISCUSSION

In this cross-sectional study, we reported the overall prevalence of MCI among frail patients with CVD was 22.6%, which was similar to previous findings (Petersen et al., 2010). We confirmed that urinary 8-oxoGsn/Cre ratios were significantly higher in MCI patients compared to patients with no evidence of MCI. We determined that urinary 8-oxoGsn/Cre could independently and effectively evaluate MCI in frail patients with CVD.

The oxidative modifications of RNA can be measured by urinary 8-oxoGsn levels (Larsen et al., 2019), which is the focus of the present study. The use of feasible and reliable biomarkers to identify patients with MCI is a challenge that needs to be addressed. Such indicators would provide a more accurate detection of dementia in early disease stages, when cognitive decline can still be potentially reverted. Individuals with MCI have shown alterations in the antioxidant system, which is designed to counteract the potentially hazardous reactions initiated by oxidative stress (Stephan et al., 2012). Nucleic acids are constantly oxidized within the cell and nuclear DNA is double stranded and is complexed with protective proteins. Pena-Bautista et al. showed that the DNA oxidation marker 8-hydroxy-2′-deoxyguanosine was able to distinguish between AD and healthy participants (Pena-Bautista et al., 2019). However, RNA is more vulnerable to oxidative stress than DNA because it is single-stranded and lacks protective histones (Liu et al., 2016). RNA damage is a valid marker that may provide useful information for early identification of MCI.

Accurate and early detection of oxidative modification markers indicative of chronic disease progression can provide useful diagnostic information. MCI reflects the transition between normal aging and dementia, and is the earliest clinical manifestation of AD. Perez et al. found that titanium dioxide nanoparticles induced strong oxidative stress in astrocytes, cells that play key roles in neuronal homeostasis and their dysfunction can lead to MCI (Perez-Arizti et al., 2020). Keller et al. showed significantly increased protein carbonyl formation and increased levels of lipid peroxidation in the temporal lobe of MCI subjects compared to healthy subjects (Keller et al., 2005). Ding et al. showed significantly elevated 8-hydroxyguanine immunoreactivity in the inferior parietal lobule of subjects early in disease progression (Ding et al., 2006).

Our findings suggest that an increase in the urinary 8-oxoGsn/Cre ratio may be a useful indicator for the early screening of MCI in frail patients with CVD. Previous studies on oxidative stress and cognitive impairment have mainly focused on brain tissue and cerebrospinal fluid rather than on urine samples. Nunomura et al. suggested that RNA oxidation is a prominent feature of neuronal vulnerability in patients with AD (Nunomura et al., 1999) and dementia (Nunomura et al., 2002). Our previous study found that the presence of large amounts of 8-oxoGsn in the RNA could promote the secretion of pathogenic amyloid-β peptides in vivo (Dai et al., 2018), and this mechanism could contribute to the accumulation of amyloid-β plaques as is observed in the brains of AD patients. Lovell et al. described the presence of increased RNA oxidative modifications in neurons undergoing early neurofibrillary tangle formation in the hippocampus/parahippocampal gyrus of MCI and late-stage AD subjects (Lovell and Markesbery, 2008). Further, the levels of RNA oxidative damage observed in MCI were comparable to those observed in late-stage AD (Lovell and Markesbery, 2008).

The usual risk factors associated with conversion of individuals from cognitively normal status into dementia and AD are also possible risk factors for transitions into MCI (Kryscio et al., 2006). Our findings showing that age and education levels were independently associated with MCI are consistent with the current literature (O’Bryant et al., 2013; Wong et al., 2019). It is estimated that between 10 and 30% of all adults aged 65 and above experience MCI (Geda et al., 2013). In a longitudinal study at the University of Kentucky AD Center, it was shown that age affected the ORs of individuals transitioning to MCI as well as that of onset of dementia or death (Kryscio et al., 2006). In an analysis of six international longitudinal studies, a higher education level was associated with a lower risk of transitioning from MCI in individuals with no prior evidence of MCI. Furthermore, those with a higher level of education and socioeconomic status experienced longer non-impaired life expectancies (Robitaille et al., 2018).

Cardiovascular risk factors and diseases are recognized as predictors of age-related cognitive decline and dementia (Sahathevan et al., 2012). MCI is an important under-researched complication of stroke and transient ischemic attack (Drozdowska et al., 2020). However, it is important to note that no clear correlation between cardiovascular risk factors or diseases and MCI was identified in our study. Nonetheless, these findings were not consistent with our hypothesis. One possible reason for this inconsistency may be that we excluded patients with dementia from our study, and only patients with mild cognitive decline were enrolled, and thus there was an insufficient number of cases with CVD to detect early changes in cognitive function. Second, previous studies have found that some forms of CVD and risk factors, such as heart failure (Yao et al., 2020), coronary artery disease (Ma et al., 2020), stroke (Chumha et al., 2020), atrial fibrillation (Guo et al., 2020), and obesity (Chan et al., 2020), are significantly associated with frailty, thus the relationship between CVDs or risk factors and MCI may be weakened in frail patients. Further research on CVDs and MCI in frail patients should be performed in the future.

The strengths of the current study include the analysis of oxidized nucleosides using UPLC-MS/MS, which is considered the reference standard method due to high specificity toward the RNA forms.

Our study has several limitations. First, the small sample size hampers the generalizability of our findings. Second, our cross-sectional study did not allow to draw any causative conclusions, nor could it identify risk factors associated with MCI. A long-term follow-up study in this population is currently being conducted by our group, which will verify whether these patients develop dementia in the future. Third, we studied the frail patients with CVD, which is a specific part of the population, and the results were not validated in the general population. Lastly, MMSE is a screening tool to identify MCI but it is not a diagnostic tool; thus, we failed to conduct a detailed subgroup analysis of patients with stratified by cognitive level. Nonetheless, the MMSE is the most widely used tool for evaluating MCI and is supported by a high degree of popularization and application.

In conclusion, the present study suggests the urinary 8-oxoGsn/Cre ratio may be a useful indicator for the early screening of MCI in frail patients with CVD. This indicator will enhance our understanding of the underlying pathological processes causative of MCI and the potential risk factors for early dementia progression. With the aging population, the number of frail patients with CVD may continue to increase. Early recognition of cognitive dysfunction and early intervention may help to improve the quality of life and prognosis of these patients.
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Background: Basal ganglia perivascular spaces are associated with cognitive decline and cardiovascular risk factors. There is a lack of studies on the cardiovascular risk burden of basal ganglia perivascular spaces (BG-PVS) and their relationship with gray matter volume (GMV) and GM cerebral blood flow (CBF) in the aging brain. Here, we investigated these two issues in a large sample of cognitively intact older adults.

Methods: A total of 734 volunteers were recruited. MRI was performed with 3.0 T using a pseudo-continuous arterial spin labeling (pCASL) sequence and a sagittal isotropic T1-weighted sequence for CBF and GMV analysis. The images obtained from 406 participants were analyzed to investigate the relationship between the severity of BG-PVS and GMV/CBF. False discovery rate-corrected P-values (PFDR) of <0.05 were considered significant. The images obtained from 254 participants were used to study the relationship between the severity of BG-PVS and cardiovascular risk burden. BG-PVS were rated using a 5-grade score. The severity of BG-PVS was classified as mild (grade <3) and severe (grade ≥3). Cardiovascular risk burden was assessed with the Framingham General Cardiovascular Risk Score (FGCRS).

Results: Severe basal ganglia perivascular spaces were associated with significantly smaller GMV and CBF in multiple cortical regions (PFDR <0.05), and were associated with significantly larger volume in the bilateral caudate nucleus, pallidum, and putamen (PFDR <0.05). The participants with severe BG-PVS were more likely to have a higher cardiovascular risk burden than the participants with mild BG-PVS (60.71% vs. 42.93%; P =0.02).

Conclusion: In cognitively intact older adults, severe BG-PVS are associated with smaller cortical GMV and CBF, larger subcortical GMV, and higher cardiovascular risk burden.

Keywords: enlarged perivascular spaces, basal ganglia, magnetic resonance imaging, cerebral blood flow, gray matter volume, cardiovascular risk burden


INTRODUCTION

Perivascular spaces, also known as Virchow–Robin spaces, are interstitial fluid-filled spaces surrounding the wall of small penetrating vessels (Arbel-Ornath et al., 2013; Yakushiji et al., 2014). Accumulating evidence has shown that the severity of basal ganglia perivascular spaces (PVS) (BG-PVS) is associated with vascular abnormalities and vascular cognitive decline (Kalaria, 2012; Banerjee et al., 2017; Duperron et al., 2018). BG-PVS can also be observed in elderly individuals (Zhu et al., 2010). However, the significance in an aging brain remains poorly understood. In addition, the relationship between the severity of BG-PVS and regional gray matter volume (GMV) and gray matter cerebral blood flow (CBF) remains unclear. A community-based study (Zhu et al., 2010) revealed that PVS are not associated with visually inspected brain atrophy and does not yield brain volume quantification. Therefore, the relationship between BG-PVS and the quantified volume of different brain regions remains to be explored further. CBF, which reflect hemodynamic alterations, is an imaging biomarker for the identification of vulnerable brain regions. Since BG-PVS are considered to be caused by vascular abnormalities (Kress et al., 2014; Kyrtsos and Baras, 2015; Ramirez et al., 2016), it was hypothesized that individuals with BG-PVS could have alterations in CBF and GMV. Previous studies have shown that BG-PVS are associated with various cardiovascular risk factors (such as age, sex, hypertension, and arteriolosclerosis) (Zhu et al., 2010; Aribisala et al., 2014). It is well established that cardiovascular risk factors are interrelated, making it difficult to isolate their individual effects on BG-PVS. The Framingham General Cardiovascular Risk Score (FGCRS), which combines multiple cardiovascular risk factors with demographic data, can be used to assess cardiovascular risk burden (D'Agostino et al., 2008). However, to the best knowledge of the authors, studies that link BG-PVS with cardiovascular risk burden are lacking. Hence, this study extended the research mentioned above and carried out cross-sectional estimation of cognitively intact older adults to determine whether GMV and CBF are associated with the severity of BG-PVS. This study also aimed to evaluate the relationship between BG-PVS and cardiovascular risk burden.



MATERIALS AND METHODS


Participants

This study was approved by the institutional review board of Peking Union Medical College Hospital (PUMCH), and a written informed consent was obtained from all the participants, who were recruited from two ongoing cohort studies (cohort A and cohort B). Cohort A is a community-based study that comprises elderly subjects from Beijing, China. Cohort B is a large-scale willed body donation program in the Chinese Academy of Medical Sciences and PUMCH (Zhang et al., 2018).

Figure 1 shows the flowchart of participant enrollment. This cross-sectional study included 734 participants (n = 301 for cohort A and n = 433 for cohort B). The exclusion criteria of participants were as follows: (1) under 55 years old; (2) a Mini-Mental State Exam (MMSE) score of <27 who might have apparent cortical hypoperfusion and atrophy (Schuff et al., 2009; Gao et al., 2013; Sun et al., 2016; Ten Kate et al., 2018); (3) an unavailable MMSE score; (4) left-handed participants; (5) a history of intracranial surgery before MRI; and (6) with brain tumor, stroke, and mental disorder. Thus, a total of 193 participants were excluded. The remaining 541 participants (n = 256 for cohort A and n = 285 for cohort B) were eligible for the subsequent analysis. Participants with inferior image quality (n = 18), unavailable pseudocontinuous arterial spin labeling (pcASL) data (n = 117), and/or incomplete clinical data (n = 287) were also excluded. Finally, the MRI images obtained from 406 participants were used to investigate the relationship between the severity of BG-PVS and GMV/CBF, while the MRI images obtained from 254 participants were used to investigate the relationship between the severity of BG-PVS and cardiovascular risk burden.


[image: Figure 1]
FIGURE 1. Study flowchart shows the recruitment of study participants. MMSE, Mini-Mental State Exam; pCASL, pseudo-continuous arterial spin labeling.




MRI Acquisition

The magnetic resonance imaging studies of cohort A were performed with a 3.0 T GE MRI scanner (GE Discovery MR750, GE Healtchare, Milwaukee, WI, United States). The MRI protocols used with cohort A comprised three serial sequences: an axial T2-PROPELLER sequence (TR/TE = 7,912/92 ms; slice thickness = 4 mm; and FOV = 256 × 256 mm2), an axial pCASL sequence (TR/TE = 4,886/10.5 ms; FOV = 240 × 240 mm2; slice thickness = 4 mm; post-labeling delay = 2,025 ms; labeling duration = 1,450 ms), and a sagittal 3D BRAVO sequence (TI/TR/TE = 400/6.9/2.6 ms; FOV = 256 mm2 × 256 mm2; slice thickness = 1. mm; matrix size = 256 × 256). The MRI studies of cohort B were performed with another 3.0 Tesla GE MRI scanner (GE SIGNA PET/MR, GE Healthcare Systems, Chicago IL, United States). The MRI protocols used for cohort B were as follows: an axial T2-PROPELLER sequence (TR/TE = 3,324/81 ms; slice thickness = 4 mm; and FOV = 256 × 256 mm2), an axial pCASL sequence (TR/TE = 4,874/10.7 ms; FOV = 240 × 240 mm2; slice thickness = 4 mm; post-labeling delay = 2,025 ms; labeling duration = 1,450 ms), and a sagittal T1-weighted 3D BRAVO sequence (TI/TR/TE = 450/7.4/3.2 ms; FOV = 256 mm2 × 256 mm2; slice thickness = 1.1 mm; matrix size = 256 × 256). The MR sequences and parameters used with cohort B were similar to those used with cohort A, which could greatly reduce the potential differences between the MRI scanners (Lundervold et al., 2000; Mutsaerts et al., 2015; Liu et al., 2020).



ASL Data Process

CBF maps of ASL were generated on GE AW 4.5 workstation by a software 3D ASL Functool kit (Lin et al., 2018). This software processes pcASL data in a standardized one-click mode. The same model used for CBF calculation was based on a previous study (Williams et al., 1992; Lin et al., 2020). Data were preprocessed using SPM12 (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, United Kingdom) implemented on MATLAB (MathWorks, Natick, MA, United States). First, the CBF maps were co-registered to 3D T1-weighted images. Second, the 3D T1-weighted images were segmented into the gray matter, white matter, and cerebrospinal fluid (CSF) based on tissue probability maps in each voxel and then normalized into a Montreal Neurological Institute (MNI) template. After that, the spatially normalized images were smoothed with an isotropic Gaussian kernel filter of 6 mm full width at half maximum (FWHM). The MNI-normalized smoothed gray matter was used to create a gray matter mask with a threshold value of 0.5. Finally, the Hammers atlas was used to extract the CBF of 68 brain regions.



Anatomic Morphometric Analysis

A morphometric analysis based on the 3D T1-weighted images was performed using CAT12 implemented on SPM12 (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, United Kingdom) (Farokhian et al., 2017). The standard pipeline was first used to segment the 3D T1-weighted images into gray matter, white matter, and CSF. After that, the 3D T1-weighted images were normalized to the MNI template and smoothed with an isotropic Gaussian kernel filter of 8 mm FWHM. Then, the Hammers atlas was used to extract the GMV of 68 brain regions (Rodionov et al., 2009; Yaakub et al., 2020).



Rating of MRI-Visible BG-PVS

Basal ganglia perivascular spaces were identified according to the standards for reporting vascular changes on neuroimaging (Wardlaw et al., 2013). These were visually rated on axial T2-weighted images on a predefined slice (the first slice above the anterior commissure in the BG) (Banerjee et al., 2017) by a trained rater. Then, 82 (20%) individuals were randomly selected and visually assessed by another rater. Both raters were blinded to the clinical information. Only lesions that met the following conditions were regarded as BG-PVS: CSF-like signal lesions (hyperintense on T2 and hypointense on T1, and fluid-attenuated inversion recovery); lesions with a linear, round, or ovoid shape; lesions with a clear boundary; the maximum diameter of lesions <3 mm; lesions with no mass effect; and lesions in the areas supplied by perforating arteries (Zhu et al., 2010). Basal ganglia perivascular spaces were rated using a 5-grade score: grade 0 for no BG-PVS, grade 1 for <10 BG-PVS, grade 2 for 10 to 20 BG-PVS, grade 3 for 20 to 40 BG-PVS, and grade 4 for >40 BG-PVS (Doubal et al., 2010; Banerjee et al., 2017). Both hemispheres were counted, and the hemisphere with higher score was recorded. The number of individuals at each grade of BG-PVS varies greatly (Zhu et al., 2010; Yakushiji et al., 2014). Therefore, for statistical analysis, we categorized the severity of BG-PVS as mild (grade <3) or severe (grade ≥3). Figure 2 presents the BG-PVS examples for each severity grade.


[image: Figure 2]
FIGURE 2. Examples of MRI-visible BG-PVS. (A,B) Axial T2-weighted images show the mild grade of BG-PVS (arrow), (C,D) Axial T2-weighted images show the severe grade of BG-PVS (arrow).




Assessment of Cardiovascular Risk Burden

We calculated FGCRS based on age, sex, high-density lipoprotein cholesterol, total cholesterol, systolic blood pressure (SBP), diabetes, and smoking history (D'Agostino et al., 2008). FGCRS is calculated by summing up the points from all of these risk factors. According to FGCRS, the cardiovascular risk burden was divided into two categories for statistical analysis, lower (FGCRS <17) and higher (FGCRS ≥17) (Song et al., 2020).



Statistical Analysis

Statistical analysis was performed using SPSS (version 20, IBM Inc., Armonk, NY, United States). Categorical variables were tested by χ2 test, and were described in both percentage and frequency. Continuous variables were tested by Student's t-test or Mann–Whitney U test, and were described with mean and SD estimates. The inter-rater consistency of the severity of BG-PVS was evaluated with kappa (κ) value.

Using age, sex, scanner, and total intracranial volume (TIV) as covariates, the difference in GMV between the mild and severe BG-PVS groups was analyzed using univariate linear models. Using age, sex, scanner, and regional GMV as covariates, the difference in CBF between the mild and severe BG-PVS groups was analyzed using univariate linear models. The Benjamini–Hochberg procedure was performed to control for false discovery rate (FDR). FDR-corrected P-values (PFDR) of < 0.05 were considered significant. Logistic regression analysis was performed to assess the difference in cardiovascular risk burden between the mild and severe BG-PVS groups.




RESULTS


Inter-rater Consistency

The inter-rater consistency was high for assessing the severity of BG-PVS (κ =0.883). The two raters reached a consensus on the classification of 81 images.



Basal Ganglia Perivascular Spaces, Gray Matter Volume, and Cerebral Blood Flow

A total of 406 participants (169 men and 237 women, mean age: 69.44 ± 7.89 years old) were included in the GMV and CBF analysis (see Table 1 for the summary of details).


Table 1. Demographic characteristics of the overall MRI sample classified according to the severity of BG-PVS.

[image: Table 1]

Among the 68 brain regions exacted from Hammers atlas, a total of 10 brain structures (e.g., ventricles and corpus callosum) that did not belong to the gray matter were excluded, and the remaining 58 brain regions were used for morphological and metabolic analysis.

The gray matter volume analysis revealed that the severe BG-PVS group had a significantly smaller GMV than the mild BG-PVS group, in the bilateral lateral occipital lobe, bilateral rectus gyrus, right orbitofrontal gyrus, right posterior temporal lobe, and right inferior middle temporal lobe (PFDR < 0.05, corrected for age, sex, scanner, and TIV, Figure 3) (see details in Supplementary Material 1). In addition, the severe BG-PVS group also showed a significantly larger volume in the bilateral caudate nucleus, pallidum, and putamen (PFDR < 0.05, corrected for age, sex, scanner, and TIV, Figure 3).


[image: Figure 3]
FIGURE 3. Significant difference in GMV between the mild BG-PVS group and the severe BG-PVS group. The severe BG-PVS group shows a significantly smaller volume in multiple cortical areas and a larger volume in the bilateral caudate nucleus, pallidum, and putamen (PFDR < 0.05, corrected for age, sex, scanner and TIV). The F-score bar is shown on the right. The left part of the figure represents the individual's right side. GMV, gray matter volume; BG-PVS, basal ganglia perivascular spaces; TIV, total intracranial volume.


Figure 4 shows the statistical result of the CBF. Compared with the mild BG-PVS group, the severe BG-PVS group showed widespread hypoperfusion in the cortex and left thalamus (PFDR < 0.05, corrected for age, sex, scanner, and regional GMV, Figure 4) (see details in Supplementary Material 1).


[image: Figure 4]
FIGURE 4. Significant difference in CBF between the mild BG-PVS group and the severe BG-PVS group. The severe BG-PVS group shows a significantly lower CBF in the cortex and left thalamus (PFDR < 0.05, corrected for age, sex, scanner and regional GMV). The F-score bar is shown on the right. The left part of the figure represents the right side of the individual. CBF, gray matter cerebral blood flow; BG-PVS, basal ganglia perivascular spaces; GMV, gray matter volume.




BG-PVS and Cardiovascular Risk Burden

A total of 254 participants (107 men and 147 women, mean age: 71.27 ± 7.77 years old) were included in the analysis between the severity of BG-PVS and cardiovascular risk burden. Table 2 presents the comparison of cardiovascular risk factors of all individuals stratified by the severity of BG-PVS. Severe BG-PVS were associated with male sex (P = 0.023) and age (P < 0.001). Those in the severe BG-PVS group were more likely to have hypertension (P = 0.032), higher SBP (P = 0.001), and higher total cholesterol (P = 0.001). The participants with severe BG-PVS were twice as likely to have a high cardiovascular risk burden than the participants with mild BG-PVS (P = 0.02; OR, 2.06; 95% CI, 1.12–3.77).


Table 2. Comparison of cardiovascular risk factors in subjects with mild or severe BG-PVS.
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DISCUSSION

This study showed that BG-PVS were associated with cardiovascular risk burden and regional differences in CBF and GMV. This study advanced those of several groups (Kalaria, 2012; Banerjee et al., 2017; Duperron et al., 2018), which associated BG-PVS with vascular cognitive impairment with a larger population of cognitively intact individuals.

Previous MRI studies have shown no association between BG-PVS and whole-brain atrophy (Zhu et al., 2010, 2011; Yakushiji et al., 2014). However, a strong association between PVS and brain weight has been observed in a postmortem study (van Swieten et al., 1991). This study found that the severe BG-PVS group showed a significantly smaller volume in the occipital lobe, temporal lobe, orbitofrontal gyrus, and rectus gyrus. In the occipital lobe and posterior temporal lobe, these are regions that showed a smaller volume related to cognitive impairment and visuospatial processing deficits (Millington et al., 2017; Chen et al., 2019). Furthermore, the temporal lobe is also vulnerable to vascular abnormalities (De Jong et al., 1999; de Toledo Ferraz Alves et al., 2011). Next, the orbitofrontal gyrus and rectus gyrus are related to emotion and cognitive function (Suzuki et al., 2019; Xu et al., 2019). We also observed a significantly larger volume in the bilateral caudate nucleus, pallidum, and putamen in the severe BG-PVS group. Such volume differences in older adults have not been reported previously. The larger volume of the basal ganglia reflects functional changes in the cortico-basal ganglia-thalamocortical circuit and has been observed in patients with cognitive and behavioral impairment (Alexander and Crutcher, 1990; Frangou et al., 2004; Langen et al., 2007; Sandman et al., 2014).

After covarying CBF with regional GMV, we found a limited spatial overlap between the GMV and CBF pattern. Compared with the mild BG-PVS group, the severe BG-PVS group showed widespread hypoperfusion in the cortex, except for the right amygdala and right anterior middle temporal lobe. Therefore, it was hypothesized that BG-PVS were related to a whole-brain perfusion change rather than localized changes. The association between BG-PVS and CBF is in line with previous studies showing that CBF is negatively related to BG-PVS (Wang et al., 2020). However, the results contradicted with an MRI study of 132 memory clinic patients that observed no association between BG-PVS and total brain perfusion (Onkenhout et al., 2020). This discrepancy could be explained by differences in the study population. The normal cortex has a relatively high CBF to supply the metabolic activity of the cortex (Gregg et al., 2015). The presence of cerebral hypoperfusion can put older subjects at risk for neuronal injuries (Sowell et al., 2003; Gregg et al., 2015). Another study (Toth et al., 2017) found that even mild impairment of CBF can promote cognitive impairment in the elderly. These bodies of evidence led the authors of this study to consider severe BG-PVS, which were previously considered to be present in normal aging, as an abnormality.

The gray matter volume and cerebral blood flow analysis in this study showed that individuals with severe BG-PVS suffered chronic brain atrophy and hypoperfusion. Therefore, it is important to maintain brain health by controlling the severity of BG-PVS. The results revealed that BG-PVS are associated with numerous cardiovascular risk factors (such as age, sex, and hypertensive arteriopathy), consistent with previous studies (Zhu et al., 2010; Kress et al., 2014; Kyrtsos and Baras, 2015; Ramirez et al., 2016). This study also demonstrated the relationship between the severity of BG-PVS and cardiovascular risk burden, suggesting that BG-PVS can be used as an imaging marker to predict cardiovascular risk. Future studies can investigate whether CBF, GMV, and cardiovascular parameters are independently associated with BG-PVS, or whether there are any interaction effects between these different biomarkers.

This study focused on cognitively intact individuals and presented some new findings that might suggest directions for future research. There is a growing body of evidence that cerebral microvascular dysfunction and brain hypoperfusion play critical roles in the pathogenesis of dementia (Kalaria, 2012; Banerjee et al., 2017; Toth et al., 2017). However, the association between baseline BG-PVS and neurodegenerative disease still needs to be verified. In addition, the findings highlight the importance of controlling the cardiovascular risk burden in individuals with severe BG-PVS, which may have both public and clinical significance. This study is crucial for understanding the evolution of BG-PVS-related diseases and can improve future treatment decisions.

There are some limitations to this study. First, the visual scoring system was an observer-dependent task (Dubost et al., 2019). The automated quantification of BG-PVS was more effective and objective than visual scoring (Dubost et al., 2019). Furthermore, the automated quantification had great potential to evaluate the burden of BG-PVS as a continuous rather than categorical measure (Dubost et al., 2019). This would allow for an accurate diagnosis and better monitoring of BG-PVS progression. Second, the investigators used the number of classic BG-PVS to reflect the burden of BG-PVS. However, it was unclear whether single, large, and tumefactive BG-PVS would be more relevant in the clinic than multiple small BG-PVS (Ramirez et al., 2016). Third, FGCRS was based on the European population, which might influence its generalization to the Chinese population. Fourth, cardiovascular risk factors were categorically treated in this study. The relationship between BG-PVS and cardiovascular risk factors can be better elucidated by analyzing cardiovascular disease severity and duration of exposure.



CONCLUSION

This study indicated that for cognitively intact older adults, the presence of severe BG-PVS is associated with smaller cortical GMV and CBF, larger subcortical GMV, and a higher cardiovascular risk burden. This study suggested that early identification is crucial for understanding the evolution of BG-PVS-related diseases.
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A traumatic brain injury (TBI) induces the formation of cerebral microbleeds (CMBs), which are associated with cognitive impairments, psychiatric disorders, and gait dysfunctions in patients. Elderly people frequently suffer TBIs, especially mild brain trauma (mTBI). Interestingly, aging is also an independent risk factor for the development of CMBs. However, how TBI and aging may interact to promote the development of CMBs is not well established. In order to test the hypothesis that an mTBI exacerbates the development of CMBs in the elderly, we compared the number and cerebral distribution of CMBs and assessed them by analysing susceptibility weighted (SW) MRI in young (25 ± 10 years old, n = 18) and elder (72 ± 7 years old, n = 17) patients after an mTBI and in age-matched healthy subjects (young: 25 ± 6 years old, n = 20; aged: 68 ± 5 years old, n = 23). We found significantly more CMBs in elder patients after an mTBI compared with young patients; however, we did not observe a significant difference in the number of cerebral microhemorrhages between aged and aged patients with mTBI. The majority of CMBs were found supratentorially (lobar and basal ganglion). The lobar distribution of supratentorial CMBs showed that aging enhances the formation of parietal and occipital CMBs after mTBIs. This suggests that aging and mTBIs do not synergize in the induction of the development of CMBs, and that the different distribution of mTBI-induced CMBs in aged patients may lead to specific age-related clinical characteristics of mTBIs.

Keywords: microhemorrages, aging, cognitive decline, traumatic brain injury (TBI), microvascular injury


INTRODUCTION

A traumatic brain injury (TBI) has been shown to induce the formation of cerebral microbleeds (CMBs) (Huang et al., 2015; Toth et al., 2016, 2020; Ungvari et al., 2017; Irimia et al., 2018; Griffin et al., 2019). Cerebral microbleeds are hemosiderin deposits that are 5–10 mm in diameter as a result of bleeding from injured small cerebral arteries, arterioles, or capillaries. They are also associated with the development of cognitive impairments, psychiatric disorders, and gait dysfunctions (Werring et al., 2010; de Laat et al., 2011; Wang et al., 2014, 2018; Huang et al., 2015; Toth et al., 2015, 2020; Akoudad et al., 2016; Ungvari et al., 2017, 2018; Irimia et al., 2018; Nyúl-Tóth et al., 2020). Due to orthostatic hypotension, dehydration, and impaired balance, the elderly population frequently suffers TBIs (Krishnamoorthy et al., 2015; Irimia et al., 2018; Rauen et al., 2020). The most common form of TBI affecting elderly people is mild brain trauma (mTBI) (Rachmany et al., 2013; Krishnamoorthy et al., 2015; Rauen et al., 2020). Similar to TBI, aging is also an independent risk factor for the development of CMBs (Toth et al., 2015, 2020; Ungvari et al., 2017; Irimia et al., 2018). The number of CMBs increases with age, and they are causally linked to age-related cognitive decline and gait disturbances. Interestingly, mechanisms leading to the formation of CMBs, such as cerebrovascular oxidative stress, the activation of matrix metalloproteinases, and the modification of the content of the cerebrovascular wall, are all induced by both aging and TBIs (Lewén et al., 2001; Werring et al., 2010; Rachmany et al., 2013; Abdul-Muneer et al., 2016; Ungvari et al., 2017, 2018; Griffin et al., 2019; Go et al., 2020). However, it is not well established and characterized how TBIs and aging interact to promote the development of CMBs, especially after an mTBI. In this brief study, we tested the hypothesis that an mTBI exacerbates the development of CMBs in the elderly compared with young patients, and aimed to characterize the location and distribution of CMBs in elderly patients after an mTBI.



MATERIALS AND METHODS


Study Population

The study was approved by the Regional Ethic Committee of the University of Pecs, Medical School, Hungary (7270-PTE 2018). We retrospectively analyzed the medical history and three Tesla susceptibility weighted (SWI) MRIs of 35 patients (15 males and 20 females) who had suffered mTBIs [Glasgow Coma Scale (GCS) 14–15] and were admitted to the Department of Neurosurgery, Medical School, University of Pecs, Hungary between April of 2014 and September of 2019. We also analyzed the SWI MRI images of 43 aged-matched control patients (17 males and 26 females) without a medical history of a TBI. For the TBI groups, the inclusion criteria were: young, age is between 18 and 40 years; aged, above 60 years old at the time of the injury; an mTBI in the history within 6 months of the MRI; an mTBI according to Mayo criteria: GCS 14–15, absence or a maximum of 30 min of loss of consciousness, and the absence of post-traumatic amnesia (PTA) (Malec et al., 2007). Exclusion criteria: any conditions associated with CMB formation in the medical history, such as epilepsy, a previous TBI, stroke, transient ischemic attack, cavernous malformations, cerebral amyloid angiopathy, chronic hypertensive encephalopathy, acute haemorrhagic leukoencephalitis, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), Alzheimer’s disease, cerebral vasculitis, cerebral metastases, haemorrhagic micrometastases, intracranial embolism, intravascular lymphoma, posterior reversible encephalopathy syndrome (PRES), progressive facial haemiatrophy, thrombotic microangiopathies, intracranial infection, and COL4A1 brain small-vessel disease (Greenberg et al., 2009; Yakushiji, 2015; Ungvari et al., 2017). For the control group, an additional exclusion criterion was a TBI in the medical records. Both in the TBI and control groups, two age groups were defined in a 2 × 2 study design: young (Y): n = 20, 10 females, 10 males, age: 25 ± 6 years; young + mTBI (Y + mTBI): n = 17, 11 females, 6 males, age: 25 ± 10 years; aged (A): n = 23, 16 females, 7 males, age: 68 ± 5 years; aged + mTBI (A + mTBI): n = 17, 9 females, 8 males, age: 72 ± 7 years.



Imaging Protocol

A brain MRI was performed using 3T (Magnetom Trio/Prismafit) Siemens MR scanners (Siemens, Munich, Germany). Susceptibility- and T1-weighted magnetization-prepared rapid acquisition with gradient echo (MPRAGE) and fluid-attenuated inversion recovery (FLAIR) images were obtained. The T1-weighted high-resolution images were then obtained using a three-dimensional (3D) MP-RAGE sequence [TI = 900–1,100 ms; TR = 1,900–2,530 ms; TE = 2.5–2.4 ms; slice thickness = 0.9–1 mm; field of view (FOV) = 256 mm × 256 mm; matrix size = 256 × 256], while 3D SWI images were acquired as follows: TR = 27–49 ms; TE = 20–40 ms; slice thickness = 1.2–3 mm; FOV = 137–201 mm × 230–240 mm; matrix size = 125–182 × 256–320, with no inter-slice gap. For image evaluation, the 3D Slicer 4.8.11 software was used.



Microbleed Analysis

Three independent neuroradiologists evaluated the images individually, blinded to medical history. In order to precisely identify CMBs, the exclusion of SWI lesions that mimic CMBs (intersection of veins, bottom of sulci, calcium deposits, artifacts caused by air-tissue interfaces, or macroscopic bleeding caused by, e.g., an intraventricular drain) was carried out (Greenberg et al., 2009; Yakushiji, 2015). The number and location of CMBs were obtained according to the clinically validated Microbleed Anatomic Rating Scale (MARS) (Gregoire et al., 2009). This scale distinguishes the number of definite and possible lesions and precisely localizes the CMBs according to anatomic regions as follows: (1) infratentorial: brainstem or cerebellum; (2) deep: basal ganglia, thalamus, internal or external capsule, corpus callosum, or either the periventricular or deep white matter; (3) lobar: cortex or subcortical white matter. In this study, we present only the definite lesions (Figure 1).


[image: image]

FIGURE 1. Axial susceptibility weighted (SWI) MRI (three Tesla) of a young control patient (Y, 38-year-old, male), a young patient following mild traumatic brain injury (Y + mTBI, 36-year-old male, GCS: 15), an aged control patient (A, 67-year-old male), and an aged patient with a mild TBI (A + mTBI, 65-year-old male, GCS: 15). Cerebral microbleeds (CMBs) appear as ovoid, hypointense lesions and are indicated by the red squares (R, right; L, left).




Statistical Analysis

A Kolmogorov–Smirnov test was performed to determine whether the sample data have the characteristics of a normal distribution. In order to compare the presence of microbleeds, the number of lesions, and specific distribution in different sample groups, Kruskal–Wallis with post hoc Dunn’s multiple comparison tests and Mann–Whitney U tests were performed. To evaluate the effect of comorbidities on the number of CMBs, Fisher’s exact tests were performed. Differences were considered significant at p < 0.05. Statistical analysis was performed using the Origin Pro 2018 software.



RESULTS


The Effect of Mild Traumatic Brain Injury on the Formation of Cerebral Microbleeds in Aging

The characteristics of the patients in each group are shown in Table 1. There were no differences in the assessed cerebrovascular risk factors between the groups.


TABLE 1. General description and main cardiovascular comorbidities of the study groups.

[image: Table 1]We found that aging exacerbated the formation of CMBs significantly (p < 0.05) compared with young patients (Figure 2A), confirming the results of previous studies showing that aging is an independent risk factor for the development of CMBs (Greenberg et al., 2009; Toth et al., 2015; Irimia et al., 2018). Importantly, the number of CMBs in elderly patients was not further increased by mTBIs (Figure 2A). An mTBI did not enhance the number of CMBs in young patients either (Figure 2A). We found that aging also significantly exacerbated (p < 0.05) the incidence of patients with CMBs regardless of the number of bleedings (percent of patients with CMBs in the given group of patients) compared with the young patients (Figure 2B), who were not affected by mTBIs (Figure 2B).
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FIGURE 2. Effect of mild traumatic brain injury on the development and characteristics of cerebral microbleeds in the elderly. (A) Mean number of CMBs in young control (Y) patients (n = 20, age: 25.09 ± 5.63 years), young patients after an mBTI (Y + mTBI) (n = 17, age: 24.65 ± 10.22 years), aged control patients (A) (n = 23, age: 68.36 ± 4.88 years), and aged patients with mTBIs (A + mTBI, n = 17, age: 71.86 ± 7.31 years). Data are mean ± SEM, ∗P < 0.05 vs. YC, ns: non-significant. (B) Number of patients with CMBs in the studied groups is expressed as the percent of the total number of patients in each group [young control (Y) patients (n = 20, age: 25.09 ± 5.63 years), young patients after mBTIs (Y + mTBI) (n = 17, age: 24.65 ± 10.22 years), aged control patients (A) (n = 23, age: 68.36 ± 4.88), and aged patients with mTBIs (A + mTBI) (n = 17, age: 71.86 ± 7.31 years)]. ∗P < 0.05 vs. YC. Panel (C) depicts the localization of CMBs in each group as number of lobar, deep-seated (basal ganglion), and infratentorial CMBs expressed as the percent (%) of the total number of CMBs. Note that the majority of CMBs can be found supratentorially (lobar and basal ganglion); however, a small number of microbleeds appear in the infratentorial location in aged patients after an mTBI. The difference did not reach statistical significance. (D) Lobar distribution of supratentorial CMBs in each studied group of patients (frontal, temporal, parietal, and occipital). Please note that aging enhances the number of parietal and occipital CMBs after an mTBI (P < 0.05 vs. Y + mTBI), and that an mTBI leads to the formation of more CMBs in the frontal, parietal, and occipital lobes in aging (P < 0.05 vs. A). (Y): n = 20, 10 females, 10 males, age: 25.09 ± 5.63 years; young + mTBI (Y + mTBI): n = 17, 11 females, 6 males, age: 24.65 ± 10.22 years; aged (A): n = 23, 16 females, 7 males, age: 68.36 ± 4.88 years; aged + mTBI (A + mTBI): n = 17, 9 females, 8 males, age: 71.86 ± 7.31 years.




Location Characteristics of Aging and Mild Traumatic Brain Injury-Induced Cerebral Microbleeds

We found the majority of CMBs in the supratentorial compartment (lobar and basal ganglion); however, a small number of microbleeds appear in the infratentorial location in aged patients after an mTBI. The difference did not reach statistical significance (Figure 2C). Analysing the distribution of supratentorial CMBs across cerebral lobes (frontal, temporal, parietal, and occipital), we found that aging enhances the number of parietal and occipital CMBs after an mTBI (P < 0.05 vs. Y + mTBI), and that an mTBI leads to the formation of more CMBs in the parietal lobes in aging (P < 0.05 vs. A; Figure 2D).



DISCUSSION

It has been shown previously that both TBIs and aging induce the development of CMBs (Huang et al., 2015; Toth et al., 2015; Ungvari et al., 2017; Irimia et al., 2018; Wang et al., 2018; Griffin et al., 2019). In both cases, CMBs are associated with long-term cognitive deficits and gait dysfunctions and determine the outcome of patients (Werring et al., 2010; de Laat et al., 2011; Huang et al., 2015; Toth et al., 2015, 2020; Yakushiji, 2015; Akoudad et al., 2016; Ungvari et al., 2017, 2018; Irimia et al., 2018; Nyúl-Tóth et al., 2020). Previous epidemiological studies have proposed that the TBI-related development of CMBs is exacerbated in aging (Irimia et al., 2018). However, the effect of an mTBI, which is the most frequent form of brain trauma, on the development of CMBs in aging, has not been established (Wang et al., 2014; Krishnamoorthy et al., 2015; Rauen et al., 2020). Here, we show (Figure 2) that significantly more microbleeds can be found in aging human brains than in the brains of young healthy individuals, confirming the results of previous studies (Greenberg et al., 2009; Werring et al., 2010; Toth et al., 2015; Akoudad et al., 2016; Wang et al., 2018). We also found significantly more CMBs in elderly patients after an mTBI compared with young patients with an mTBI; however, we did not observe a significant difference in the number of cerebral microhemorrhages between aged and aged patients with mTBIs. This suggests that aging and mTBIs do not synergize the induction of the development of CMBs.

The clinical consequences of CMBs, such as the development of cognitive decline, are most likely due to the cumulative effects of the lesions and the damage in specific anatomical locations (Werring et al., 2010; Ding et al., 2017; Ungvari et al., 2017). For example, damage to the fronto-subcortical circuits linking prefrontal areas to basal ganglia is associated with impairments in executive function, and the disarrangement of pathways from the mentioned areas projecting to the thalamus results in memory disturbances (Werring et al., 2010; Ding et al., 2017; Levit et al., 2020). Although morphological characteristics based on MRI examinations are not helpful in distinguishing CMBs of different etiologies, specific locations suggest the pathophysiological reasons of CMB formation (Greenberg et al., 2009; Wang et al., 2014; Yakushiji, 2015; Ding et al., 2017; Ungvari et al., 2017). For example, the typical brain areas for traumatic CMBs are the corona radiata and longitudinal fasciculus (Wang et al., 2014; Ungvari et al., 2017; Toth et al., 2020). Cerebral microbleeds in deep cerebral areas are thought to be due to cerebral angiopathy induced by hypertension, and lobar CMBs are likely due to amyloid angiopathy (Wang et al., 2014; Yakushiji, 2015; Ding et al., 2017; Ungvari et al., 2017). We found that aging alters the distribution of CMBs after an mTBI (Figure 2), namely, in elderly patients following an mTBI, the number of occipital and parietal bleedings was exacerbated compared with young patients. This may affect the functional consequences of these bleedings. Accordingly, the occipital and parietal lobes are responsible for integrating visual and cognitive information, and play an important role in voluntary coordination, posture and motor control, spatial cognition, and the rapid corrections of movements (Galletti et al., 2003; Niogi et al., 2008; Freedman and Ibos, 2018; MacKinnon, 2018). Specific tests should be part of the patient characterization after an mTBI to assess the region-specific consequences of CMBs in aging (and also in young patients), such as the trail making test, Beck’s depression test, and Montreal Cognitive Assessment test. This possibility should be verified in the future.


Limitations and Perspectives

The major limitations of this study are its retrospective design and relatively small sample size. Future prospective studies should verify the findings of this study with a large number of healthy control volunteers. We used the Mayo criteria to define an mTBI. Since other guidelines suggest slightly different scoring systems, it would be important to compare the CMB formation in TBI groups as defined by various scoring systems. Aging and mTBIs may interact in altering regulatory mechanisms of cerebral blood flow (CBF) in a functional manner. Accordingly, the changes in neurovascular coupling, autoregulation of CBF, and cerebrovascular reactivity should be assessed and correlated with the cognitive and gait functions in different age groups after mTBIs. Finally, the possible mechanisms through which aging and TBIs may interact to alter cerebrovascular function and the formation of CMBs should be studied, with a special focus on mitochondrial oxidative stress, the activation of redox-sensitive matrix metalloproteinases, the modification of the cerebrovascular wall, the production of proinflammatory cytokines, and the disruption of the blood-brain barrier (Lewén et al., 2001; Greenberg et al., 2009; Werring et al., 2010; de Laat et al., 2011; Toth et al., 2015, 2020; Yakushiji, 2015; Ungvari et al., 2018; Levit et al., 2020).
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“Mild cognitive impairment” (MCI) is a diagnosis characterised by deficits in episodic memory (aMCI) or in other non-memory domains (naMCI). Although the definition of subtypes is helpful in clinical classification, it provides little insight on the variability of neurofunctional mechanisms (i.e., resting-state brain networks) at the basis of symptoms. In particular, it is unknown whether the presence of a high load of white-matter hyperintensities (WMHs) has a comparable effect on these functional networks in aMCI and naMCI patients. This question was addressed in a cohort of 123 MCI patients who had completed an MRI protocol inclusive of T1-weighted, fluid-attenuated inversion recovery (FLAIR) and resting-state fMRI sequences. T1-weighted and FLAIR images were processed with the Lesion Segmentation Toolbox to quantify whole-brain WMH volumes. The CONN toolbox was used to preprocess all fMRI images and to run an independent component analysis for the identification of four large-scale haemodynamic networks of cognitive relevance (i.e., default-mode, salience, left frontoparietal, and right frontoparietal networks) and one control network (i.e., visual network). Patients were classified based on MCI subtype (i.e., aMCI vs. naMCI) and WMH burden (i.e., low vs. high). Maps of large-scale networks were then modelled as a function of the MCI subtype-by-WMH burden interaction. Beyond the main effects of MCI subtype and WMH burden, a significant interaction was found in the salience and left frontoparietal networks. Having a low WMH burden was significantly more associated with stronger salience-network connectivity in aMCI (than in naMCI) in the right insula, and with stronger left frontoparietal-network connectivity in the right frontoinsular cortex. Vice versa, having a low WMH burden was significantly more associated with left-frontoparietal network connectivity in naMCI (than in aMCI) in the left mediotemporal lobe. The association between WMH burden and strength of connectivity of resting-state functional networks differs between aMCI and naMCI patients. Although exploratory in nature, these findings indicate that clinical profiles reflect mechanistic interactions that may play a central role in the definition of diagnostic and prognostic statuses.

Keywords: dementia, Alzheimer’s disease, haemodynamic, small vessel disease, independent component analysis


INTRODUCTION

Mild cognitive impairment (MCI) is a diagnostic entity used to describe a disorder characterised by mild deficits in cognition that do not usually interfere with a patient’s ability to lead an independent life. When first introduced, MCI described an intermediate stage between normal ageing and Alzheimer’s disease (AD) dementia, and impairment in memory was required for the diagnosis to be made (Petersen et al., 1999). In time, the concept of MCI has been expanded to include cognitive impairments outside the memory domain and has become applicable to aetiologies other than AD (Winblad et al., 2004). Classification of MCI in different subtypes was introduced to recognise and distinguish among probable underlying aetiologies. A first classification is based on the impaired cognitive domain(s), with patients classified as “amnestic” MCI (aMCI) if their performance on tests of episodic memory is poor (usually 1–1.5 SD below the mean of age and education-matched peers), or, otherwise, as “non-amnestic” MCI (naMCI) for deficits in any other domains. This classification can be helpful to clinicians since aMCI is most commonly observed in patients who later progress to typical AD dementia, whereas naMCI is most likely associated with other, non-AD forms of dementia, such as dementia with Lewy bodies or frontotemporal dementia (Petersen, 2004; Yaffe et al., 2006; Albert et al., 2011; Ferman et al., 2013).

White-matter hyperintensities (WMHs), a neuroimaging feature associated with small-vessel disease, are a common finding in MCI patients, and do not seem to vary in severity across subtypes, at least on visual inspection (van de Pol et al., 2009; Boyle et al., 2016). WMHs are typically evidenced as areas of increased signal intensity in T2-weighted, proton-density and fluid-attenuated inversion recovery (FLAIR) MRI images. WMHs have been associated with a higher risk of developing MCI, vascular dementia and AD dementia, and overall appear to promote a faster decline in global cognitive performance (Debette and Markus, 2010; Boyle et al., 2016).

Experimental evidence suggests that small-vessel disease interacts with the diagnosis-defining pathological features of AD (i.e., amyloid plaques and neurofibrillary tangles). Both amyloid and TAU pathology, in fact, appear to affect the integrity of small vessels (Greenberg et al., 2020; Michalicova et al., 2020). In addition, a number of studies indicates that WMH burden may also contribute to neural pathophysiological changes, either in an additive or synergic way, by lowering the threshold for the clinical manifestation of dementia, or by being mechanistically linked to the core underlying pathophysiological processes (Breteler, 2000; Brickman et al., 2009; Gorelick et al., 2011; Kalaria and Ihara, 2013). On this note, a number of studies found a statistical association between WMH burden and amyloid β depositions (Brickman et al., 2015; Zhou et al., 2015; for a review, see Roseborough et al., 2017).

Recent studies have reported that WMH burden appears to disrupt the integrity of brain functional networks of healthy controls and MCI patients. Decreased functional connectivity within the default mode network (DMN) has been reported in association with WMH burden both in healthy adults (Reijmer et al., 2015; Liu et al., 2019) and in adults with cognitive impairment (Zhou et al., 2015; Liu et al., 2019). Positive associations between WMH burden and connectivity, on the other hand, have been found in the salience network (SN), suggesting a compensation mechanism (Cheng et al., 2017; De Marco et al., 2017b). The SN is involved in the detection and integration of endogenous and exogenous stimuli relevant for behaviour (Seeley et al., 2007; Menon, 2015) and a positive association would translate into the necessity of relying on more neural resources during the phase of stimulus selection and integration. There is also evidence linking WMH burden to executive dysfunction (Bombois et al., 2007; Debette and Markus, 2010), and Jacobs et al. (2012) studied the effect of WMH burden on functional networks involved in executive functions in MCI patients. WMHs affecting the territory underlying the frontoparietal and frontal–parietal-subcortical networks were indeed associated with decline in executive functions in MCI patients.

Most studies investigating associations of WMH burden with connectivity of resting state networks have considered MCI as a unique group, without any distinction of subtype. Since aMCI and naMCI present different clinical features and might have a different progression rate, they may originate from disruption of different underlying neural mechanisms and neuropathological processes. Distinct aetiologies may, therefore, interact differently with WMH burden to foster changes in functional connectivity, eventually determining the different clinical phenotypes.

In this study, we divided MCI patients into four groups based on WMH burden (high/low) and MCI subtype (aMCI/naMCI) to investigate how activity within major resting-state brain networks of cognitive relevance is modulated by the interaction of these two variables. We expected that WMH burden would be a statistically significant predictor of network connectivity, and that differences in network expression among subgroups would be reflective of patients’ symptoms. In particular, we anticipated that effects in regions deputed to memory processing would be particularly relevant in aMCI patients, while effects in frontal and parietal regions would be relevant in naMCI patients, as this group typically shows a clinical profile characterised by executive or visuospatial impairment. Since this is, to our knowledge, the first study to investigate this interaction, we adopted an exploratory approach and analysed maps of connectivity voxel by voxel.



MATERIALS AND METHODS


Participants

This study included 123 patients with a clinical diagnosis of MCI enrolled as part of two initiatives: the Sheffield Ageing Database (United Kingdom) and the TREviso DEMentia (TREDEM) study (Italy) (Gallucci et al., 2012, 2018). Recruitment procedures were completed in the context of tertiary-care clinical facilities for memory disorders, where a diagnosis of MCI due to AD was formulated for each patient on the basis of published clinical criteria (Albert et al., 2011), and was confirmed by a consensus of clinicians, inclusive of a senior neurologist, a neuropsychologist and a neuroradiologist. Each patient underwent a brain MRI and an extensive neuropsychological assessment. Exclusion criteria were defined as follows: clinical conditions of concern other than reduction in mental abilities, significant disabilities or psychiatric symptoms of concern, evidence of MRI abnormalities different from those expected in prodromal AD, pharmacological treatments with cholinergic drugs, psychotropic medications, drugs with toxic effects to internal organs or taken for research purposes, uncontrolled seizures (presence/diagnosis), sick sinus syndrome, peptic ulcer, neuropathy with conduction difficulties, abnormal levels of folates, vitamin B12 or thyroid stimulating hormone. Patients who did not undergo a full neuropsychological examination and that did not have structural and functional scans were also not considered for inclusion.



MRI Acquisition and Modelling

A harmonised protocol of anatomical and resting-state functional MRI images was devised as part of the study using 1.5 T systems (Philips Achieva and Siemens Avanto for patients recruited as part of the Sheffield Ageing Database and TREDEM initiatives, respectively). Anatomical images included three-dimensional T1-weighted and T2-weighted FLAIR sequences. Specifications for each sequence are detailed in Table 1.


TABLE 1. Technical specifications of the MRI sequences used in this study.

[image: Table 1]Ten dummy volumes (20 s) were initially set up to allow the scanning environment to reach electromagnetic equilibrium prior to resting-state acquisitions. For these scans, patients were instructed to lay as still as possible with their eyes closed and in-scanner motion was minimised adapting the coil with foam padding to limit movement of the head.

The entire processing of MRI images was carried out with Matlab R2014a (Mathworks Inc., United Kingdom) and Statistical Parametric Mapping (SPM) 12 (Wellcome Centre for Human Neuroimaging, London, United Kingdom). T1-weighted scans were initially segmented to obtain native-space tissue-class maps of grey matter, white matter, and cerebrospinal fluid (Ashburner and Friston, 2005). The ‘‘get_totals’’ function1 was then used to quantify each tissue-class map and thus obtain individual total intracranial volumes (TIVs).

T1-weighted and FLAIR scans were used to calculate WMH volumes via the Lesion Segmentation Tool toolbox (Schmidt et al., 2012; Birdsill et al., 2014). The Lesion Growth Algorithm (LGA) function was applied at a threshold of κ = 0.3 and the resulting individual WMH volume, expressed in ml, was divided by its respective TIV to obtain a fractional index of white matter lesion volume. A κ = 0.3 has been indicated as the best performing threshold by an earlier methodological study (Schmidt et al., 2012) and has been used in previous research as the optimal value to separate WMH from normal tissue (De Marco et al., 2017b; Bentham et al., 2019; Manca et al., 2021).

Resting state functional MRI scans were preprocessed and modelled using SPM and the CONN platform toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). A first realignment was carried out using SPM to visualise and assess in-scanner motion plots for initial quality-check purposes. At this preliminary stage, scans with movement parameters in the range of ±3 mm and ±3° were considered acceptable. As a result, one scan was flagged up as problematic and was thus shortened to 135 consecutive volumes. All remaining scans included 240 volumes (equal to an 8-min acquisition) for all patients of the Sheffield Ageing Database, or 180 volumes (equal to a 6-min acquisition) for all patients recruited as part of the TREDEM initiative. Preprocessing was then restarted via CONN. Images were slice-timed, realigned, coregistered to their respective T1-weighted anatomical image, normalised to the Montreal Neurological Institute space template and smoothed with a 6-mm Gaussian kernel. A range of denoising methods was then applied to minimise the impact of artefactual sources of signal variability. This included band-pass filtering (0.01–0.1 Hz), scrubbing (volumes showing displacement larger than the 97th percentile were censored), regressing out of the first 10 principal components (aCompCor) calculated within the maps of white matter (5 components) and cerebrospinal fluid (5 components) and regressing out of 24 head motion parameters, including linear and rotational indices, their temporal derivatives and their squared values.

An independent component analysis (ICA) was run to obtain maps of network connectivity (Calhoun et al., 2001). This is a data-driven statistical analysis that assumes that independent sources of signal combine linearly and result in the observed data (Rosazza et al., 2012). The Fast-ICA reduction principle was used and 20 components were computed, in line with previously published research (Biswal et al., 2010). The spatial contour of the resulting components was inspected, four of which, spatially consistent with networks of interest, were selected. These networks (DMN, SN, and the left and right frontoparietal networks) play a major role in supporting cognitive functioning. A fifth, non-cognitive network (the occipital visual network) was then selected as control component (Figure 1).


[image: image]

FIGURE 1. The five large-scale haemodynamic networks investigated in this study. DMN, default mode network; SN, salience network; FPN, frontoparietal network; VN, visual network.




Data Modelling

Two statistical predictors of interest were defined to address the experimental hypothesis: WMH load and MCI subtype. A median split was carried out to separate normalised WMH volumes into “low WMH load” and “high WMH load”. To define MCI subtypes, patients were classified as aMCI or naMCI based on their cognitive profile, i.e., patients were labelled as “aMCI” when impaired performance was recorded on at least one test of episodic memory, i.e., Rey-Osterrieth Complex Figure delayed recall, Prose Memory and Rey Auditory Verbal Learning Test (specific tests were used at each recruitment centre). Sub-sample numerosity distributed as follows: aMCI-low WMH load: n = 43; naMCI-low WMH load: n = 19; aMCI-high WMH load: n = 42; naMCI-high WMH load: n = 19.

The interaction between WMH load and MCI subtype was then modelled for each network of interest. Centre of recruitment, age, education level (in years), TIV, and global cognitive levels (i.e., Mini Mental State Examination score) were added as covariates. TIV also served to control for sex differences, since these two variables are strongly associated (Pintzka et al., 2015). Significance level was set at a cluster-forming threshold equal to p < 0.001 (uncorrected) and clusters surviving a cluster-level FWE-corrected threshold of p < 0.05 were reported as significant. Result coordinates were converted from Montreal Neurological Institute space into Talairach space and interpreted using the Talairach Daemon Client (Lancaster et al., 2000). To simplify the interpretation of the interaction contrasts, these were operationalised in terms of ‘‘low-WMH advantage’’ being larger among aMCI or naMCI. G∗Power (version 3.1.9.72) was used to estimate statistical power and ensure that our available sample size was sufficient to detect a significant statistical effect. With standard type I error and statistical power probabilities (5% and 80%, respectively), four groups and four covariates, a cohort size of n = 123 participants was sufficiently large to detect a medium effect size as significant (f = 0.255).



RESULTS

Demographic and neuropsychological characteristics of the groups are reported in Table 2. The distribution of individual WMH loads is shown in Figure 2. The median split separated the cohort into a homogeneous group of patients with low load and very low dispersion (s2 = 0.008) and a group of patients with a load larger than 0.28% of their intracranial space and a significantly larger dispersion (s2 = 0.716, Levene test’s p = 7.78–11). All significant main effects and interactions are listed in Table 3 and illustrated in Figures 3–5. Patients with a high WMH load had more SN connectivity in right pericentral areas and in the right inferior frontal lobe (Figure 3). naMCI patients had more SN connectivity in the medial frontal gyrus, more DMN connectivity in the left dorsolateral prefrontal cortex and more left FPN connectivity in the precuneus (Figure 4).


TABLE 2. Sample characterisation.
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FIGURE 2. White-matter hyperintensities load for each of the patients included in this study (A), and patient-to-patient increase in WMH load (B). The latter scatterplot highlights the difference in dispersion between patients with a low load and patients with a high load.



TABLE 3. Main effects and interactions emerged from the analyses.
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FIGURE 3. Clusters in which a significant main effect of WMH load was found. z-Scores are indicated by the colour bar. aMCI, amnestic MCI; naMCI, non-amnestic MCI; WMH–, low WMH; WMH+, high WMH.
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FIGURE 4. Clusters in which a significant main effect of subtype was found. z-Scores are indicated by the colour bar. aMCI, amnestic MCI; naMCI, non-amnestic MCI; WMH–, low WMH; WMH+, high WMH.
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FIGURE 5. Clusters in which a significant interaction was found. z-Scores are indicated by the colour bar. Specific contrasts are shown for each model associated with a significant findings. aMCI, amnestic MCI; naMCI, non-amnestic MCI; WMH–, low WMH; WMH+, high WMH.


A significant effect of the WMH-by-subtype interaction was found in the SN and left FPN (Figure 5). The low-WMH advantage was significantly stronger at the core of the SN (right insula) among aMCI patients. Similarly, aMCI patients showed a more significant low-WMH advantage within the left FPN, in a right fronto-insular cluster extending to the right insula and right dorsolateral prefrontal territory. Conversely, naMCI patients showed a more significant low-WMH advantage within the left FPN in the left mediotemporal lobe.



DISCUSSION

Mild cognitive impairment is a clinical diagnosis that may be associated with a variety of neurodegenerative processes (Winblad et al., 2004). Although the prodromal phase of AD is more typically characterised by deficits in episodic memory, any MCI subtype may convert to dementia of the AD type (Fischer et al., 2007). It is, thus, clinically important to characterise the complexity of the mechanisms that are responsible for neurofunctional alterations in abnormal ageing. Since WMHs are common findings in older adults, in this study we investigated whether a low/high WMH load has a differential impact on resting-state circuitry in a way that depends on MCI subtype.

The effect of the WMH-by-subtype interaction was detectable in two large-scale pathways: the SN and left FPN. In the models analysing SN function, the “low-WMH load advantage” was significantly larger among aMCI patients in the right insula. This indicates that WMH burden plays a more central role in the expression of the SN when the profile is of the amnestic type. Integrity of the SN supports memory performance (Andreano et al., 2017), but studies characterising the SN profile in aMCI have led to conflicting findings, with some studies indicating reduction (He et al., 2014) and others reporting increases (Li et al., 2020) in SN expression. Although we found significant main effects of “subtype” and “WMH load”, indicating that aMCI patients and patients with a low WMH load have reduced regional expression of the SN, these were superseded by a significant effect of the interaction. These findings indicate, therefore, that changes in functional connectivity of the SN may be driven by an interplay of mechanisms, and that WMH load may contribute to this interaction. This principle may play a central role at a clinical level, since neurofunctional alterations are at the basis of cognitive dysfunction. More specifically, from the analyses of the SN it was amnestic patients who were particularly susceptible to the detrimental effects of WMHs. Although episodic memory is supported by a wide-distributed large-scale network, its efficiency is dependent on the integrity of the hippocampus (Dickerson and Eichenbaum, 2010). On the other hand, the functions impaired in MCI patients with dysexecutive or visuospatial deficits are typically sustained by networks less homogeneously dependent on a single structure. We argue that this is the main reason why variability in WMHs has a smaller statistical impact among naMCI patients. Vice versa, aMCI patients whose white-matter tracts are relatively spared by WMH pathology can benefit more from higher level of SN neurofunctional integrity.

An interaction effect in the same direction also emerged from the analysis of the left FPN. Right frontoinsular regions are the core of SN processing and are responsible for transitional switching between DMN and FPN (Sridharan et al., 2008). Increased FPN expression in this region indicates tighter coupling between SN and FPN. Loss of inter-network functional connectivity between the right frontoinsular cortex accompanies cognitive decline in MCI patients (He et al., 2014). Along this interpretational line, we found that in patients with aMCI a low-WMH burden appears to be advantageous as it results in a tighter SN-FPN inter-network connectivity. Within the left FPN, however, an effect in the opposite direction was also found. Having a low-WMH load was associated with stronger network expression in the left mediotemporal lobe. This territory shows distinctive regional atrophy at the MCI stage of AD (Ferreira et al., 2011) and is, thus, particularly dysfunctional in those MCI patients who have underlying AD pathology. We argue that patients with naMCI benefit the most from a low-WMH burden because, as shown by their performance on episodic memory tests, their mediotemporal functioning is within normal levels, and, therefore, a “typical” effect of WMH load can be detected. Vice versa, WMH load would have little or no effect in patients with memory impairment due to dysfunctional mediotemporal areas.

No significant effect was found for the DMN. This expands the findings provided by previous exploratory studies carried out in small samples (n < 50) of patients with cognitive impairment (Zhou et al., 2015; Liu et al., 2019). The DMN is a neurofunctional system characterised by a degree of vulnerability to multiple processes, including ageing and AD pathology (Jagust, 2013). A recent meta-analysis, however, found considerable variability in the pattern of DMN alterations seen in patients with MCI (Eyler et al., 2019). Such heterogeneity suggests that there is no direct and clear-cut link between network dysfunction and a clinical diagnosis of MCI and that this link is likely to be influenced by various mechanisms and intervenient factors, such as neural compensation and reserve (Stern, 2009) that are at the basis of inter-individual differences in the functional circuitry that supports cognitive functioning. It has also been proposed that the pattern of regional atrophy typically seen in ageing may act as a promoter of functional plasticity, because task activation in older adults tends to increase in areas that are subjected to age-associated volumetric decrease (Greenwood, 2007). A recent study confirmed this negative association between regional structure and network expression in healthy adults, and also found inverse (positive) associations in patients with AD, indicating that those with reduced atrophy were also those with a stronger network expression (Sarli et al., 2021). Within this context, WMHs are a further contributor to the reorganisation of the neurofunctional architecture, as reported by a number of investigations (Reijmer et al., 2015; Zhou et al., 2015; Cheng et al., 2017; De Marco et al., 2017b; Liu et al., 2019). The resulting picture is, thus, that of large-scale networks being under the effect of multiple concurrent (and, plausibly, interactive) processes. This study adds to this body of literature, providing evidence that significant interactions exist between WMH load and the expression of the neurofunctional architecture underlying distinct cognitive profiles. It is also worth noting that, while the four subgroups included in this study were, on average, between 71 and 76 years old, MCI is a condition that may be diagnosed at any point of middle-to-old adulthood. Since ageing is associated with increasing WMH load as well as physiological changes in network expression (and with a number of other neurological processes such as cortical atrophy and hypometabolism), it still needs to be confirmed whether the associations described in this study will hold valid at other stages of ageing. Also, since network alterations at the MCI stage may manifest either as a reduction or as an over-expression of neurofunctional pathways, plausibly the outcome of either compensatory and/or maladaptive processes (Gardini et al., 2015; De Marco et al., 2017a), it is important to be cautious when interpreting findings that are expressed as unidirectional (i.e., in the form of positive or negative associations) statistical effects.

There are two limitations to this study to take into consideration. First, we adopted a methodology that computes a global load of WMHs that does not allow a precise localisation within different brain regions (i.e., deep vs. periventricular white matter). Although this is a methodological aspect of potential improvement to investigate the impact of WMHs on neurofunctional pathways in the future, it is known that the frontal lobe seems to be particularly susceptible to this type of damage, regardless of where hyperintensities are located (Tullberg et al., 2004). This indicates that the calculation of a global WMH load measure is of interest, since the effect of this type of damage seems to converge toward a common target. The two groups of patients resulting from the median split showed different distributions, with patients with a low WMH load distributing homogeneously in proximity to 0 (ranging from 0 to 0.276% of intracranial space) and patients with a high-WMH load showing a significantly larger dispersion (ranging from 0.285 to 4.649% of intracranial space). In addition, a binary classification of patients (i.e., as having a “low”-vs.-“high” WMH load) is of clinical relevance, since this information is usually taken into account by clinicians to define the most adequate approach to treatment. In this respect, binarising the load of hyperintensities facilitates the operationalisation of the interaction term and helps draw clearer interpretations that are of immediate clinical value. Second, we did not separate our cohort of MCI patients into “single-domain” and “multiple-domain”. This further subdivision would require larger cohorts and would also require a more extensive number of cognitive tests in order to characterise each domain in equal detail. Finally, although not a limitation, we acknowledge that additional or different correction factors might have been included in the models. Given that we corrected for those factors that account for the greatest influence on brain parameters, it is unlikely, however, that this might have led to substantial differences in the pattern of findings.

In conclusion, our study explored for the first time the interaction of WMH burden and MCI subtype. This topic will become increasingly more relevant as the contribution of vascular damage to cognitive deficits across different types of dementia outside the vascular type is being recognised. With the need of identifying individuals at risk for dementia earlier on, it is important to identify all the variables that can contribute to their cognitive phenotype and investigate how the interaction among these variables is reflected at the pathophysiological level.
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Objectives: This study aimed to investigate the association between plasma von Willebrand factor (VWF) level, ADAMTS13 activity, and neuroimaging features of cerebral small vessel disease (CSVD), including the CSVD neuroimaging markers and the overall CSVD burden.

Methods: CSVD patients admitted to our hospital from 2016 to 2020 were recruited. Plasma VWF level and ADAMTS13 activity were measured. The overall effect of CSVD on the brain was described as a validated CSVD score. We evaluated the association between VWF levels, ADAMTS13 activity, and the increasing severity of CSVD score by the logistic regression model.

Results: We enrolled 296 patients into this study. The mean age of the sample was 69.0 years (SD 7.0). The mean VWF level was 1.31 IU/mL, and the ADAMTS13 activity was 88.01 (SD 10.57). In multivariate regression analysis, lower ADAMTS13 activity and higher VWF level was related to white matter hyperintensity (WMH) [β = −7.31; 95% confidence interval (CI) (−9.40, −4.93); p<0.01; β = 0.17; 95% confidence interval (0.11, 0.23); p<0.01], subcortical infarction (SI) [(β = −9.22; 95% CI (−11.37, −7.06); p<0.01); β = 0.21; 95% confidence interval (0.15, 0.27); p<0.01] independently, but not cerebral microbleed (CMB) [(β = −2.3; 95% CI (−4.95, 0.05); p = 0.22); β = 0.02; 95% confidence interval (−0.05, 0.08); p = 0.63]. Furthermore, ADAMTS13 activity was independently negatively correlated with the overall CSVD burden (odd ratio = 21.33; 95% CI (17.46, 54.60); p < 0.01) after adjustment for age, history of hypertension, and current smoking.

Conclusions: Reducing ADAMTS13 activity change is related to white matter hyperintensity, subcortical infarction, but not with cerebral microhemorrhage. In addition, ADAMTS13 may have played an essential role in the progression of CSVD.

Keywords: cerebral small vessel disease, ADAMTS13, von Willebrand factor, overall cerebral small vessel disease burden, white matter hyperintensity (WMH), subcortical infarction


INTRODUCTION

Cerebral small vessel disease (CSVD) is a syndrome with various structural or functional lesions involving perforating vessels that leads to parenchymal injury, which causes clinical, cognitive, neuroimaging, and neuropathological manifestation. Neuroimaging features are diverse so that the total CSVD score was created to capture the overall effect of CSVD on the brain, which incorporates white matter hyperintensity (WMH), cerebral microbleeds (CMB), lacunes, and enlarged perivascular spaces (EPVS; Huijts et al., 2013; Staals et al., 2014). The pathogenesis of the CSVD is not well known, but more evidence suggests that endothelial dysfunction is a crucial link leading to changes in cerebrovascular structure and function in patients with CSVD (Wardlaw et al., 2013; Jackman and Iadecola, 2015). Therefore, searching for endothelial biological markers will provide an essential theoretical basis for in-depth exploration of the pathogenesis of CSVD and the search for new therapeutic targets.

For CSVD, the related markers such as endothelial cell injury, inflammatory response, and coagulation/coagulation markers are well studied, and the connection between homocysteine, asymmetric dimethylarginine (ADMA), von Willebrand factor (VWF), and CSVD has been widely recognized (Wang et al., 2016; Janes et al., 2019; Nam et al., 2019). VWF is considered as a marker of endothelial dysfunction, which was synthesized in endothelial cells and released into the blood circulation via a constitutive pathway (released immediately after completion of molecular synthesis) or a stimulatory regulatory pathway that mediates initial platelet adhesion at sites of vascular injury (Ruggeri, 1999; Lenting et al., 2010). A disintegrin and metalloproteinase with a thrombospondin motif repeat 13 (ADAMTS13) regulate the activity of VWF by cutting ultra-long VWF multimers into smaller, less active molecules and exert its anti-inflammatory and antithrombotic properties (Gerritsen et al., 2001).

Several studies have reported that VWF levels are associated with the degree of WMH and the number of silent subcortical infarctions (Kario et al., 2001; Gottesman et al., 2009), but little is known about the association of VWF and ADAMTS13 activity with subtypes of CSVD and the overall CSVD burden. Therefore, we performed this study to investigate the independence or interactions correlation between multiple CSVD subtypes and the severity of CSVD.



MATERIALS AND METHODS


Study Population

“Investigation on the Status of Cerebrovascular Diseases and Establishing Cohort in Shang Hai Aging Population (ISCDECSHAP)” is a prospective, population-based, and cohort study of stroke incidence and risk factors in an ageing population from Shang Hai City. The ISCDECSHAP study aimed to establish a Chinese CSVD community cohort and was approved by the ethics committee of Hua Shan Hospital and the Fifth People’s Hospital of Shanghai. Written informed consent was obtained from all the patients or their representatives before data collection (Yang et al., 2019). Based on protocol, all the subjects, at least 60 years old, performed cerebral magnetic resonance imaging (MRI), cerebral MRA, carotid artery ultrasound, cognitive function, and hematologic examination. Demographic and clinical data, including gender, age, hypertension, diabetes, smoking history, drinking history, and other health conditions were collected by neurologists through a standardized questionnaire. Three milliliters of fasting venous blood was drawn from the study subjects in the morning, all of which was completed within 1 week. According to the purpose of this study, our inclusion criteria: ≥60 years old CSVD patients; no neurological symptoms and signs; previous experience of non-specific neurological symptoms such as dizziness, vertigo, headache, and tinnitus can be included (the above symptoms should be completely relieved when evaluating the inclusion). Patients who met any one of the following criteria were excluded: history of stroke, cognitive dysfunction, heart disease, malignancies, hepatic or renal diseases, autoimmune diseases, or infection at enrollment. Contents are shown in Figure 1.
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FIGURE 1. Flowchart of patients included in this study.





Brain MRI and Total CSVD Score

Brain MRI imaging sequences include T1-weighted images (T1WI), T2-weighted images (T2WI), fluid-attenuated inversion recovery (FLAIR), diffusion-weighted imaging (DWI), and susceptibility-weighted imaging (SWI). The field of view (FOV) is 240 mm × 240 mm, and the matrix = 320 × 256. Coronal and transaxial views of T1WI and T2WI, and transaxial views of T2-FLAIR, DWI, and SWI were collected. The imaging diagnosis of CSVD strictly follows the international CSVD guidelines (Wardlaw et al., 2013). Subcortical lesions (SI): round or oval lesions, 3–15 mm in diameter, with cerebrospinal fluid signal intensity on T1 and T2 sequences, isointensity on DWI, hypointensity on FLAIR, and ring hyperintensity in the periphery. Perivascular space enlargement (EPVS): round or oval, and usually ≤2 mm in diameter, most pronounced in the basal ganglia, with the cerebrospinal fluid signal on T1 and T2 sequences, isointensity on DWI, and hypointensity on FLAIR. White matter hyperintensity (WMH): abnormal signals of varying sizes in periventricular and deep white matter regions, which are hyperintense on T2, FLAIR, and isointense or hypointense on T1. Cerebral microbleed (CMB): it is round on SWI sequence, less than 10 mm in diameter, and hypointense. WMH was graded using a semi-quantitative Fazekas scale (Hainsworth et al., 2015), and high WMH was defined if the scale scored 2–3. According to Staals et al. (2014), the overall burden score of CSVD was rewarded with 1 point whenever one of the following occurred: ≥1 SI (<15 mm); ≥1 CMBs (<5 mm); moderate-severe basal ganglia PVS (semiquantitative scale 2–4 grades; Maclullich et al., 2004); deep WMH (Fazekas score 2/3) or periventricular WMH (Fazekas score 3). The total score of CSVD is 0–4 points, a higher score indicating that the CSVD is more severe. The MRI was independently evaluated by two neurologists, and inter-observer agreement values for the presence of CMB, WMH, EPVS, and lacune were 0.80, 0.83, 0.78, and 0.79, respectively. Any disagreement regarding the presence of CSVD features was resolved by consensus with the third neuroimaging expert.



Measurement of ADAMTS13 Activity and VWF Level

Human VWF ELISA kit (Abcam) was used to quantitatively measure the VWF level directly in human fasting venous plasma samples obtained on admission. The samples were centrifuged (2,000 g for 5 min) immediately after collection, and plasma samples were stored in a −80 refrigerator. The assay was a sandwich ELISA and measurements were conducted according to the manufacturer’s guidelines. ADAMTS13 enzyme activity was measured by the fluorescent substrate method, AnaSpecUSA provided FRETS-VWF73 (ADAMTS13 fluorescent substrate), and the percentage of enzyme activity indicated that the standard plasma activity was set at 100. The operation steps were performed according to the assay (Kokame et al., 2005). Standard plasma is a mixture of plasma from 20 healthy subjects and provided by the Physical Examination Center of Shanghai Fifth People’s Hospital.



Statistical Analysis

SPSS 21.0 statistical software was applied for data analysis. For each demographic and clinical feature, normal distribution continuous variables were presented as mean ± standard deviation and compared by an independent sample t-test. Abnormal distribution continuous variables were presented as median (interquartile range) and compared by a nonparametric test. The categorical variables are expressed in frequency (percentage) and are expressed in χ2 test or Fisher exact test. Associations between circulating biomarker (ADAMTS13 and VWF) levels and neuroimaging markers of CSVD and overall CSVD burden was performed by regression analysis. Multivariable linear regression was then conducted for each marker of CSVD in separate models adjusting for age, sex, hypertension, diabetes, smoking history, drinking history, and all brain variables. Kendall’s tau-b correlation analysis was used to evaluate the correlation between the ADAMTS13 activity and the total CSVD score. For logistic regression models, age, sex, and variables showing a p < 0.1 on the respective univariate analyses were included in models. A p-value of 0.05 was considered significant.




RESULTS


Clinical Characteristics of Study Patients

A total of 296 patients with CSVD were included in this study, of which 125 were male. The mean age of the sample was s 69.0 years (SD 7.0), the median VWF level was 1.28 (1.01–1.50) IU/ml, and the ADAMTS13 activity was 88.04% (SD10.57). SI accounted for 42.3% (n = 125) of the total sample, CMB for 28.0% (n = 83), and high WMH (Fazekas score of 2–3) for 41.6% (n = 123). SI has higher total cholesterol than no SI (p < 0.01). We found that the high WMH and SI group had significantly increased VWF levels (p < 0.01) and decreased ADAMTS13 activity (p < 0.01) compared with the control group, but there was no significant difference in the changes of the above parameters in the CMB group (Table 1).

TABLE 1. Sample characteristics by brain variable.
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Associations Between CSVD and the ADAMTS13 Activity

The association between different CSVD neuroimaging markers and ADAMTS13 activity was investigated. Adjusted for age, sex, alcohol, smoking, hypertension, and diabetes, lower ADAMTS13 activity and higher VWF level were related with high WMH [β= −6.26; 95% CI (−7.55, −2.82) p<0.01; β = 0.18; 95% CI (0.12, 0.25); p<0.01] and SI [β = −5.19; 95% CI (−7.55, −2.82) p<0.01; β = 0.13; 95% CI (0.07, 0.20); p<0.01]. Model II includes all brain variables, The presence of SI and WMH still remain associated with lower ADAMTS13 activity and higher VWF level (Table 2; Supplementary Table 1). In addition, we calculated the ADAMTS13:VWF ratio; the results showed that compared with ADAMTS13 alone, ADAMTS13:VWF ratio had a more pronounced association with SI [β = −23.24; 95% CI (−29.31, −17.16); p<0.01] and WMH [β = −17.35; 95% CI (−24.35, −10.35); p < 0.01] (Table 3). The final ADAMTS13:VWF model explained 32.3% (adjusted R squared) of the variance, which was higher than the 28.2% (adjusted R squared) of the ADAMTS13-only model in this study.

TABLE 2. Multivariate analysis of ADAMTS13 levels with brain variable.

[image: image]

TABLE 3. Multivariate analysis of ADAMTS13:VWF ratio with brain variable.
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Associations Between Total CSVD Burden and the ADAMTS13 Activity

Patients were classified into four groups by ADAMTS13 activity and VWF level quartiles, respectively. In our study population, approximately half of the CSVD total score of patients was 1 (26.3%) or 2 (32.1%). A number of patients scored 3 (28.7%) and 4 (16.2%). Of the patients with a CSVD score of 4, the majority had ADAMTS13 activity (78.8%) among ADAMTS13Q1<80.3%. In addition, the correlation analysis shows that the ADAMTS13 activity was negatively related to the total CSVD score (Kendall’s tau-b = −0.48, p<0.01; Table 4). In the adjusted statistical model (adjusted for age, sex, alcohol use, current smoking, hypertension, and diabetes mellitus), the increase in total CSVD score was negatively correlated with ADAMTS13Q1<80.3% (OR = 21.33, 95% CI (17.46, 54.60) p < 0.01) and ADAMTS13Q280.3–89.0% (OR = 2.89, 95% CI (1.75, 17.50) p < 0.05), respectively. Moreover, lower VWF levels (VWFQ1<1.14 IU/ml) can be regarded as a protective factor for CSVD (OR = 0.37, 95% CI (0.20, 0.66) p < 0.01; Table 5).

TABLE 4. The characteristics of ADAMTS13 activity of the patients with total CSVD score.
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TABLE 5. Multiple ordinal regression analysis of total CSVD score with ADAMTS13.
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DISCUSSION

In our study, we investigated the association between plasma VWF level, ADAMTS13 activity, and neuroimaging features of CSVD, including the overall CSVD burden. After adjustment for established CSVD-related risk factors, we confirmed that ADAMTS13 activity was reversely correlated to WMH, SI, and overall CSVD burden independently.

The prevalence of CSVD in the elderly population over 60 years can reach 60%. Studies have shown that about 45% of dementia and 20% of stroke is caused by CSVD (Sudlow and Warlow, 1997; Gorelick et al., 2011). Furthermore, CSVD may double the risk of recurrent stroke (Debette and Markus, 2010). In recent years, large population-based studies report that low ADAMTS13 activity was correlated with a risk of ischemic stroke (Sonneveld et al., 2015) and dementia (Wolters et al., 2018) independent of other known demographic and cerebrovascular risk factors, but studies on the relationship between ADAMTS13 activity and CSVD are little. The association between VWF and neuroimaging markers of CSVD has been demonstrated, including silent lacunar cerebral infarcts, periventricular hyperintensity, and deep white matter hyperintensity (Kario et al., 2001; Gottesman et al., 2009; Nagai et al., 2012). However, it has not reflected changes between VWF with the overall CSVD burden. In our study, we demonstrated that higher VWF level and lower ADAMTS13 activity correlated with WMH and SI, but not with CMB after adjusting for traditional risk factors and brain variables. The complex mechanism involved is unknown, but there are several possible explanations as follows.

First, low ADAMTS13 activity may be associated with endothelial cell dysfunction. Endothelial dysfunction may lead to increased permeability of the blood-brain barrier (BBB), which not only interrupts the oxygen and nutrient supply to the brain but also leads to extravasation of blood components that damage the surrounding white matter regions (Zlokovic, 2008; Gorelick et al., 2011; Xu et al., 2015). Cao et al. (2019) observed that ADAMTS13-deficient mice promote BBB disruption and reduce microvascular and capillary perfusion, and cerebral blood flow by changing endothelial junctions. However, there is a tight link between WMH and BBB impairment that plays a crucial role in early white matter degeneration (Kerkhofs et al., 2021). For SI, its underlying mechanism may have partially overlapping pathophysiology with WMH, but somewhat different (Wardlaw et al., 2015; Lin et al., 2017). VWF, an indicator of endothelial dysfunction, is the first step in mediated adhesion of platelets to damaged endothelial cells in thrombus formation. When endothelial cells are dysfunctional, VWF will be released in the form of large-molecular-weight multimers, which aggravate vascular damage (Lip and Blann, 1997). ADAMTS13 alleviates thrombogenesis and inflammation by adjusting VWF size and regulates microvascular thrombosis by altering the interaction of VWF with platelets (Pillai et al., 2016; Gogia et al., 2017). A study has reported that increased levels of functional VWF accelerate the formation of more microthrombi in multiple SI elderly patients (Kario et al., 2001). In this study, we obtained similar results in VWF and found that low ADAMTS13 activity was an independent risk factor for multiple SIs, and there was no association between ADAMTS13 activity and VWF levels, similar to previous studies (Andersson et al., 2012; Sonneveld et al., 2015; Denorme et al., 2017).The possible reason is that low local ADAMTS13 activity is not sufficient to cleave the supramaximal VWF multimers, eventually leading to the formation of microthrombiin microvascular injury. A second possible reason is that ADAMTS13 activity accelerates atherosclerosis. In animal models, lack of ADAMTS13 was found to promote the formation of plaques and vascular inflammation by generating signals for recruitment and extravasation of monocytes in the early stages of atherosclerosis, which are the pathological changes associated with CSVD (Gandhi et al., 2012; Jin et al., 2012). Ultimately, this may trigger or worsen the development of CSVD.

Furthermore, we confirmed that the severity of the overall CSVD burden was negatively correlated with ADAMTS13 activity. In another study, Nezu et al. (2015) observed that endothelial dysfunction was related to the severity of CSVD by using flow-mediated dilation (FMD) to measure endothelium-dependent vasodilation. However, ADAMTS13 was shown to be able to augment microvascular endothelial endothelium-dependent dilation (EDR) dependent on PI3K/Akt pathway in vivo (Zhou et al., 2019). Therefore, this implies ADAMTS13 may have played an essential role in the development of CSVD.

The innovation of this study is that we first reported the association between plasma VWF level, ADAMTS13 activity, and neuroimaging features of CSVD, including the overall CSVD burden in the community cohort. However, there are some limitations as follows. First, this study is a single-center cross-sectional study, with a relatively small number of study subjects and the included biological marker indicators are not comprehensive enough. Because we could not integrate multiple CSVD biomarkers into a panel, it will help us understand the pathogenesis of CSVD better. Second, the activity of ADAMTS13 was also demographically statistically different among different races and regions, and the subjects we included were all from Shanghai, China, so our results need to be validated in a more extensive prospective study.

In conclusion, reducing ADAMTS13 activity is related to white matter hyperintensity and subcortical infarction, but not with cerebral microhemorrhage. In addition, this implied that ADAMTS13 may have played an essential role in the development of CSVD. Exploring the differences of various biomarkers between various neuroimaging features of CSVD, and the association of these markers with clinical manifestations of CSVD will help to deeply elucidate the pathogenesis of CSVD and may provide a new theoretical basis and new targets for the early prevention and treatment of CSVD.
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A growing body of evidence indicates that atherosclerosis is correlated with cerebral small vessel disease and contributes to cognitive decline. This study aimed to explore the characteristics and contributions of intracranial hemodynamics and carotid atherosclerosis to cognitive dysfunction in subjects with subcortical ischemic vascular dementia (SIVD). Notably, 44 patients with SIVD, 30 patients with Alzheimer’s disease (AD), and 30 healthy controls (HCs) were recruited from our longitudinal MRI study for AD and SIVD (ChiCTR1900027943). The cerebral mean flow velocity (MFV) and pulsatility index (PI) of both anterior and posterior circulations, artery plaque, and lumen diameter in carotid arteries were investigated using transcranial Doppler and carotid ultrasound, respectively. Their correlations with cognitive function were analyzed in patients with dementia. Decreased MFV and increased PI were found in patients with SIVD and AD. Patients with SIVD showed lower MFV and higher PI in the bilateral posterior cerebral arteries compared to patients with AD. Increases in lumen diameter, number of arteries with plaque, and total carotid plaque score were found in patients with SIVD. The Mini-Mental State Examination score was positively correlated with the MFV and negatively correlated with the PI of most major cerebral arteries, while it was negatively correlated with the lumen diameter of the common carotid artery, number of arteries with plaque, and total carotid plaque score in patients with dementia. There were also correlations between these parameters of some arteries and memory and executive function. Our results provide additional evidence suggesting that the pathological changes in macrovascular structure and function are correlated with cognitive impairment in dementia patients with SIVD and to a lesser extent AD.
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INTRODUCTION

Vascular dementia (VaD) is the second most commonly diagnosed type of dementia after Alzheimer’s disease (AD) in people over the age of 70 years. According to the Vascular Impairment of Cognition Classification Consensus Study, VaD can be categorized into poststroke dementia, subcortical ischemic vascular dementia (SIVD), multi-infarct (cortical) dementia, and mixed dementia (Skrobot et al., 2018). SIVD is a clinically homogeneous subtype of VaD, typically characterized by cognitive impairment, mental and mood-behavioral disorders, gait instability, and incontinence. Approximately 36–67% of patients with VaD exhibit the pathological changes of cerebral small vascular disease, which is the main pathogenesis of SIVD (Roman et al., 2002).

Brain imaging features of patients with SIVD are characterized by white matter hyperintensities (WMH), lacunes, subcortical infarcts, enlarged perivascular spaces (PVS), microbleeds, and brain atrophy (Moretti and Caruso, 2020). Recent studies revealed correlations between hemodynamic and structural changes in large vessels and SIVD imaging features using transcranial Doppler (TCD) and carotid ultrasound. In a community-based study, elevated pulsatility index (PI) of the middle cerebral artery (MCA), increased plaque number, and enlarged diameter of carotid arteries are correlated with more lacunes and larger WMH volume (Mok et al., 2012). Cerebral perfusion and vascular resistance measured by TCD are significantly associated with WMH severity and executive function in non-demented elderly subjects (Vinciguerra et al., 2019). Moreover, PI of the MCA is significantly correlated with the scores on the Mini-Mental State Examination (MMSE), Trail Making Test-A (TMT-A), and TMT-B in patients with lacunar infarction (Altmann et al., 2016).

A large amount of clinical and postmortem evidence has revealed structural and functional changes in cerebral large vessels in patients with AD. Previous studies reported that patients with AD, in particular, apolipoprotein E (APOE) ε4 genotype carriers, have lower mean flow velocity (MFV) and higher PI of the MCA compared with age-matched non-demented individuals (Roher et al., 2011). A systematic review concluded that patients with mild cognitive impairment (MCI) show decreased cerebral blood flow velocity in the bilateral anterior cerebral artery (ACA) and MCA (especially among APOE ε4 carriers) compared with healthy subjects. This hemodynamic shift in patients with MCI also predicts their conversion to AD (Beishon et al., 2017). In addition, cerebral atherosclerotic stenosis is more common in patients with neuropathologically confirmed AD than non-demented individuals (Roher et al., 2004).

Major risk factors of arteriolosclerosis in small vessel diseases, such as aging, hypertension, diabetes, smoking, hyperhomocysteinemia, obesity, and dyslipidemia, also contribute to arteriosclerosis in large arteries. Moreover, cerebral hemodynamic changes indirectly accelerate cerebral edema, inter-arterial space dilation, and interstitial fluid retention. These changes are subsequently reflected on MRI, indicating the characteristics of SIVD. However, the pathological and functional changes in large vessels and their associations with cognitive function in patients with SIVD are still unknown. In this study, we investigated both anterior and posterior intracranial hemodynamics measured by TCD and carotid artery changes measured by carotid ultrasound in patients with SIVD. We compared the results to those in patients with AD, whose diagnosis was supported by fluorodeoxyglucose (FDG) and amyloid PET scans. Our results underscore the potential contributions of cerebral and carotid atherosclerosis to cognitive impairment in patients with SIVD and AD.



MATERIALS AND METHODS


Participants

A total of 104 participants, including 44 patients with SIVD, 30 patients with AD, and 30 age- and sex-matched healthy controls (HCs), were recruited from our longitudinal MRI study for AD and SIVD (ChiCTR1900027943). The diagnoses of AD and SIVD were supported by FDG and amyloid PET and multimodal MRI, respectively. All participants (aged from 50 to 85 years) underwent systematic evaluations, including medical history collection, physical and neurological examinations, neuropsychological assessment, laboratory tests, and brain MRI. The study was approved by the Ethics Committee of the Tianjin Medical University General Hospital (IRB2017-063-01). Written consent forms were signed by all participants and their legal guardians.

The diagnostic criteria for patients with dementia met the criteria for the major neurocognitive disorder (Sachdev et al., 2015) according to the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders. They also had MMSE scores within the range of 10–26, and the Clinical Dementia Rating (CDR) scores within 0.5–2. Patients with SIVD met the diagnostic criteria for VaD according to the Vascular Behavioral and Cognitive Disorders (Sachdev et al., 2014). Patients with AD met the research diagnostic criteria for typical AD of International Working Group-2 (Dubois et al., 2014), presented with early and significant episodic memory impairment, and had positive results on 11C-labeled Pittsburgh compound B PET. Patients with cognitive impairment caused by other neurological diseases, mental disorders, and medical conditions, such as frontotemporal lobar degeneration, dementia with Lewy bodies, Parkinson’s disease, multiple sclerosis, hydrocephalus, severe depression, schizophrenia, thyroid dysfunction, vitamin B12 deficiency, and syphilis or human immunodeficiency virus infections, were excluded. All HCs demonstrated normal performances on neuropsychological assessments (MMSE score > 26 and CDR score of 0) with no subjective cognitive decline.

The MRI criteria were also applied for each group. Patients with SIVD were characterized by the following: (1) multiple (≥3) supratentorial subcortical lacunes (3–20 mm in diameter) with/without WMH of any degree; or (2) moderate-to-severe WMH in either periventricular region or deep white matter according to the Fazekas rating scale (score ≥ 2 with/without lacunes) (Fazekas et al., 1987); or (3) strategically located subcortical small infarcts in the deep gray matter; and (4) no obvious hippocampal atrophy (Scheltens’ medial temporal lobe atrophy scale < 2 for age ≤ 75 years old or < 3 for age > 75 years old) indicating the possibility of comorbid AD (Scheltens et al., 1992). Patients with AD were excluded by evidence of significant cerebrovascular diseases such as multiple cortical infarction or strategic infarction, >1 lacune in the basal ganglia, or severe WMH. There was no clinically significant atrophy in the medial temporal lobe or other brain areas or cerebrovascular diseases shown on MRI of HC.

All participants had no history of drug or alcohol abuse, no severe depression (Hamilton Depression Scale score < 18) (Hamilton, 1967), and no severe visual or auditory disability that could influence cognitive assessment performance. The doses of medication that might affect the cognitive function or cerebral hemodynamics were stable within 4 weeks before neuropsychological assessment and ultrasonography measurement.



Ultrasonography Measurement

The intracranial hemodynamics were measured by TCD (Delikai TC9-NB, Guangdong, China). During TCD assessment, all participants adopted a supine position in a quiet and warm indoor environment. The resting-state parameters of peak systolic blood flow velocity (PSV), end diastolic blood flow velocity (EDV), and MFV, which partly represent arterial stenosis and cerebral blood flow, were obtained through the bilateral temporal and occipital windows. PI, equivalent to pulse pressure, was used as an indicator to identify distal blood flow resistance and vessel wall elasticity and was calculated by the formula of (PSV−EDV)/MFV. We analyzed the MFV and PI of the bilateral intracranial carotid arteries (ICAs), ACAs, MCAs, posterior cerebral arteries (PCAs) and vertebral arteries (VAs), and basilar artery (BA), including the proximal BA (pBA) and distal BA (dBA).

Carotid artery plaque and lumen diameter were evaluated through high-resolution B-mode ultrasound (Hitachi HI VISION, Shenzhen, China) examination with a 7.5-MHz probe. The atherosclerotic plaque was measured at six carotid segments, namely, the left and right common carotid artery (CCA), carotid bifurcation, and extracranial internal carotid artery (EICA). The plaque was defined as focal structures that invaded the arterial lumen at least 0.5 mm or with thickness >1.5 mm measured from the media-adventitia interface to the intima-lumen interface (Touboul et al., 2007) and was evaluated at each carotid artery segment. Apart from the number of plaque and the number of arteries with plaque, the carotid plaque score (Ihle-Hansen et al., 2019) was also used to quantify plaque in this study. The largest plaque in each section was scored according to its diameter (≥1.5, ≥2.5, and ≥3.5 mm were scored as 1, 2, and 3 points, respectively), and the total score of each segment was calculated and ranged from 0 to 18. Compared with the measurements of total plaque area and diameter, the plaque score was easier to evaluate and had better inter-operator reliability. The lumen diameters of the bilateral CCA, EICA, and VA during the diastole of each cardiac cycle were measured as the average of the distance between the leading edges of far- and near-wall lumen-intima interfaces (Brisset et al., 2013).



Neuropsychological Assessment

All participants underwent neuropsychological assessments. Global cognitive impairment was measured by the MMSE. Memory and executive function (i.e., the main cognitive functions impaired in patients with AD and SIVD, respectively) were also analyzed. The memory was calculated by the average Z-scores of the total learning, delayed recall, and recognition in the Rey Auditory Verbal Learning Test and the Brief Visuospatial Memory Test-Revised. The executive function was calculated by the average Z-scores of the TMT-B and the Stroop Color and Word Test. Z-scores were converted using the means and SDs of the HC group. All the cognitive data were collected within 1 week before or after the ultrasonographic measurements.



Statistical Analysis

All the data were analyzed by SPSS version 22.0 (IBM Corp. Armonk, NY, United States). The values are provided as a number or a percentage for categorical variables, mean ± SD for continuous variables, and 95% CIs for multiple logistic regression models. The differences in clinical characteristics and TCD and the carotid ultrasound parameters between patients with SIVD, patients with AD, and HCs were compared using the one-way ANOVAs for continuous variables or the Chi-square tests for categorical variables. The multiple logistic regression analysis was used for the correlation analysis of TCD and carotid ultrasound parameters with global cognition, memory, and executive function in patients with dementia (i.e., SIVD and AD). Age, sex, education, and vascular risk factors were adjusted during the regression analysis. P < 0.05 was considered statistically significant.



RESULTS


Demographic Characteristics

The demographic characteristics of all subjects are shown in Table 1. In total, 44 patients with SIVD (mean age of 71.6 years, median age of 72 years, 41.2% females), 30 patients with AD (mean age of 68.7 years, median age of 68 years, 70.3% females), and 30 HCs (mean age of 66.2 years, median age of 66 years, 63.3% females) were included in this study. All participants were right-handed. No statistically significant differences were found in age, educational level, and body mass index (BMI) among the three groups. However, the HC group was slightly younger than the SIVD and AD groups, but the differences were not statistically significant. Although all participants were between 50 and 85 years old, the age distribution was slightly different across three groups (SIVD vs. AD vs. HC: 50–59 years, 4.55 vs. 16.67 vs. 26.67%; 60–79 years, 84.09 vs. 73.33 vs. 70%; and 80–85 years, 11.36 vs. 10 vs. 3.33%). In addition, compared with the AD group, there was a lower proportion of females in the SIVD group. In terms of vascular risk factors, significantly higher incidences of stroke history (56.8 vs. 0 vs. 0%) and hypertension (72.7 vs. 26.7 vs. 46.7%) were found in patients with SIVD than in the AD and HC groups. A significantly higher proportion of diabetes mellitus (40.9 vs. 3.3%) was found in patients with SIVD compared to those with AD. A significantly lower incidence of hypercholesterolemia (30 vs. 60%) was found in patients with AD compared to HCs. No participants had comorbid chronic obstructive pulmonary disease (COPD). More patients with SIVD were using statins as compared to patients with AD and HCs (36.4 vs. 13.3 vs. 20.0%), but this difference was not significant. The SIVD and AD groups showed significantly lower MMSE score (20.4 ± 3.22 vs. 19.6 ± 2.44 vs. 28.2 ± 1.20) and lower Z-scores in memory assessments (−2.11 ± 0.87 vs. −2.90 ± 0.87 vs. 0.08 ± 0.57) and executive function tests (−2.46 ± 0.98 vs. −2.10 ± 0.98 vs. 0.02 ± 0.61) than the HC group. No significant difference in the MMSE score was found between the SIVD and AD groups. However, patients with SIVD had better performance in memory and worse performance in executive function than patients with AD.


TABLE 1. Group characteristics.

[image: Table 1]


Mean Flow Velocity Features

Significant differences in the MFV of the bilateral ICAs, PCAs, and VAs; right ACA and MCA; and pBA and dBA were found among the three groups (Table 2). Compared to the HC group, both patients with SIVD and AD showed lower MFVs of the bilateral PCAs; right ICA, ACA, MCA, and VA; and pBA and dBA. Patients with SIVD also showed lower MFVs of the left ICA and VA than HCs, as well as lower MFV of the left PCA than patients with AD.


TABLE 2. Mean flow velocities (MFVs) of insonated arteries by the group.
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Pulsatility Index Features

The PI of most measured arteries was significantly higher in patients with SIVD than in HCs, including the bilateral ACAs, MCAs, and PCAs; right ICA and VA; and pBA and dBA (Table 3). Patients with AD also demonstrated increased PI of the bilateral MCAs, left ACA, as well as pBA and dBA compared to HCs. Patients with SIVD had higher PI of the bilateral PCAs than patients with AD; meanwhile, patients with AD had higher PI of the pBA and dBA than patients with SIVD.


TABLE 3. Pulsatility indices (PIs) of insonated arteries by the group.
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Lumen Diameter

Patients with SIVD showed significantly increased lumen diameters in the bilateral CCAs and left EICA compared to the AD and HC groups (Table 4 and Figure 1A). No difference in lumen diameter of any measured artery was found between patients with AD and HCs.


TABLE 4. Lumen diameter of carotid arteries by the group.
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FIGURE 1. Lumen diameter of the right CCA and total carotid plaque score by the group. Patients with SIVD showed significantly increased lumen diameter (A) and total carotid plaque score (B) compared with the AD and HC groups (P < 0.01). There was no difference between the AD and HC groups (P > 0.05). AD, Alzheimer’s disease; CCA, common carotid artery; HC, healthy control; SIVD, subcortical ischemic vascular dementia.




Carotid Plaque Characteristics

Patients with SIVD showed significantly higher plaque number, number of arteries with plaque, and total carotid plaque score compared to HCs, as well as higher total carotid plaque score compared to patients with AD (Table 5 and Figure 1B). An increasing trend in the index for the carotid plaque was found in patients with AD compared to HCs, but this was not statistically significant.


TABLE 5. Carotid plaque by the group.
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Association Between Mean Flow Velocity/Pulsatility Index and Cognitive Function in Patients With Dementia

Among all TCD parameters, the MMSE score was positively correlated with the MFV of the bilateral ICAs, MCAs, and PCAs; right ACA and VA; and pBA and dBA. It was negatively correlated with the PI of the bilateral MCAs; right ICA and VA; and pBA and dBA in all patients with either SIVD or AD. Sample plots for the MFV and PI in the right MCA as well as pBA and dBA from the linear regression analysis are shown in Figure 2. In terms of cognitive domains, the PI of the left MCA and PCA was negatively correlated with the memory composite score, and the MFV of the left ICA was positively correlated with the executive composite score. These correlations remained statistically significant after adjusting for age, sex, hypercholesterolemia, diabetes mellitus, coronary heart disease, hypertension, history of stroke, and BMI (Supplementary Tables 1–3).


[image: image]

FIGURE 2. Correlation between MMSE scores and the MFV and PI of three representative arteries in patients with dementia. After adjusting for age, sex, and vascular risk factors, the MMSE score was positively correlated with the MFV of the right MCA (P < 0.05) (A), pBA (P < 0.01) (B), and dBA (P < 0.05) (C) and negatively correlated with the PI of the right MCA (P < 0.01) (A), pBA (P < 0.01) (B), and dBA (P < 0.01) (C). dBA, distal basilar artery; MCA, middle cerebral artery; MFV, mean flow velocity; MMSE, Mini-Mental State Examination; pBA, proximal basilar artery; PI, pulsatility index.




Association Between Carotid Atherosclerosis and Cognitive Function in Patients With Dementia

Among all carotid ultrasound parameters, number of arteries with plaque, total carotid plaque score, and right CCA lumen diameter were negatively correlated with the MMSE score in all patients (Supplementary Table 4). Total carotid plaque score and right CCA lumen diameter were negatively correlated with either memory composite or executive composite scores (Supplementary Table 5). After adjusting for age, sex, hypercholesterolemia, diabetes mellitus, coronary heart disease, hypertension, history of stroke, and BMI, these correlations were still statistically significant.



DISCUSSION

In this study, TCD revealed significantly decreased MFV and increased PI in most major cerebral arteries in patients with SIVD compared with those in HCs. We also found increases in lumen diameter, number of arteries with plaque, and total carotid plaque score in patients with SIVD as compared to the HC group. Patients with AD also showed intracranial hemodynamic disruption without prominent carotid atherosclerosis. Furthermore, the changes in intracranial hemodynamics and carotid atherosclerosis were correlated with cognitive impairment in dementia patients with either SIVD or AD. These correlations were independent of age, sex, hypercholesterolemia, diabetes mellitus, coronary heart disease, hypertension, history of stroke, and BMI. These findings suggest that hemodynamic and structural changes in cerebral and carotid large blood vessels are involved in the pathogenesis of SIVD and to a lesser extent AD.

Although a study did not observe any robust difference in MFV or PI measured with TCD between patients with dementia and HCs (Malojcic et al., 2017), a meta-analysis concluded that the MFV of the MCA was decreased in patients with both VaD and AD (Sabayan et al., 2012). Consistently, we found decreased MFV and increased PI in arteries of both anterior and posterior circulations in patients with SIVD and AD. Moreover, we found lower MFV of the left PCA and higher PI of the bilateral PCAs in SIVD compared to AD. Our results were consistent with a previous study showing higher PI and lower MFV in patients with small vessel disease compared to those with AD (Sattel et al., 1996).

Our abovementioned findings of intracranial hemodynamics and carotid atherosclerosis in patients with SIVD and AD were potentially influenced by the differences in demographic and clinical features between groups. In this study, fewer subjects had vascular risk factors in the AD group compared to the HC group (hypercholesterolemia 30 vs. 60%, hypertension 26.7 vs. 46.7%, and diabetes mellitus 3.3 vs. 20.0%). Since we had strict MRI criteria (including variant cerebrovascular lesions) for both SIVD and AD, patients with significant vascular risk factors may have been excluded from the AD group. However, patients with AD still demonstrated worse intracranial hemodynamics than HCs, suggesting possible independence between cerebrovascular disruption in AD pathophysiology and vascular risk factors. Moreover, the prevalence of vascular risk factors is higher in men than in women. Accordingly, dementia patients with more cardiovascular risk factors or male sex are likely to be diagnosed with VaD or mixed dementia in clinical practice (Jiao et al., 2021). It is therefore reasonable that male patients accounted for 59% of the SIVD group, which was more than 30% in the AD group. Furthermore, the difference in sex proportion between the SIVD and AD groups was also caused by the epidemiological features of both diseases (Podcasy and Epperson, 2016); specifically, more women suffer from AD than men (Babapour and van der Flier, 2019). Although it was previously reported that women had higher MFVs of the ACA, MCA, and PCA than men in a healthy population (Krejza et al., 1999), this sex-related difference in TCD parameters has not been widely demonstrated in other studies, especially in older populations (Patel et al., 2016).

Decreased MFV is commonly caused by arterial stenosis and cerebral blood flow reduction. Elevated PI indicates an increase in distal vascular resistance, which could lead to a decrease in blood flow velocity and cerebral metabolism. Taken together, the hemodynamic changes detected by TCD in our study revealed a whole-brain model of increasing resistance to blood flow and subsequent hypoperfusion in patients with SIVD and AD. Cerebral hypoperfusion was found to be associated with a series of pathophysiological processes, including amyloid deposition, aberrant tau hyperphosphorylation, cholinergic dysregulation, and neurovascular unit disruption. Increasing evidence indicates a critical role of cerebral hypoperfusion in the pathogenesis and progression of VaD and neurodegenerative diseases, including AD (Fleisher et al., 2009; Iadecola, 2017; Caruso et al., 2019; Moretti and Caruso, 2020).

Previous studies suggested a correlation between carotid atherosclerosis and MRI features of SIVD (Poels et al., 2012; Moroni et al., 2016; Zhai et al., 2020). In a community-based study, patients with more carotid plaques showed an increased risk of concomitant microatheroma in perforator arterials, which potentially led to ischemic parenchymal lesions such as lacunes and WMH (Zhai et al., 2020). An enlarged CCA diameter measured by TCD was associated with WMH (Rundek et al., 2017) and lacunar infarction (Brisset et al., 2013) in stroke-free participants, and it was also associated with microbleeds and PVS (Zhai et al., 2020). These studies support our findings of the pathophysiological carotid artery changes in patients with SIVD, such as increased carotid plaques and enlarged lumen diameter, which might be the compensatory mechanisms to maintain cerebral perfusion against increased arterial wall stiffness and thickness, and were closely related to increased intima-media thickness and plaque burden (Bonithon-Kopp et al., 1996). Consistent with a prospective cardiovascular health study, showing that carotid atherosclerosis did not significantly correlate with the increased risk of AD (Newman et al., 2005), we did not find notable carotid atherosclerosis in patients with AD. However, this result was potentially caused by the lower burden of vascular risk factors in patients with AD in this study, as compared to the HC group.

Interestingly, the cognitive function measured by the MMSE was positively correlated with the MFV and was negatively correlated with the PI of most major cerebral arteries in dementia patients with SIVD or AD. A linear positive correlation between cognitive impairment and the MFV of the MCA in patients with severe unilateral internal carotid artery stenosis was previously reported (Marshall et al., 2020). Moreover, higher MFV was associated with higher MMSE score and larger hippocampal volume in a population-based study (Ruitenberg et al., 2005). The longitudinal studies reported that the increased PI of either ACA or PCA predicted conversion to dementia in individuals with subjective memory decline or MCI (Chung et al., 2017) and the aggravation of cognitive decline in patients with mild-to-moderate AD (Lim et al., 2017). Apart from the global cognition, we also observed a negative correlation between memory and the PIs of the left MCA and PCA and a positive correlation between executive function and the MFV of the left ICA. These findings were supported by a previous study in which the PI of the MCA was correlated with information processing speed and executive function in patients with lacunar infarcts, even after the adjustment for vascular risk factors (Altmann et al., 2016).

Carotid atherosclerosis at early-to-mid stages characterized by intima-media thickening and plaques was associated with cognitive impairment in patients with dementia or MCI (Buratti et al., 2015; Gardener et al., 2017; Ihle-Hansen et al., 2019). Although the correlation between carotid artery lumen diameter and cognitive impairment has not been investigated in patients with cerebral vascular disease or AD, previous studies observed that the increased cerebral artery diameter that was measured by the time-of-flight MR angiogram was correlated with worse performance in memory and cognitive function in a population-based cohort of self-reported stroke-free individuals. In particular, participants with a larger left PCA diameter showed more declines in the scores of episodic memory, semantic memory, processing speed, and executive function in the 5-year follow-up (Gutierrez et al., 2018). Moreover, the cerebral arterial dilatation was related to AD pathology and was negatively correlated with the MMSE score in stroke-free participants (Gutierrez et al., 2019). Our findings provide new evidence of a correlation between carotid atherosclerosis (indicated by carotid plaque and lumen diameter) and cognitive function in dementia patients with either SIVD or AD, and this was independent of vascular risk factors.

We comprehensively investigated cerebral hemodynamics and carotid atherosclerosis using ultrasound technology and analyzed the correlations with cognitive impairment. However, this study was limited by the following factors. First, medical conditions associated with SIVD (e.g., metabolic syndrome and COPD) and statin use can potentially impact cerebral hemodynamics (Park et al., 2008; Giannopoulos et al., 2012; Hlavati et al., 2019). However, we did not analyze which factor most prominently contributed to hemodynamic changes. Second, since we only conducted the resting-state TCD measurement without end-tidal CO2 or acetazolamide enhancement, it is necessary to investigate cerebrovascular reactivities in patients with SIVD in future studies. Finally, to confirm a causal relationship between cerebral hemodynamics and cognitive impairment, it will be important to perform repeated blood flow measurements and cognitive assessments in longitudinal studies.



CONCLUSION

In this study, we performed a non-invasive ultrasound and found prominent intracranial hemodynamic disruption and carotid atherosclerosis in patients with SIVD. The functional and pathological changes in cerebral and carotid large vessels were associated with cognitive impairment in dementia patients with SIVD or AD.
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Circulating white blood cells (WBC) contribute toward maintenance of cerebral metabolism and brain function. Recently, we showed that during aging, transcription of metabolism related genes, including energy source transports, in the brain significantly decreased at the hippocampus resulting in impaired neurological functions. In this article, we investigated the changes in RNA transcription of metabolism related genes (glucose transporter 1 [Glut1], Glut3, monocarboxylate transporter 4 [MCT4], hypoxia inducible factor 1-α [Hif1-α], prolyl hydroxylase 3 [PHD3] and pyruvate dehydrogenase kinase 1 [PDK1]) in circulating WBC and correlated these with brain function in mice. Contrary to our expectations, most of these metabolism related genes in circulating WBC significantly increased in aged mice, and correlation between their increased RNA transcription and impaired neurological functions was observed. Bone marrow mononuclear transplantation into aged mice decreased metabolism related genes in WBC with accelerated neurogenesis in the hippocampus. In vitro analysis revealed that cell-cell interaction between WBC and endothelial cells via gap junction is impaired with aging, and blockade of the interaction increased their transcription in WBC. Our findings indicate that gross analysis of RNA transcription of metabolism related genes in circulating WBC has the potential to provide significant information relating to impaired cell-cell interaction between WBC and endothelial cells of aged mice. Additionally, this can serve as a tool to evaluate the change of the cell-cell interaction caused by various treatments or diseases.
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INTRODUCTION

Circulating white blood cells (WBC) have been shown to contribute to the maintenance of cerebral circulation, metabolism, development, neurogenesis and brain function (Taguchi et al., 2004a,2008; Filiano et al., 2017; Smith et al., 2018; Pasciuto et al., 2020; Runtsch et al., 2020). Intravenous administration of immature blood cells, such as cord blood derived CD34-positive cells or bone marrow mononuclear cells (BM-MNC), have been shown to improve cerebral circulation and functions after ischemia (Taguchi et al., 2004b; Nakano-Doi et al., 2010). However, the direct link between circulating or intravenously injected cells, and cerebral circulation, metabolism, and function has to date been unclear.

Gap junction is an intercellular channel that allows direct diffusion of ions and small molecules, including metabolic substances, between adjacent cells. One gap junction channel is composed of two hemichannels termed connexons, each one being assembled of six proteins called Connexins (Okamoto et al., 2021). Connexins are a large family of proteins, and Connexin 43 (Cx43) is the most widespread Connexin in the cardiovascular system and is involved both in normal physiological and pathological conditions (Yuan et al., 2015). In the vascular system, connections between endothelial, pericyte and smooth muscle cells via gap junction, as well as between endothelial cells, allow for signaling to take place to endothelial cells as well as other related components (Nielsen et al., 2012). Recently, we showed that intravenously injected BM-MNC supplies an energy source, such as glucose, to endothelial cells via gap junction and activates injured endothelial cells by induction of hypoxia inducible factor 1-α (Hif1-α), which is one of the major activators of metabolism related genes (Kim et al., 2006), in a cerebral ischemia model (Kikuchi-Taura et al., 2020). Intravenous BM-MNC transplantation in aged mice was shown to increase transcription of glucose transporter 1 (Glut1) at hippocampus followed by improved memory functions through gap junction mediated cell-cell interaction between transplanted BM-MNC and endothelial cells (Takeuchi et al., 2020). Furthermore, we have shown that intravenously transplanted mesenchymal stem cells remove the energy source from endothelial cells via gap junction, and suppress their excessive activation in a cerebral ischemia model (Kikuchi-Taura et al., 2021). These findings indicate that circulating cells have a significant effect on the regulation of cerebral circulation, metabolism, and function via gap junction. These findings are consistent with our previous findings that patients with decreased number of circulating hematopoietic stem cells, which express Connexin (Pfenniger et al., 2013) and contain significant amount of glycolysis substrates due to anaerobic metabolism (Takubo et al., 2013), showed impaired cerebral circulation and function (Taguchi et al., 2004a,2008).

Cerebral metabolism and function generally deteriorate during aging (Cunnane et al., 2020). It has been shown that metabolites pass through the gap junction (Okamoto et al., 2021) and expression of gap junctions are increased in early postnatal development of central nerve system and after brain injury (Belousov and Fontes, 2014). However, the significance of metabolite transfer via gap junction in the brain is not fully elucidated. Taken together, we hypothesize that impaired cerebral metabolism and function observed in aged animals would correlate to the impaired metabolism of circulating WBC. In this article, we had expected decreased expression of metabolism related genes in WBC with impaired brain function during aging, but found their expression increased with aging.



MATERIALS AND METHODS

All animal experiments were approved by the Animal Care and Use Committee of Foundation for Biomedical Research and Innovation at Kobe and comply with the Guide for the Care and Use of Animals published by the Japanese Ministry of Education, Culture, Sports, Science and Technology. Experiments and results are reported according to the ARRIVE guidelines.


Quantitative PCR (qPCR) Analysis of Circulating White Blood Cells, Hippocampus, and Human Umbilical Vein Endothelial Cells

Male CB-17 mice (C.B-17/Icr- + / + Jcl, Oriental Yeast, Tokyo, Japan) aged 5, 10, 52, and 104 weeks were used for this study (N = 5, each). Minimal variation of cerebrovascular structure is known in CB-17 mice (Taguchi et al., 2010) and CB-17 mice were used for the experiment of cerebrovascular disorders (Kasahara et al., 2013; Takeuchi et al., 2020). After deep anesthesia by pentobarbital, a blood sample was obtained by the puncture to left ventricle of heart. Total RNA was isolated using RNeasy Plus Universal Mini Kit (Qiagen, CA, United States) according to the manufacturer’s instructions. cDNA was synthesized from 1μg total RNA using PrimeScript™ II 1st strand cDNA Synthesis Kit (TAKARA, Kyoto, Japan). Transcription of mRNA was analyzed using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, CA, United States) and the Agilent AriaMx real time PCR System. 18S ribosomal RNA was used for the reference gene. Relative quantification of RNA was analyzed by phaffle method. For the comparison of RNA transcription of Connexin 43 (Cx43) between young and aged mice, 5 and 80 weeks old Male CB-17 mice were used (N = 6, each). The list of target genes, primer sequences, and amplification protocols of qPCR are shown in Table 1.


TABLE 1. Target genes, primer list and amplification protocol of qPCR.
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Brain tissue was harvested from young (5W) and aged (more than 80 weeks) mice (N = 7, each). After harvesting the brain, coronal sections (4 mm thick) of the forebrain between 2 mm and 6 mm from frontal pole were cut followed by immersion in RNAlater (Thermo Fisher, Waltham, MA, United States) to prevent RNA degradation. Under stereoscopic microscope (Olympus, Tokyo, Japan), the part of the hippocampus, was dissected by medical tweezers, as we described previously (Takeuchi et al., 2020). Total RNA was isolated and cDNA was synthesized from 1 μg total RNA. The list of target genes, primer sequences, and amplification protocols are shown in Table 1.

Human umbilical vein endothelial cells (HUVEC, Kurabo, Osaka, Japan) were cultured with medium, serum and growth factors (HuMedia-EB2, Kurabo). Total RNA of HUVEC (1 × 105 cells) at passage 3 and 10 were was isolated and expression of Cx43 and Connexin 37 (Cx37) were evaluated by qPCR (N = 4). The list of target genes, primer sequences, and amplification protocols of qPCR are shown in Table 1.



Transfer of Low Molecular Weight Fluorescence Molecules in Cytoplasm of White Blood Cells to Endothelial Cells in vitro

Male CB-17 mice aged 5 and 80 weeks old were used for this study (N = 5, each). Blood sample was obtained by a puncture to the left ventricle of the heart and red blood cells were removed using lysing buffer (BD Biosciences, Woburn, MA, United States) (Muirhead et al., 1986). WBC were incubated with 5 μM of BCECF-AM (2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester, Dojindo, Kumamoto Japan) for 30 min at 37°C as we described previously (Kikuchi-Taura et al., 2020). BCECF-AM was converted to BCECF (2′,7′-bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein) in the cytoplasm and BCECF loaded WBC were washed twice with PBS before use. HUVEC in passage 6 were used in the subsequent experimental work. BCECF loaded WBC (1 × 106 cells in 20 μl PBS) and HUVEC (1 × 105 cells in 100 μl PBS) were co-cultured at 37°C for 3 h. After co-incubation, the cell mixture was washed twice with PBS, and stained with PE-conjugated anti-human CD31 antibody (BD Biosciences, Woburn, MA, United States), FITC-conjugated anti-mouse CD45 antibody (BD Biosciences, Woburn, MA, United States) and 7-AAD (7-Amino-Actinomycin D) (BD Biosciences, Woburn, MA, United States). The level of BCECF in HUVEC (CD31-positive, CD45-negative and 7AAD-negative) was evaluated using a FACS Calibur fluorescence activated cell sorter (BD Biosciences, Woburn, MA, United States). Cell populations that communicate with HUVEC via gap junction were characterized using FACS as described previously (Kikuchi-Taura et al., 2021).



Effect of Gap-Junction Mediated Cell-Cell Interaction on Gene Expression of White Blood Cells by Co-culture With Endothelial Cells

HUVEC were treated with gap junction blocker (0.01 v/v 1-octanol. Wako, Osaka, Japan) or PBS for 10 min at 37°C. A blood sample was obtained by a puncture to the left ventricle of the heart of male CB-17 mice (5 weeks old) and co-cultured at 37°C for 3 h with HUVEC that were treated or non-treated by gap junction blocker. The change of RNA transcription was evaluated by qPCR with mouse specific primers.



BM-MNC Transplantation to Aged Mice

Bone marrow was obtained from 5-week-old syngeneic male CB-17 mice and BM-MNC were prepared by Ficoll-Paque (GE-Healthcare, Little Chalfont, United Kingdom) density-gradient centrifugation as described elsewhere (Kikuchi-Taura et al., 2020). Aged (more than 80 weeks) mice received 1 × 105 BM-MNC in 100 μl PBS or PBS alone through the tail vein (5 times in total), and young (5 weeks) mice received PBS (N = 5, each). Each injection was performed without anesthesia and injection was finished in 10 s. Mouse behavior was evaluated using wire hang test and passive avoidance test before blood sample collection. The experimental design is shown in Supplementary Figure 1A. The Passive avoidance test is a fear-aggravated test used to evaluate learning and memory in rodent models. The apparatus (TMS-2; Melquest, Toyama, Japan) was divided into two compartments, an illuminated compartment (120 mm × 120 mm × 135 mm) and a dark compartment (120 mm × 120 mm × 135 mm), that were connected via a guillotine door. The dark compartment was equipped with a grid floor (6 mm in diameter spaced at 10 mm) through which a footshock (0.2 mA, 3 s) could be delivered. In the conditioning and acquisition phases, each mouse was placed in an illuminated compartment and habituated for 10 s before door opening. In the conditioning phase, a mild electric foot shock was administered 10 s after each mouse crossed the adjacent dark compartment and door closing. On the next day, each mouse was again placed in the illuminated compartment and habituated for 10 s, and the time to cross over to the dark compartment after door opening, up to a maximum of 180 s, was recorded as the test phase (Ogawa et al., 2020). The wire hang test evaluates muscular strength or motor function. In this test, each mouse was placed on the center of wire mesh plate (450 mm × 300 mm; mesh wire was 1.3 mm in diameter and spaced at 12 mm intervals, KK23-8331; Kohnan, Osaka, Japan) and allowed to accommodate to this environment for 5 s. The wire mesh plate was inverted and secured to the top of a cubic transparent open-topped glass box (250 mm × 250 mm × 250 mm). Latency to fall was recorded, up to a maximum of 180 s. This trial was repeated five times with an interval of 1 min and the average time to fall was calculated (Ogawa et al., 2020).

For immune historical analysis, aged mice (more than 80 weeks) received 1 × 105 BM-MNC in 100 μl PBS or PBS alone intravenously totally five times every 2 days from tail vein, and young (5 weeks) mice received PBS (N = 6,7,8, for aged + PBS, aged + BM-MNC and young + PBS, respectively). Twenty-four hours after the last injection, the brain was removed, fixed with 2% paraformaldehyde (PFA; Thermo Fisher, Waltham, MA, United States), and cut into coronal sections (20 μm) using a vibratome (Leica, Wetzlar, Germany). Sections were immunostained with primary antibodies against Nestin (Merck Millipore,1:200), Doublecortin (DCX; Merck Millipore, 1:350) and DAPI (Thermo Fisher, 1:1,000). Confocal images were obtained with fluorescence microscope (BZ-X810: Keyence, Osaka Japan). The number of Nestin positive fibers and DCX positive cells at the granular cell layer and sub granular zone of dentate gyrus, respectively, in the hippocampus of aged mice were counted by blinded investigator. The number of positive cells per 1 mm of each zone was evaluated.



Increased Expression of Gap-Junction in HUVEC by Co-culture With BM-MNC

HUVEC (1 × 105 cells in 100 μl PBS) and BM-MNC (1 × 106 cells in 20 μl PBS) were co-cultured at 37°C for 3 h, and the change in expression of Cx43 in HUVEC was evaluated with PE-conjugated anti-human CD31 antibody, FITC-conjugated anti-human Cx43 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, United States) and 7-AAD (7-Amino-Actinomycin D) by FACS Calibur fluorescent cell sorter.



Statistics

Statistical comparisons among groups were performed using one-way ANOVA (analysis of variance) followed by post hoc analysis using Steel-Dwass test or Dunnett’s test. Correlation between RNA transcription of metabolism related genes in circulating WBC and neurological functions was evaluated with linear regression analysis. Individual comparisons were performed using Student’s t-test. All data are shown as mean ± SD.




RESULTS


Change in RNA Transcription of Metabolism-Related Genes in Circulating Whites Blood Cells With Aging

We previously observed that transcription of metabolism related genes, including energy source transport genes, in the brain are significantly decreased with aging with impaired neurological functions. We expected similar changes in WBC and investigated the sequential change in RNA transcription of these genes in circulating WBC. Contrary to our expectation, the energy source transport genes, including Glut1, Glut3, and monocarboxylate transporter 4 (MCT4), in WBC significantly increased with aging (Figure 1A). Hif1-α is one of the major transcriptional factors that regulates the expression of energy source transporters (Masoud and Li, 2015; Zorzano et al., 2005) and has been shown to decrease with aging in the brain (Takeuchi et al., 2020). The transcription of Hif1-α and its down-stream genes, prolyl hydroxylase 3 (PHD3) and pyruvate dehydrogenase kinase 1 (PDK1), in circulating WBC were investigated and it was found that transcription of PHD3 and PDK1 increased with aging (Figure 1B).
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FIGURE 1. Change in RNA transcription in circulating WBC with aging. (A) Significant increase of RNA transcription of energy source transport genes, including Glut1, Glut3 and MCT4, in WBC was observed with aging. (B) Similarly, RNA transcriptions of Hif1-α down-stream genes, PHD3 and PDK1, in WBC significantly increased with aging. *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA followed by post-hoc analysis using Dunnett test (versus 5W). N = 5 in 10W, 104W and N = 6 in 5W, 52W (A,B).




Cell-Cell Interaction Between WBC and Endothelial Cells via Gap Junction

We have shown low molecular weight molecules are transferred from BM-MNC to endothelial cells via gap junction mediated direct cell-cell interaction (Kikuchi-Taura et al., 2020; Takeuchi et al., 2020). To investigate gap junction mediated cell-cell interaction between WBC and endothelial cells, low molecular weight fluorescence compound, namely BCECF, was loaded to WBC and co-cultured with HUVEC. Similar to BM-MNC, transfer of BCECF from WBC to HUVEC was observed and the level of BCECF transfer significantly decreased in WBC of aged mice, relative to that of young mice (Figure 2A). The change of RNA transcriptions with aging was evaluated and found the level of Cx43 in WBC was significantly decreased in aged mice, compared with young mice (Figure 2B). To confirm the significance of gap junction mediated cell-cell interaction on RNA transcription in WBC, WBC were co-cultured with HUVEC with or without blockade of gap junction. A significant increase of RNA transcription of Hif1-α and PDK1 was observed following blockade of gap junction (Figure 2C). These findings show the importance of gap junction mediated cell-cell interaction in the decrease of metabolism related gene expression in WBC, mainly monocytes and lymphocytes. The change in RNA transcription with passage number was evaluated in HUVEC and it was found that the level of Cx43 significantly decreased during passaging (Figure 2D). The change in RNA transcription with aging at hippocampus was evaluated and it was found that the level of Cx43 significantly decreased in aged mice, compared with young mice (Figure 2E). The change of RNA transcription of Cx37 was evaluated and found its expression decreased in HUVEC during passaging (Figure 2F) and in hippocampus with aging (Figure 2G).
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FIGURE 2. Decreased cell-cell interaction between endothelial cells and WBC of aged mice. (A) Transfer of low molecular weight molecule (BCECF) from WBC to HUVEC significantly decreased at WBC of aged mice, compared with young mice. Control indicates background fluorescence level HUVEC without co-incubation of WBC. (B) The RNA transcription of Cx43 in WBC was significantly decreased with aging. (C) Blockade of cell-cell interaction between WBC and HUVEC via gap junction increased the expression of Hif1-α and PDK1 in WBC. (D) The RNA transcription of Cx43 in HUVEC was significantly decreased with passaging. (E) The RNA transcription of Cx43 at hippocampus was significantly decreased with aging. (F) The RNA transcription of Cx37 in HUVEC was significantly decreased with passaging. (G) The RNA transcription of Cx37 at hippocampus was significantly decreased with aging. *p < 0.05 versus 5W (N = 5 in group A), **p < 0.01 versus 5W (N = 6 in group B) by Student’s t-test. *p < 0.05 versus 1-Octanol (–) (N = 4 in group C). **p < 0.01, ***p < 0.001 versus passage 3 (N = 4 in group D, F) by Student’s t-test. ** p <0.01, ***p < 0.001 versus 5W (N = 7 in group E, G) by Student’s t-test.




Correlation in RNA Transcription of Metabolism Related Genes in Circulating White Blood Cells and Neurological Function in Aging Mice

Next, we evaluated the correlation between RNA transcription of metabolism related genes in circulating WBC and neurological function in mice, including aged mice that received BM-MNC transplantation. Figures 3A-F shows the correlation between increased RNA transcription of metabolism related genes and shortening of step through latency in passive avoidance test. A strong and significant correlation (| r| > 0.7 and p < 0.05) was observed for Glut1, MCT4, PHD3, and PDK1. Supplementary Figure 2 shows the correlation between increased RNA transcription of metabolism related genes and shortening of latency to fall in wire hang test. A strong and significant correlation (| r| > 0.7 and p < 0.05) was observed for MCT4, PHD3, and PDK1. Supplementary Figures 3, 4 show the correlation in aged mice, including those that received PBS or BM-MNC but not young mice, in the passive avoidance test (Supplementary Figure 3) and in the wire hang test (Supplementary Figure 4). A strong and significant correlation was observed for RNA transcription of MCT4 and PHD3. It should be noted that, a statistically significant reduction of the latency in passive avoidance test and wire hang test in aged mice with PBS, compared with young mice, was reported in our previous report. In contrast, BM-MNC injection to aged mice improved the scores of both tests and there had been no significant difference in the latencies between in aged mice with BM-MNC and young mice, though no statistically significant difference had been observed between in the scores of aged mice that received PBS or BM-MNC (Takeuchi et al., 2020).
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FIGURE 3. Correlation between the score of passive avoidance test and RNA transcription of metabolism related genes in circulating WBC. (A-F) Correlation between increased in RNA transcription of Glut1 (A), Glut3 (B), MCT4 (C), Hif1-α (D), PHD3 (E) and PDK1 (F) and shorting of step through latency in passive avoidance test. Black, red or yellow dots indicate young mice, aged mice with PBS injection or aged mice with BM-MNC transplantation, respectively. Blue solid or dashed line indicate statistically highly (p < 0.05 and | r| > 0.7) or moderately (p < 0.05 and | r| > 0.4) correlating, respectively, by linear regression analysis (N = 15).


Mice that received BM-MNC transplantation showed decreased RNA expression of Glut3, MCT4, PHD3, and PDK1 in circulating WBC (Figures 4A,B). To investigate the possible cause of decreased level of these genes by BM-MNC transplantation, endothelial cells were co-cultured with BM-MNC. We observed increased expression of Cx43 in HUVEC when co-cultured with BM-MNC (Figure 4C). These findings indicated that BM-MNC transplantation has a potential to improve cell-cell interaction between circulating WBC and endothelial cells through enhancing expression of Connexin on endothelial cells.
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FIGURE 4. BM-MNC transplantation decreased RNA expression of metabolism related genes in WBC. (A,B) BM-MNC transplantation to aged mice decreased the expression of Glut3, MCT4 (A), PHD3 and PDK1 (B) in circulating WBC. (C) Co-culture with BM-MNC significantly increased the expression of Cx43 in endothelial cells. *p < 0.05 and **p < 0.01 vs. 80W + PBS by ANOVA followed by post hoc analysis using Dunnett’s test (control, 80W + PBS; p values between aged mice were displayed in the figure). N = 5 in each group (A,B). ***p < 0.001 by Student’s t-test. N = 6 in each group (C).


To further investigate the link between BM-MNC transplantation and increased memory function, the level of neurogenesis at hippocampus was evaluated using anti-Nestin and anti-DCX antibody, and it was found that the level of neurogenesis significantly increases with BM-MNC transplantation in aged mice (Figures 5A-D). These findings are consistent with our previous report that BM-MNC transplantation ameliorates memory disorder in aged mice (Takeuchi et al., 2020).
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FIGURE 5. BM-MNC transplantation activates age-related impaired neurogenesis at hippocampus. (A) A large number of Nestin-positive (arrow) and/or DCX-positive (allow head) neuronal progenitor cells were observed at dentate gyrus in young mice. (B) In contrast, only few Nestin-positive and/or DCX-positive neuronal progenitor cells were observed in aged mice that receive PBS or BM-MNC. (C,D) Quantitative analysis revealed that BM-MNC transplantation to aged mice increased the number of Nestin-positive (C) and DCX-positive neuronal progenitor cells (D). N = 6 and 7 in PBS and BM-MNC transplanted group, respectively (C,D). *p < 0.05 by Student’s t-test. Scale bar: 100 μm (A,B).





DISCUSSION

In this article, we have demonstrated that RNA transcription of metabolism related genes in circulating WBC, including Glut1, Glut3, MCT4, PHD3, and PDK1, are significantly increased during aging. Our results indicated that this is, at least in part, due to the decrease of cell-cell interactions to endothelial cells. Our findings indicate that the level of RNA transcription of metabolism related genes in circulating WBC can be potentially utilized as markers for decreased cell-cell interaction between circulating WBC and endothelial cells during aging.

Importantly, circulating WBC are known to contribute to the development and maintenance of brain function (Taguchi et al., 2004a,2008; Filiano et al., 2017; Smith et al., 2018; Pasciuto et al., 2020; Runtsch et al., 2020). Recently, we demonstrated that direct cell-cell interaction between intravenously transplanted BM-MNC and endothelial cell via gap junction activates Hif1-α at endothelial cells followed by improvement of brain function (Kikuchi-Taura et al., 2020). In this article, we demonstrate that cell-cell interaction between circulating WBC and endothelial cell decreases with aging with impaired neurological function. As endothelial, pericyte, and smooth muscle cells are connected via gap junction in cerebral vasculature (Zhao et al., 2018), it would not be so surprising that metabolites and/or signals transfer between circulating cells and cerebral endothelial cells have a significant impact on cerebral circulation and function. Recently, we have demonstrated that intravenously transplanted mesenchymal stem cells remove energy source from endothelial cells via gap junction, and suppress excessed activation of endothelial cells in cerebral ischemia model (Kikuchi-Taura et al., 2021). Although further studies are required to fully elucidate the flow of metabolites and signals via gap junction with brain responses, our findings provide a novel paradigm linking cells in systemic circulation, endothelial cells and cerebral function (Figure 6).
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FIGURE 6. Schematic illustration of our hypothesis. (A) Gap junction mediated cell-cell interaction between circulating WBC and endothelial cells decrease RNA transcription of metabolic related genes in WBC with maintenance of endothelial cell function. (B) Impaired gap junction mediated cell-cell interaction results in no decreased RNA transcription of metabolic related genes in WBC with impaired maintenance of endothelial cell function.


Hif1-α is one of the major transcriptional factors that regulates the expression of energy source transporters (Zorzano et al., 2005; Masoud and Li, 2015) and PHD3 and PDK1 are known to be down-stream genes of Hif1-α(Ognibene et al., 2017; Takeuchi et al., 2020). As the activity of HIF1α protein can be regulated by its disassembly by HIF-prolyl hydroxylase in an oxidant dependent manner (Hill et al., 1992), our results shown in Figures 1B, 4B, show there was a discrepancy between Hif1-α and PHD3 expression, which would be explained by the change of degradation rate rather than RNA transcription. Our previous results showed movement of small molecules, including glucose, from intravenously transplanted BM-MNC activates Hif1-α in recipient endothelial cells via gap junction mediated cell-cell interaction (Kikuchi-Taura et al., 2020). In this article, we show that movement of small molecules to endothelial cells via gap junction inactivates Hif1-α in donor WBC. These findings show that small molecule movement mediated Hif1-α regulation is the key mechanism for changes of metabolism related gene expression at circulating WBC and endothelial cells.

In this article, we have demonstrated that BM-MNC transplantation into aged mice enhanced neurogenesis in hippocampus and decreased metabolic related genes in WBC. These findings are consistent with our previous report that BM-MNC transplantation to aged mice increases Glut1 and Na+/K+ ATPase expression in the hippocampus and ameliorates memory disorder (Takeuchi et al., 2020). New neurons in the hippocampus are known to have a pivotal role in improving memory (Moreno-Jimenez et al., 2019; Tobin et al., 2019) and our findings will have a significant impact that links cell therapy, improved neurogenesis, and improvement of memory. Once the mechanism of metabolite transfer via gap junction and activation of Hif1-α in brain is understood, this offers the potential to improve and develop novel therapies for dementia in the elderly whose main symptom is the disability of memory.

In vitro analysis revealed that BM-MNC enhanced the expression of Cx43 in endothelial cells. The turnover of Connexin molecules is only a few hours (Musil et al., 2000) that would require a significant amount of energy source. Although the reason of the fast turnover of Connexin and the regulator of Connexin transcription are unclear (Laird, 2006; Nielsen et al., 2012), it would not be surprising that gap junction mediated activation of Hif1-α increases energy source uptake and that upregulates the expression of Connexin. The enhanced expression of Cx43 in endothelial cells by BM-MNC transplantation would explain our result that aged mice that received BM-MNC transplantation showed decreased expression of metabolism related genes in circulating WBC. Our findings also show the potential that quantification of these metabolism related genes in WBC can serve as a tool to evaluate the change of the cell-cell interaction between WBC and endothelial cells caused by treatments that may affect the cell-cell interaction.

Limitations of our study include deciphering the mechanism of cell-cell interaction between WBC and endothelial cells which regulate Hif1-α gene expression in WBC and the differences in gene expression profiles between cell types, such as granulocytes, lymphocytes, and monocytes. Previous findings have shown that the lymphocytes and monocytes express Connexins, although no expression was observed in granulocytes under physiological conditions (Pfenniger et al., 2013). Although further mechanistic studies are required in order to determine the change of gene expression in each cell type, our findings demonstrate that the simple gross analysis of circulating WBC provides a marker for decreased cell-cell interaction between circulating WBC and endothelial cells with aging in mice. This parameter in mice does not require cell separation or cell specific group analysis and therefore is beneficial for screening individuals to assess the cell-cell interaction between circulating WBC and endothelial cells in mice. This information would also provide novel insights into pathology of various cardiovascular diseases. Another limitation is that we have used one strain of mice. To generalize the results obtained in this experiment, further studies using other strains and animal are required, especially for the assessment of human WBC with aging.

In conclusion, our novel findings show the potential that the simple gross analysis of RNA transcription of metabolism related genes in circulating WBC can provide a highly relevant insight into impaired cell-cell interaction between WBC and endothelial cells. This can also serve as a tool to evaluate the change of the cell-cell interaction caused by various treatments, diseases, and aging.
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Increased Susceptibility to Cerebral Microhemorrhages Is Associated With Imaging Signs of Microvascular Degeneration in the Retina in an Insulin-Like Growth Factor 1 Deficient Mouse Model of Accelerated Aging
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Age-related cerebrovascular defects contribute to vascular cognitive impairment and dementia (VCID) as well as other forms of dementia. There has been great interest in developing biomarkers and other tools for studying cerebrovascular disease using more easily accessible tissues outside the brain such as the retina. Decreased circulating insulin-like growth factor 1 (IGF-1) levels in aging are thought to contribute to the development of cerebrovascular impairment, a hypothesis that has been supported by the use of IGF-1 deficient animal models. Here we evaluate vascular and other retinal phenotypes in animals with circulating IGF-1 deficiency and ask whether the retina mimics common age-related vascular changes in the brain such as the development of microhemorrhages. Using a hypertension-induced model, we confirm that IGF-1 deficient mice exhibited worsened microhemorrhages than controls. The retinas of IGF-1 deficient animals do not exhibit microhemorrhages but do exhibit signs of vascular damage and retinal stress such as patterns of vascular constriction and Müller cell activation. These signs of retinal stress are not accompanied by retinal degeneration or impaired neuronal function. These data suggest that the role of IGF-1 in the retina is complex, and while IGF-1 deficiency leads to vascular defects in both the brain and the retina, not all brain pathologies are evident in the retina.
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INTRODUCTION

Aging elicits multifaceted functional and structural impairment in the cerebral microcirculation, which has a critical role in the pathogenesis of vascular cognitive impairment and dementia (VCID) (Hajdu et al., 1990; Mayhan et al., 1990; Zlokovic, 2011; Jessen et al., 2015; Cooper et al., 2016; Daulatzai, 2016; Ighodaro et al., 2016). Within the spectrum of age-related microvascular pathologies [including microvascular rarefaction (Tarantini et al., 2016; Toth et al., 2017; Norling et al., 2020; Nyul-Toth et al., 2021), disruption of the blood–brain barrier (BBB) (Verheggen et al., 2020; Nyul-Toth et al., 2021), impaired regulation of cerebral blood flow (CBF) (Tarantini et al., 2017b,2021), amyloid pathologies], recent studies highlighted the pathogenic role of cerebral microhemorrhages (CMHs) in the genesis of VCID (Poels et al., 2011, 2012; Ungvari et al., 2017). CMHs are small (<5 mm) bleeds that develop due to the rupture of cerebral arterioles and capillaries. Aging significantly increases microvascular fragility (in part due to microvascular degeneration), which exacerbates the genesis of CMHs, and CMH burden predicts cognitive decline in older adults (Kato et al., 2002; Vernooij et al., 2008; Ungvari et al., 2017).

Despite its pathophysiological importance, the human cerebral microcirculation is not readily accessible for imaging and functional assessment. The desire to identify novel, accessible biomarkers and tools for interrogating the cerebromicrovascular changes that contribute to VCID has led to much work utilizing the retinal vasculature as a proxy for the brain vasculature (Lipecz et al., 2019; McGrory et al., 2019; Czako et al., 2020). Cerebral and retinal vasculature share developmental and anatomical origins. The retina is considered part of the central nervous system, developing from the diencephalon, and exhibits similar anatomical features and physiological properties, including microvascular architecture, energy requirements, regulation of blood flow, and vascular barrier function (London et al., 2013; Tata et al., 2015; Lipecz et al., 2019). There is increasing evidence that age-related pathophysiological processes that affect the central nervous system and the cerebral microcirculation have a direct profound impact on the retina and retinal microcirculation as well (Stanton et al., 1995; Liew et al., 2008; Che Azemin et al., 2013; Csipo et al., 2019; Lipecz et al., 2019). Yet it is not clear whether the retina exhibits all of the tissue level pathologies that are associated with cerebrovascular aging. Importantly, the association between increases in microvascular fragility in the brain and the retina has not yet been investigated.

The mechanisms by which aging exacerbates functional and structural impairment in the cerebral microcirculation and promotes the genesis of CMHs include an age-related decline in circulating insulin-like growth factor 1 (IGF-1) (Sonntag et al., 2013; Toth et al., 2014, 2015a; Ashpole et al., 2017; Tarantini et al., 2017c,2021; Fulop et al., 2018). IGF-1 is a vasoprotective growth factor largely produced by the liver, whose circulating levels significantly decrease with increasing age (Ungvari and Csiszar, 2012; Sonntag et al., 2013; Tarantini et al., 2017c). Animal models of circulating IGF-1 deficiency serve as models of accelerated aging, mimicking many age-related cerebrovascular pathologies. These include impaired myogenic autoregulation, impaired neurovascular coupling, microvascular rarefaction, decreased cerebral blood flow, and consequential impairment of higher brain functions (Bailey-Downs et al., 2012; Sonntag et al., 2013; Toth et al., 2014, 2015a; Fulop et al., 2018). Decreased circulating IGF-1 levels in rodent models are also associated with increased BBB permeability, pathological microvascular remodeling, increased microvascular fragility, and increased susceptibility to the hypertension-induced development of CMHs (Bake et al., 2014, 2016; Tarantini et al., 2017c). Yet, there are no studies extant investigating the role of circulating IGF-1 deficiency in microvascular pathologies in the retina.

The present study was designed to test the hypothesis that adult-onset circulating IGF-1 deficiency promotes the development of a pro-fragility microvascular phenotype both in the brain and the retina. To test our hypothesis, we used an established murine model of isolated endocrine IGF-1 deficiency: knockdown of IGF-1 specifically in the liver using Cre-lox technology (Igf1f/f + TBG-Cre-AAV8) (Tarantini et al., 2017c). To test microvascular fragility, we induced chronic hypertension in IGF-1 deficient mice and respective controls [by treatment with angiotensin II (Ang II) and L-NAME, a NO synthase inhibitor (Liu et al., 1998; Ho et al., 2008; Bailey-Downs et al., 2012; Toth et al., 2013, 2015a; Tarantini et al., 2017c)] and assessed occurrence of microhemorrhages in both the brain and retina. We also assessed the effects of circulating IGF-1 deficiency on the structural integrity of the retina and the retinal vessels.



MATERIALS AND METHODS


Experimental Animals

All animal work was reviewed and approved by the local Institutional Animal Care and Use Committee (IACUC; University of Oklahoma Health Sciences Center, Oklahoma City, OK, United States). Mice on the C57BL/6 background that were homozygous for an Igf1 floxed allele (Igf1f/f) were purchased from Jackson Laboratories (line 016831). These mice have exon 4 of the Igf1 gene flanked by loxP sites, allowing for the excision of this entire exon via Cre recombinase. Transcripts of the altered Igf1 gene yield a protein that fails to bind the IGF-1 receptor. IGF-1 deficiency was induced in Igf1f/f mice by adeno-associated virus (AAV8)-mediated expression of Cre recombinase in the liver at 4 months of age, as previously reported (Bailey-Downs et al., 2012; Toth et al., 2014). The AAV8 vector was acquired from the University of Pennsylvania Viral Vector Core (Penn Vector Core, Philadelphia, PA, United States1). The thyroxine-binding globulin (TBG) promoter was used to restrict the expression of the AAV8 vector to hepatocytes. At 4 months of age, Igf1f/f mice were randomly assigned to two groups and were administered approximately 1.3 × 1010 viral particles of AAV8-TBG-Cre or AAV8-TBG-eGFP via retro-orbital injection, as described (Tarantini et al., 2017c). The majority of circulating IGF-1 is produced in the liver. Since IGF-1 is critical for the development of many organ systems during adolescence, including the cardiovascular system, this model was used to specifically study the effects of adult-onset circulating IGF-1 deficiency (Toth et al., 2014). Animals were used for experiments at either approximately 1 year of age (12–14 months) or 2 years of age (24–27 months). Both male and female mice were used, however studies were not powered to evaluate the role of sex as a biological variable. Animals were housed in the Rodent Barrier Facility at OUHSC under specific pathogen-free barrier conditions, on a 12-h light/12-h dark cycle, with access to standard rodent chow (Purina Mills, Richmond, IN, United States) and water ad libitum. In-cage light levels during the light cycle were ∼30 lux.



Induction of Hypertension

To assess microvascular fragility, hypertension was induced in study animals at 12–14 months of age. AAV8-TBG-Cre and AAV8-TBG-eGFP mice were randomly assigned to either the “hypertensive” (HT) or “normotensive” (NT) groups. Hypertension was induced by a combination treatment with ω-nitro-L-arginine-methyl ether [L-NAME (N5751, Millipore Sigma, St. Louis, MO, United States), 100 mg kg–1 day–1, in drinking water] and administration of angiotensin II [Ang II; s.c. via osmotic mini-pumps (Alzet Model 2006, 0.15 μL h–1, 42 days; Durect Co, Cupertino, CA, United States)]. Pumps were filled with either saline or a solution of angiotensin II (Sigma Chemical Co., St. Louis, MO, United States) that delivered 1 μg min–1 kg–1 of angiotensin II for up to 28 days. Mini-pumps were surgically placed in isoflurane anesthetized mice in the subcutaneous space on the back of the animal. This was accomplished by making a small incision in the intrascapular region, blunt dissection of the subcutaneous space, and closure of the incision with surgical sutures using aseptic techniques. Animals were given an s.c. injection of sustained release Buprenorphine (ZooPharm, Fort Collins, CO, United States) to manage post-operative pain. Animal blood pressure was measured via the tail-cuff method using the CODA Non-Invasive Blood Pressure System (Kent Scientific Co., Torrington, CT, United States) as described (Toth et al., 2015b). Mice were placed in a restrainer on an animal warmer for the duration of the measurement to encourage tail vein dilation for accurate blood pressure measurements.



Standardized Neurological Examination

Mice underwent daily neurological examination to predict the presence of clinically manifest hemorrhages. The scoring system evaluates spontaneous activity, symmetry in limb movement, forelimb outstretching, climbing ability, body proprioception, and response to vibrissae touch. Scores were summed on an 18-point scale as a measure of neurological function. A decline in this neurological score correlates with cerebral hemorrhage development (Toth et al., 2015b). Mice were euthanized at a neurological score of 15 or lower, or when they reached day 28 post-hypertension surgery, whichever came first. Mice were euthanized via transcardial perfusion with ice-cold 1× phosphate buffered saline (1× PBS, 137 mM NaCl, 2.7 mM KCl 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4, pH 7.2) for 10 min under ketamine/xylazine (84/14 mg kg–1) anesthesia.



Fundoscopy and Fluorescein Angiography

To assess vascular damage in the retina, fundus imaging and fluorescein angiography were performed using the Micron III system (Phoenix Research Laboratories, Pleasanton, CA, United States) as described (Koirala et al., 2013; Chakraborty et al., 2020). Mice were anesthetized with ketamine/xylazine (84, 7 mg kg–1)) and eyes were dilated with 1% cyclopentolate eye drops (Family Medicine Pharmacy, University of Oklahoma Health Sciences Center, Oklahoma City, OK, United States). One drop of 2.5% Gonak (McKesson Medical Surgical, Richmond, VA, United States) was applied to each eye. Bright field images were collected, and then animals were injected intraperitoneally with 100 μL of 1% (w/v) fluorescein sodium (Sigma-Aldrich, St. Louis, MO, United States) for angiography. Angiogram images were captured using a GFP filter. All fundus images were captured using StreamPix software (Phoenix Research Labs, Bend, OR, United States). We observed repeated patterns of constriction in some retinal vessels, to semiquantitatively assess this phenotype, the number of affected vessels in each image was counted by an observer blinded to age and genotype.



Electroretinography

Electroretinography (ERG) measures the electrical responses of various cell types in the retina, including the photoreceptors, inner retinal cells (bipolar and amacrine cells), and the ganglion cells, which are sensitive to hypoxia and structural damage to the neural retina. To assess functional consequences of accelerated microvascular aging associated with IGF-1 deficiency, full-field ERG measurements were performed in the experimental mice as described by Chakraborty et al. (2021). Following dark adaptation, mice were anesthetized with ketamine/xylazine and eyes were dilated using 1% cyclopentolate eye drops. ERGs were recorded with the Diagnosys Espion E3 ERG system (Diagnosys LLC, Lowell, MA, United States). Scotopic ERGs were recorded with a strobe flash stimulus of 157 cd-s m–2 presented to the dark-adapted mouse followed by light-adaptation for 5 min at 29.03 cd m–2. Photopic responses were recorded from 25 averaged flashes at 77 cd-s m–2 for white light. Flicker ERGs were recorded for 30 s in response to a 10 Hz flicker stimulus.



Neurovascular Coupling

Neurovascular coupling responses were tested in a subset of 2 year-old and young control mice (∼3–6 months of age) according to our previously reported protocol (Tarantini et al., 2017a,2018; Yabluchanskiy et al., 2020). Mice were anesthetized with isoflurane (4% for induction and 1–2% for maintenance during the surgery and measurements). A femoral artery cannula was placed in each animal to monitor and maintain blood pressure in the physiological range during the procedure (between 90 and 110 mmHg). Mice were then endotracheally intubated and ventilated (MousVent G500; Kent Scientific Co., Torrington, CT, United States). Rectal temperature was maintained at 37°C using a thermostatic heating pad (Kent Scientific Co., Torrington, CT, United States). Mice were placed in a stereotaxic frame (Leica Microsystems, Buffalo Grove, IL, United States) and a thinned-skull cranial window was prepared. To prepare the thinned-skull window, the scalp and periosteum were resected and the skull was thinned with a sterile scalpel blade. Nitrocellulose lacquer was then applied to the surface of the skull to allow for appropriate optics and light spreading. A laser speckle imager (Perimed, Järfälla, Sweden) was positioned 10 cm above the window. The change in CBF in response to whisker stimulation was measured by stimulating the whiskers on one side of the mouse for 30 s intervals and measuring the change in CBF of the contralateral whisker barrel cortex. The change in CBF is expressed as the percent increase from the baseline.



Enzyme-Linked Immunosorbent Assay

Blood was collected via puncture of the submandibular vein with a sterile lancet or 25G needle. The whole blood sample was allowed to coagulate for 20 min at room temperature and was then centrifuged at 2,500 × g for 20 min at 4°C. Serum was collected and stored at –80°C until use. IGF-1 concentration in the serum samples was measured by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN, United States) as previously reported (Toth et al., 2014). An IGF-1 control sample was included on each plate. Serum IGF-1 levels were reported in ng mL–1.



Immunofluorescence

Whole eyes were collected from transcardially perfused mice and fixed in EM grade 4% paraformaldehyde (PFA) for 4 h at 4°C. Eyes were paraffin-embedded and sectioned at 6 μm thickness onto glass slides. After deparaffinization, slides underwent antigen retrieval in a solution of 10 mM citrate buffer (pH 6.0) for 20 min in a vegetable steamer and were then allowed to cool for 20 min at room temperature. Slides were then pre-treated with 1% sodium borohydride for 90 s, followed by three water washes and three 1× PBS washes. Blocking was performed in a blocking solution containing 5% BSA, 1% fish gelatin, 2% donkey serum, and 0.5% Triton in 1× PBS for 1 h at room temperature, followed by incubation in antibody overnight at 4°C in a humidity chamber (antibodies are listed in Table 1). The slides were then washed four times in 1× PBS for 10 min, incubated in secondary antibodies at a concentration of 1:500 for 1–2 h at room temperature, washed four additional times in 1× PBS, and then mounted with Prolong Diamond with 4’,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Waltham, MA, United States) and coverslipped. An Olympus BX62 microscope with a 20× air, 40× air, or 100× oil objective (Olympus Life Science, Waltham, MA, United States) was used for fluorescent imaging. To semiquantitatively assess the presence of GFAP labeling of gliosis, each image was scored by an observer blinded to age and genotype. Scores were assigned as follows: 0: no gliosis (GFAP labeling in endfeet only), 1: mild gliosis (very little sign of GFAP penetrating into other retinal layers), 2: moderate/intermittent gliosis, 3: elevated gliosis, 4: very high levels of gliosis.


TABLE 1. Antibodies.
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Histological Analysis of Bleeds

Brains and eyes were collected from transcardially perfused mice (described above) and fixed in 4% paraformaldehyde for 48 or 4 h, respectively, at 4°C. Brains and eyes were stored in PBS at 4°C until they were embedded in paraffin. Serial coronal brain sections were cut at 8 μm thickness, yielding approximately 1,000 sections per brain. Every twelfth slide from each brain was stained with 3,3-diaminobenzidine (DAB) (Vector Laboratories/Maravai LifeSciences, San Diego, CA, United States) to reveal hemorrhages, and counterstained with Gill’s No. 1 hematoxylin (Millipore Sigma, St. Louis, MO, United States) to show brain structure. DAB reacts with endogenous peroxidases in red blood cells generating a dark brown product that allows for easy and precise detection of extravasated blood in the brain parenchyma. All stained sections were imaged at 10× (for brains) or 20× (for retinas) using the VS120-L100-W Virtual Slide Microscope (Olympus Life Science, Waltham, MA, United States). Images were then analyzed by an observer blinded to genotype, group, and age. ImageJ 1.52p (NIH, Bethesda, MD, United States) software was used to quantify and measure the size of hemorrhages. Images were color deconvolved and thresholded uniformly; then, the pixel intensity integrated density was measured on the selected bleed area using a protocol and ImageJ macro described in (Nyúl-Tóth et al., 2020). Identified hemorrhages were then mapped to specific brain regions by comparing images to the Allen Mouse Brain Atlas.2 A similar workflow was followed for identifying microbleeds in eyes. Eyes were serially sectioned at 6 μm thickness, yielding approximately 200 sections per eye. Every sixth section was stained with hematoxylin and DAB. A brain section adjacent to one with a bleed was included in each batch of retinal staining to serve as a positive control for the DAB. However, no microbleeds were identified in the eye sections so bleeds could not be counted, measured, or mapped to regions of the eye.



Morphometry

Central retinal sections (through the optic nerve) were stained with hematoxylin and eosin (H&E), and then imaged at 20× on a VS120-L100-W Virtual Slide Microscope. Spidergrams were generated by measuring outer nuclear layer (ONL), outer plexiform layer (OPL), and inner nuclear layer (INL) thickness at defined distances from the optic nerve head. Values were captured from three sections per eye, by an observer blinded to age and genotype and at least three eyes per genotype/age/group were measured. Thickness measurements were made using Adobe Photoshop CS6.



Statistical Analysis

Statistical analyses were performed using Graphpad Prism version 9.2.0. Differences between groups were analyzed by two-tailed unpaired t-tests (to compare two groups), one-way ANOVA with Tukey’s post hoc comparison (to compare more than two groups), or two-way ANOVA with Tukey’s post hoc comparison (in cases where there were two different variables). Differences between survival curves were assessed by Log-rank (Mantel–Cox) test. When data were not normally distributed, the Mann–Whitney test was used.




RESULTS


Insulin-Like Growth Factor 1 Deficiency Exacerbates the Development of Hypertension-Induced Cerebral Microhemorrhages

To study the effects of IGF-1 deficiency on the development of vascular pathologies in the central nervous system, we used a mouse line in which exon 4 of the IGF-1 gene is floxed (Igf1f/f). We knocked down circulating IGF-1 levels in young adult mice (4 months of age) by injection of an AAV carrying a liver-specific promoter driving Cre recombinase expression [TBG-Cre-AAV8, here referred to as IGF-1 KD (“knockdown”)]. Control animals (also Igf1f/f) received AAV8-TBG-eGFP at 4 months of age (here referred to as control). The liver is the primary source of paracrine IGF-1 (Ungvari and Csiszar, 2012; Blum et al., 2018), and knocking down IGF-1 production in hepatocytes causes a significant decrease in serum levels of IGF-1. Using ELISAs on serum harvested at 1 year of age, we confirmed that this AAV-mediated approach results in almost complete elimination of circulating IGF-1 levels in our knockdown animals (Figure 1A). We elicited CMHs at 1 year of age by inducing hypertension using a well-established paradigm (Toth et al., 2015b; Tarantini et al., 2017c) wherein Ang II is delivered via osmotic mini-pump and L-NAME is delivered in drinking water (Figure 1B). Normotensive control mice did not receive Ang II or L-NAME. To track the onset of neurological signs of CMHs, mice underwent daily neurological scoring which involved assessment of six different criteria on an 18-point scale. As expected, hypertensive IGF-1 KD mice experienced an earlier onset of neurological signs of CMHs (defined as a drop in neurological score from 18 to 17 or below) compared to control animals (Figures 1C,D). No normotensive animals (either IGF-1 KD or control) exhibited a change in neurological score. Tissues were collected when mice exhibited a neurological score of 15 or lower (or at 28 days after insertion of the mini-pumps). Consistent with their earlier onset of neurological signs of CMHs, hypertensive IGF-1 KD mice were removed from the study and euthanized at a significantly earlier time than control mice due to severe neurological decline (Figure 1E). CMHs were identified histologically by DAB staining (reddish brown color, Figure 1G) which reacts with endogenous peroxidases in red blood cells. We calculated the mean number of bleeds per brain section and found that hypertensive IGF-1 KD exhibited significantly more bleeds per section than hypertensive control animals (Figures 1F,G).
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FIGURE 1. Insulin-like growth factor 1 (IGF-1) deficiency exacerbates the development of hypertension-induced CMH at 1 year of age. (A–G) Igf1f/f mice were treated with TBG-Cre-AAV8 (IGF-1 KD) or TBG-GFP-AAV8 (control) at 4 months of age. At 1 year of age, hypertension was induced with Ang II and L-NAME. (A) At 1 year of age, serum ELISAs showed decreased circulating IGF-1 in IGF-1 KD mice (****P < 0.0001, by two-way ANOVA with Tukey’s multiple comparisons correction). (B) Systolic blood pressures were significantly increased in mice receiving Ang II + L-NAME treatment versus untreated mice, regardless of genotype (****P < 0.0001, by two-way ANOVA with Tukey’s multiple comparisons correction). (C,D) Hypertensive IGF-1 deficient (IGF-1 KD) mice exhibit neurological signs of CMH earlier than control hypertensive animals. Survival curves plot the day on which neurological score dropped below 18, day 0 is the day the Ang II delivery started [**P ≤ 0.01, by Log-rank (Mantel–Cox) test (C) and *P < 0.05, by unpaired t-test, (D)]. (E) Hypertensive IGF-1 KD mice were removed from the study and sacrificed when neurological score dropped to 15 or lower [**P ≤ 0.01, by Log-rank (Mantel–Cox) test]. (F,G) Bleeds were visualized by staining with DAB, reddish-brown. (F) Bleeds were counted in every twelfth section throughout of serially sectioned brains. The number of bleeds per section was averaged across all counted slides for a given mouse. Plotted is mean number of bleeds per section, each symbol reflects one mouse (N = 3 mice per group). Shown are mean ± SD (*P < 0.05, by unpaired t-test). (G) shows representative example bleeds. Scale bar, 100 μm, original magnification 10×.


To further characterize CMHs, we measured the area of all identified bleeds. The cumulative size distribution of all detected bleeds is plotted in Figure 2B. IGF-1 deficient hypertensive mice had a greater number of bleeds of all sizes than hypertensive control mice but the overall size of bleeds in IGF-1 KD was significantly smaller than in controls (Figures 2A,B). Each identified bleed was mapped to its brain region using the online Allen Mouse Brain Atlas (last accessed 10/01/2021).3 Each bleed was given a broad identifying region (shown in Figure 2C) as well as a specific brain region. In the hypertensive IGF-1 knockdown animals, the largest fraction of CMHs occurred in the cortex (42%), although CMHs were detected throughout the brain (examples shown in Figures 2D–J, black arrows indicate especially small or hard to see bleeds). In control animals the largest fraction of CMHs occurred in the brainstem and white matter (33 and 25%, respectively), though very few bleeds were detected in control brains overall. Some of the CMHs that occurred can be traced back to an adjacent arteriole or capillary in the brain (Figures 2D–J, red arrowheads indicate vessels). These findings demonstrate that hypertensive IGF-1 knockdown animals have an earlier onset and increased number of CMHs in the brain compared to hypertensive control animals, confirming that IGF-1 deficiency exacerbates microvascular fragility in the mouse brain, mimicking the aging phenotype.


[image: image]

FIGURE 2. Insulin-like growth factor 1 (IGF-1) deficiency increases the number of hypertension-induced cerebral microhemorrhages (CMHs) at 1 year of age. (A) The number of detected brain bleeds (from three control and three IGF-1 KD age-matched, 1-year-old brains) is plotted (relative frequency) as a function of bleed area. IGF-1 KD hypertensive mice have a greater relative frequency of smaller bleeds versus control hypertensive mice. (B) The mean bleed size was also smaller in IGF-1 KD mice versus controls (****P < 0.0001, Mann Whitney test for non-parametric data). Plotted is the median value, bars represent min/max. (C) The pie charts show the bleed locations in hypertensive IGF-1 KD (N = 573 bleeds) and control brains (N = 12 bleeds). Notably, IGF-1 KD mice had more bleeds in the cerebellum and cortex versus controls. Panels (D–J) show representative images of microbleeds in each of the brain regions represented in the pie charts from panel (C) (arrows show microbleeds). Black arrowheads denote darker brown 3,3-diaminobenzidine (DAB) staining showing older bleeds. Red arrowheads show bleeds emanating from blood vessels. Scale bars: 100 μm, original magnification 10×. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.




Animals With Cerebral Bleeds Do Not Exhibit Signs of Retinal Bleeds

To assess whether mice in which CMHs developed in the brain also exhibited bleeds in the retina, we serially sectioned eyes collected from the same 1-year-old IGF-1 knockdown and control hypertensive and normotensive animals used for the experiments presented in Figures 1, 2. Every 6th retinal section was stained with DAB to detect extravasated red blood cells (RBCs) and counterstained with hematoxylin. Our focus in these studies was identifying bleeds originating from the retinal vasculature. While the choroidal vasculature also supplies nutrients and oxygen to the retina, choroidal vessels are anatomically different from retinal and brain vessels (for example, choriocapillaris vessels are fenestrated and do not participate in the blood–retina barrier). In addition, the pigmented nature of the mouse choroid masks any DAB staining. The DAB stained retinal sections were scored by multiple blinded observers for the presence of any sign of bleed in the retina. However, no evidence of bleeds was detected in any retinal section examined in any region of the retina from any of the groups (example images are shown in Figures 3A,B). To confirm that this was not a staining artifact, brain sections adjacent to those in which cerebral bleeds had previously been detected were included in each retinal staining experiment as positive controls (Figure 3C). To verify that the retina carries receptors for IGF-1, we performed immunofluorescence labeling for IGF-1 receptor (red, Figures 3D,E). IGF-1 receptor is localized throughout the retina, and is particularly enriched in the retinal pigment epithelium (RPE) layer, in the two synaptic layers (inner and outer plexiform layers), and in blood vessels (white arrows). The labeling pattern for IGF-1 receptor is similar in IGF-1 KD and control retinas and in hypertensive and normotensive retinas (Figure 3D). IGF-1 receptor labeling in the brain with pronounced vascular labeling (white arrows) is shown in Figure 3E. These findings suggest that the retina is not as susceptible as the brain to the development of CMHs.


[image: image]

FIGURE 3. Insulin-like growth factor 1 (IGF-1) deficient hypertensive mice do not show evidence of retinal microbleeds at 1 year of age. (A,B) Retinas from 1-year-old hypertensive IGF-1 knockdown (KD) and control animals were stained with hematoxylin and 3,3-diaminobenzidine (DAB). (C) Brain sections containing CMH were included as positive staining controls in each batch of retinal sections, 20 × (arrows denote microbleeds). (D,E) Retinal (D) and brain (E) sections were stained for IGF-1 receptor (red) and counterstained with DAPI (blue). N = 3 mice per group. Scale bars: 100 μm (A–C), 20 μm (D), 50 μm (E), original magnification 10× (A,C), 20× (B,E), 40× (D). R, retina; L, lens; Ch, choroid; RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform layer. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.




Circulating Insulin-Like Growth Factor 1 Deficiency Does Not Lead to Retinal Degeneration

As part of our general evaluation of the effects of circulating IGF-1 KD in the retina, we also undertook morphometric measurements to assess retinal degeneration (representative images shown in Figures 4A,B). One-year-old IGF-1 knockdown mice (regardless of whether they were hypertensive or normotensive) did not exhibit thinning of the ONL (photoreceptors, Figure 4C), INL (retinal interneurons, Figure 4E), or OPL (the layer where photoreceptor terminals form synapses with bipolar and horizontal cells, Figure 4D) compared to age-matched controls and young (3 month old) controls.
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FIGURE 4. Insulin-like growth factor 1 (IGF-1) deficient mice do not show signs of retinal degeneration at 1 year of age. Panels (A,B) shown are H&E stained retinal sections from 1-year-old normotensive/hypertensive IGF-1 KD, age-matched control, and young control mice. Green bracket highlights ONL, orange bracket highlights OPL, blue bracket highlights INL. (C–E) Spidergrams show the thickness of the ONL (C), outer plexiform layer (D), and inner nuclear layer (E) as measured from the optic nerve head (ONH). Plotted are means ± SD. N = 3–5 mice per group. Ch, choroid; RPE, retinal pigment epithelium; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Original magnification, 20×. Scale bar: 50 μm.


We next undertook a series of experiments designed to evaluate whether circulating IGF-1 deficiency had any general effects on the retina in aged mice (∼2 years of age). Similar to the case at 1 year of age, we observed no signs of retinal degeneration in IGF-1 KD or age-matched controls compared to young control mice (young control group replotted from Figure 4 for ease of comparison) (Figures 5A–D). Incipient photoreceptor degeneration is often preceded by mislocalization of photoreceptor outer segment proteins such as rod and cone opsins, however, we observed no signs of this in 1 or 2-year-old IGF-1 KD animals (or age-matched controls, Supplementary Figure 1). Because retinal function does not correlate directly with retinal degeneration, and it has been well established that there is significant age-related loss of retinal function without significant structural degeneration (Li et al., 2001; Gresh et al., 2003; Samuel et al., 2011; Ferdous et al., 2021), we also conducted scotopic and photopic electroretinography on 2-year-old animals to assess rod and cone function. As expected, 2-year old mice (both IGF-1 knockdown and control) exhibited significant reductions in both dark adapted (rods, Figure 5F) and light-adapted (cones, Figures 5G,H) responses compared to young (3-month-old) controls. These findings are consistent with prior studies in C57BL/6 showing significant age-related loss in rod and cone function with little or no photoreceptor degeneration (Li et al., 2001; Gresh et al., 2003; Samuel et al., 2011; Ferdous et al., 2021). IGF-1 KD mice were partially protected from age-related decreases in rod and cone function compared to control mice (Figures 5F–H), exhibiting scotopic a- and b- wave amplitudes and photopic b-wave amplitudes that were slightly higher than those in age-matched controls.


[image: image]

FIGURE 5. Insulin-like growth factor 1 (IGF-1) deficiency slows age-related declines in retinal function at 2 years of age. (A–D) Retinas from 2-year-old IGF-1 KD, age-matched control, and young control animals were H&E stained and the thickness of retinal layers was measured. Green bracket highlights ONL, orange bracket highlights OPL, blue bracket highlights INL. (B–D) Spidergrams presenting the thickness of the outer nuclear layer (B), inner nuclear layer (C), and outer plexiform layer (D) are shown. Young control group is replotted from Figure 4 as a control. There are no significant differences in thickness between the groups (N = 5–8 mice/group). (E) Change in blood flow in the somatosensory cortex in response to whisker stimulation was measured in 2-year-old mice as a measure of neurovascular coupling. (F–H) Two-year-old animals and controls underwent dark-adapted [(F) scotopic], light adapted [(G) photopic], or flicker [(H) photopic] electroretinography (ERG) to measure retinal function. N = 6–8 mice/group, each symbol represents an individual eye. Plotted are means ± SD **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA with Tukey’s post hoc comparison. Ch, choroid; RPE, retinal pigment epithelium; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar: 50 μm. Original magnification, 20×. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.


These data were in contrast to findings in the brain, wherein circulating IGF-1 deficiency led to signs of neuronal dysfunction such as gait defects and cognitive decline as a result of impaired neurovascular coupling when assessed at 1 year of age (Toth et al., 2014; Tarantini et al., 2017c). Thus, we asked whether neurovascular coupling in the brain was also impaired in IGF-1 KD animals at 2 years of age. Measurements of CBF changes in the somatosensory cortex in response to whisker stimulation were performed on aged 2-year-old IGF-1 KD animals, age-matched controls, and young (3–6 month) controls. Both groups of 2-year-old mice exhibited significantly reduced neurovascular coupling compared to young mice (Figure 5E). IGF-1 KD mice had mean values slightly less than age-matched controls, however the difference did not achieve statistical significance. These data are consistent with the view that genetic IGF-1 deficiency at younger ages promotes accelerated cerebromicrovascular aging, which mimics the effects of age-related decline in circulating IGF-1 manifested at later ages in wild type mice.

Global IGF-1 knockout retinas exhibit loss of synapses in the OPL. To evaluate whether there are retinal synaptic defects in mice with adult-onset circulating IGF-1 deficiency, we labeled retinas from IGF-1 KD and control animals for VGLUT1 (photoreceptor and bipolar cell terminals) and SV2 (all presynaptic terminals, Figure 6A, magenta). Aged (2-year-old) IGF-1 KD and WT control animals exhibited a thinner layer of photoreceptor terminals in the OPL compared to young control mice, a phenotype that was more pronounced in the peripheral retina than in the central retina (Figure 6A). The OPL contains a mix of rod spherules and cone pedicles, but the terminals we observed in the 2-year-old animals exhibited morphological signs of cone pedicles. To verify this, we co-labeled retinal sections with the cone marker cone arrestin (CARR, yellow, Figure 6B) and SV2 (magenta, Figure 6B). In young control mice, cone terminals (white terminals are co-labeled with SV2/VGLUT1, and white arrows) and rod terminals (magenta label only, arrowheads highlight examples) are present, but the majority of terminals in aged retinas are co-labeled for CARR and SV2 indicating they originate from cones. To help evaluate whether second-order neurons were present at these synapses, we co-labeled retinal sections for SV2 (magenta, Figure 6C) and the horizontal cell marker calbindin (yellow, Figure 6C). Examination of high magnification images showed that horizontal cell process were properly present in 2 year old IGF-1 KD and control mice (Figure 6C bottom, arrows). We performed similar analyses on 1-year-old IGF-1 KD and control animals (Supplementary Figure 2) but found no abnormalities. Combined, these data suggest that circulating IGF-1 deficiency does not exacerbate age-related defects in retinal structure or function.


[image: image]

FIGURE 6. Circulating insulin-like growth factor 1 (IGF-1) deficiency does not lead to gross synaptic abnormalities at 2 years of age. Retinal sections from the indicated groups were collected at 2 years of age (left and center) or at 3–6 months of age (right). Sections were labeled for VGLUT1 [yellow, (A)], cone arrestin [CARR, yellow, (B)], or calbindin [CALB, yellow, (C)] and SV2 [magenta, (A–C)]. Sections were counterstained with DAPI (blue). Panel (A) shown are representative images from both the central and peripheral retina. (B) Arrows highlight example cone pedicles co-labeled for CARR and SV2. Arrowheads highlight example rod spherules (SV2 positive, CARR negative). (C) Arrows highlight horizontal cell projections in the outer plexiform layer. Scale bars: 20 μm, original magnification 40× [(A–C)-top], and 100× [(C)-bottom]. N = 3–5 eyes per group. OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OS, outer segment layer. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.




Circulating Insulin-Like Growth Factor 1 Deficiency Leads to Signs of Vascular Abnormalities and Gliosis in the Retina

To further analyze retinal phenotypes associated with circulating IGF-1 deficiency, we performed in vivo fluorescein angiography on both IGF-1 KD and control mice (all normotensive) at 1 and 2 years of age. On fluorescein angiograms, we frequently observed patterns of repeated vascular constriction, referred to as “sausage on a string” phenotype (Jacobsen et al., 2002) in one or more retinal vessels in IGF-1 KD mice (Figures 7A,B, arrows). At 1 year of age, 5/6 IGF-1 KD, and only 2/5 age-matched controls exhibited this phenotype. This phenomenon persisted at 2 years of age: 7/12 IGF-1 KD mice had the severe constriction phenotype while only 1/5 age matched controls had the phenotype (Figure 7B). Young control animals did not exhibit this phenotype (Figure 7C).
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FIGURE 7. Insulin-like growth factor 1 (IGF-1) deficient mice exhibit vascular abnormalities in the retina. (A–C) Fluorescein angiograms were performed in 1– and 2-year-old IGF-1 KD and control animals. Arrows highlight example vessels exhibiting a pattern of vascular constriction (“sausages-on-a-string” phenotype), numbers underneath denote the number of eyes/total eyes that exhibit at least one vessel with the pattern of constriction. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.


We proceeded to evaluate other signs of stress in the retina. We used immunofluorescence to evaluate the expression of retinal glial fibrillary acidic protein (GFAP), an intermediate filament protein normally restricted to the endfeet of Müller glial cells (Figures 8A–D). Increased expression of GFAP leads to staining along the Müller cell body toward the outer layers of the retina, and is a marker of gliosis and retinal stress. At 1 year of age, we observed some minor signs of glial cell activation in IGF-1 KD retinas (Figure 8A, arrowheads). This phenomenon was more pronounced at 2 years of age, wherein significantly increased GFAP labeling was frequently observed in IGF-1 KD retinas compared to age-matched control retinas (Figure 8B). We next scored GFAP-labeled retinas on a scale of 0–4 (0 = no gliosis, 4 = severe gliosis) (Figure 8D). At 1 year of age, gliosis was minor or not detected in all groups. At 2 years of age, there is a high degree of eye-to-eye variability, but even so, IGF-1 KD eyes had a higher median gliosis score than age-matched controls, and 3/9 IGF-1 KD eyes exhibited a high degree of gliosis (score 3 or higher) compared to 0/7 control eyes. To ask whether this gliosis was accompanied by increased oxidative stress, we labeled retinas with a marker of lipid peroxidative stress, 4-hydroxynonenal (4-HNE). However, 4-HNE expression was similar in IGF-1 KD and control mice at 1 and 2 years of age (Figures 8E,G), though staining was modestly increased in aged retinas compared to young controls (Figure 8F). These findings indicate that circulating IGF-1 deficiency leads to abnormalities in the retinal vasculature and retinal gliosis.
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FIGURE 8. Insulin-like growth factor 1 (IGF-1) deficient mice exhibit signs of reactive gliosis in the retina. (A–D) Retinal sections from 1– and 2-year-old IGF-1 KD were labeled for glial fibrillary acidic protein (GFAP) expression (green) and counterstained with DAPI (blue). Arrows highlight incipient Müller cell activation. (D) Müller cell activation (upregulation of GFAP, with penetration of labeling outside endfeet) was scored by a blinded observer on a 4-point scale (4 = severe gliosis, 0 = no gliosis). N = 3–9 eyes/group. (E–G) Oxidative stress was evaluated by labeling retinal sections with 4-HNE (red), a marker of lipid oxidative stress, and counterstained with DAPI (blue). N = 3–5 eyes/group. Scale bars: 100 μm. Original magnification, 20×. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. IGF-1 KD: Igf1f/f + TBG-Cre-AAV8; control: Igf1f/f + TBG-GFP-AAV8.





DISCUSSION

Here we confirm that the effects of adult-onset circulating IGF-1 deficiency phenocopy important aspects of cerebrovascular aging (Toth et al., 2015b; Tarantini et al., 2017c) and demonstrate that increased susceptibility to CMHs in IGF-1 deficient mice is associated with imaging signs of vascular defects in the retina. There has been significant research interest in using the eye to model or predict disease in the brain, and several neurodegenerative or cerebrovascular diseases have measurable ocular manifestations (Czako et al., 2020; Istvan et al., 2021). Previous human studies also provide prima facie evidence that retinal microvascular changes (microaneurysms and retinal hemorrhage) together with other imaging and histological signs [Müller cell gliosis, retinal nerve fiber layer (RNFL) thinning] predict a higher risk of subsequent stroke in humans (Wong et al., 2001a,b; London et al., 2013; Zhao et al., 2020). Cerebral microhemorrhages are common in the aging human population and predict cognitive decline (Poels et al., 2012; Akoudad et al., 2016) as well as subsequent ischemic and hemorrhagic stroke (Poels et al., 2011). There is strong evidence that circulating IGF-1 deficiency is causally linked to the genesis of CMHs and larger intracerebral hemorrhages (Tarantini et al., 2017c). However, in spite of the shared anatomical origins and important functional and structural similarities between the retinal and cerebral microvasculature (Tata et al., 2015), we found that IGF-1 deficiency did not exacerbate hypertension-induced microbleeds in the retina.

Retinal hemorrhages can occur as part of a wide variety of retinal diseases and conditions, including diabetic retinopathy (Crabtree and Chang, 2021; Jena and Tripathy, 2021), age-related macular degeneration (Avery et al., 1996; Oh et al., 2009; Poels et al., 2012), head trauma in infants (D’Aloisio et al., 2020), and many others, but there is no systematic evidence for age-related retinal microhemorrhages paralleling those seen in the brain. It is not clear whether this is a physiological difference between the retina and the brain or a function of available tools and/or patient populations. How retinal hemorrhages are labeled in human studies may also contribute to a lack of clarity regarding the clinical presence of retinal hemorrhages in aging. A broad spectrum of retinal microvascular changes including retinal hemorrhages, microaneurysms, cotton wool spots, macular edema, other exudates and optic disc swelling are often all grouped under the category of “retinopathy” (Wong et al., 2001b), and it can be challenging to refine individual microvascular manifestations. One of the few studies to specifically evaluate retinal microhemorrhages evaluated patients with cerebral amyloid angiopathy (CAA), a form of vascular dementia in which CMHs are common, found that CAA patients exhibited increased prevalence of retinal microhemorrhages compared to controls, and that there was a correlation between the presence of retinal microbleeds and cerebral bleeds (Alber et al., 2021). Further evaluation into the presence of retinal microhemorrhages in aging, and the extent to which these correlate with age-related CMH would be of great future interest.

There is an emerging body of literature suggesting that retinal microvascular rarefaction, typically measured by a decrease in retinal fractal dimension (a representation of microvascular network complexity) is associated with aging, cerebral microbleeds, cerebral small vessel disease, and the development of cognitive impairment (Hilal et al., 2014; Ong et al., 2014; Chua et al., 2020), although not all studies have confirmed these associations (O’Neill et al., 2021). We did not perform retinal microvascular imaging here, but we did evaluate larger retinal vessels via fundus angiography. Aged IGF-1 deficient animals exhibited worsened patterns of vessel narrowing than control animals. This pattern is similar to the previously described “sausage-on-a-string” phenotype (so named because the constricted vessels resemble a chain of sausage links) and is thought to show regions of vascular instability (Jacobsen et al., 2002). Our “sausage-on-a-string” vessels also bear a resemblance to arteriovenous nicking and focal arteriolar narrowing, defects affecting larger retinal vessel in patients. There is clear evidence that cardiovascular risk factors such as hypertension are associated with changes in retinal microvessels (retinopathy) as well as these larger vessel changes [reviewed in Wong et al. (2001b)]. Combined, our findings suggest that while retinal microhemorrhages are not a part of the hypertensive response in mice with circulating IGF-1 deficiency, other vascular degenerative changes do occur in the retina, and are consistent with the presence of known cerebrovascular defects in IGF-1 knockdown models.

Insulin-like growth factor 1 in the retina in general has been widely evaluated, and as in the brain, the role of IGF-1 as either a protective pro-survival factor or a pro-inflammatory factor depends on the disease context. IGF-1 is an important pro-survival signal for photoreceptors and protects photoreceptors from apoptosis in the context of retinitis pigmentosa (RP) (Arroba et al., 2009; Arroba et al., 2018). IGF-1 is also known to be proangiogenic in eye pathologies associated with angiogenesis such as proliferative diabetic retinopathy (PDR) and wet age-related macular degeneration (AMD) (Arroba et al., 2018). In animal models, the findings have been similarly complicated. Similar to our findings from the circulating IGF-1 knockdown, global IGF-1 knockout animals exhibit signs of increased age-associated Müller cell gliosis in the retina but no overt retinal degeneration (Rodriguez-de la Rosa et al., 2012; Arroba et al., 2016). However, global IGF-1 knockout mice also exhibited significant decreases in rod and cone ERG function by 1 year of age. This is in contrast to our findings demonstrating that adult-onset circulating IGF-1 deficiency led not to declines in ERG function compared to control animals, but rather to a slight retardation of age-related loss of cone and rod function. One possible explanation for this counterintuitive effect is that cells resident to the retina may produce IGF-1 to compensate for any changes caused by circulating deficiency. IGF-1 is produced locally in the retina by multiple cell types including cones (Cao et al., 2001; Zygar et al., 2005; Lofqvist et al., 2009), and may therefore play a key role protecting the retina from circulating IGF-1 deficiency. Support for differential roles for circulating vs. locally-produced IGF-1 in the retina comes from studies utilizing transgenic mice that chronically overexpress IGF-1 in the retina (without increase in circulating IGF-1). Mice with chronic overexpression of intraocular IGF-1 exhibited significant impairments in the blood retinal barrier and loss of tight-junctional integrity, while mice with elevated circulating IGF-1 did not exhibit these phenotypes (Haurigot et al., 2009). However, these intraocular IGF-1 overexpressers also exhibited retinal degeneration, gliosis, and decreases in rod and cone function (Ruberte et al., 2004; Villacampa et al., 2013) similar to the global IGF-1 knockdowns, indicating that the role of IGF-1 in the retina is complex and levels are finely tuned. An additional layer of complexity arises from the fact that both the transgenic overexpression model and the global knockout model have modified IGF-1 levels from birth. Given the key role of IGF-1 in development, such early-onset models may not be the most relevant when studying age-related pathologies associated with IGF-1.

In conclusion, our work highlights the importance of IGF-1 in the maintenance of cerebrovascular and retinal stability and validates adult-onset circulating IGF-1 deficiency as an accelerated aging model. Critically, our findings also show that while the eye can serve as a model for the central nervous system, it does not always mimic every vascular pathology seen in the brain. The role of IGF-1 is complex in both the retina and the brain, but it clearly serves as a vasoprotective factor in both tissues, and further work to understand ways that retinal vascular changes can be used as biomarkers for cerebrovascular changes is urgently needed.
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Alzheimer's disease (AD) is a neurodegenerative disease that is difficult to be detected using convenient and reliable methods. The language change in patients with AD is an important signal of their cognitive status, which potentially helps in early diagnosis. In this study, we developed a transfer learning model based on speech and natural language processing (NLP) technology for the early diagnosis of AD. The lack of large datasets limits the use of complex neural network models without feature engineering, while transfer learning can effectively solve this problem. The transfer learning model is firstly pre-trained on large text datasets to get the pre-trained language model, and then, based on such a model, an AD classification model is performed on small training sets. Concretely, a distilled bidirectional encoder representation (distilBert) embedding, combined with a logistic regression classifier, is used to distinguish AD from normal controls. The model experiment was evaluated on Alzheimer's dementia recognition through spontaneous speech datasets in 2020, including the balanced 78 healthy controls (HC) and 78 patients with AD. The accuracy of the proposed model is 0.88, which is almost equivalent to the champion score in the challenge and a considerable improvement over the baseline of 75% established by organizers of the challenge. As a result, the transfer learning method in this study improves AD prediction, which does not only reduces the need for feature engineering but also addresses the lack of sufficiently large datasets.

Keywords: transfer learning, Alzheimer's disease, natural language processing, BERT, machine learning


INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative and progressive disease that cannot be cured effectively (1). Mild cognitive impairment (MCI) is the early stage of AD. The study by the Lancet Public Health in 2020 found that the prevalence of dementia in people over 60 years old in China accounted for 6.04% of the population (approximately 1,507 ten thousand), and the number was 15.54% (3,877 ten thousand) for MCI cases (2). An epidemiological survey also found that a person's cost with AD in China was approximately $19,144.36 in 2015, while the total cost of the world's average level was $167,740 million, which was composed of $54,530 million (32.51%) direct medical cost, $26,200 million (15.62%) direct non-medical cost, and $87,010 billion (51.87%) indirect cost (3).

In the past 20 years, scholars have reported extensive studies on the relationship between the pathogenesis of AD and language fluency (4). They generally believed that mild word naming, retelling, hearing, understanding, and writing disorders already exist in the early stages of AD. One of the early signs of AD is an obvious decline in linguistic comprehension and expression form (5), and the linguistic manifestation of patients with AD usually includes the following:

1) Patients with AD talk less than ever before and are often silent, as they frequently forget the words they have just spoken, and have difficulty continuing with the topic that has just been discussed.

2) Sometimes, they are difficult to be understood with incoherent and repeated utterances.

3) They often call something the wrong name, for example, “watch” is regarded as “the clock on the wrist.”

New studies have found that before the onset of AD, the β-amyloid has already gathered in the brain about 5 to 10 and even 20 years ago. If AD can be diagnosed at an early stage (6), a series of behavioral therapies can be prescribed to slow the progress of the disease. However, an AD diagnosis is challenging in clinical medicine because of the subtle differences between patients with AD and healthy individuals in terms of brain structure and behavior. At present, some medical diagnosis methods, such as pathological examination, MRI, PET, and reliable biomarkers (e.g., amyloid ligand imaging and cerebrospinal fluid testing), are usually used. However, these diagnosis methods cannot be widely popularized because of their high cost and invasive nature. Therefore, there is an urgent need to develop a convenient, inexpensive, and non-invasive AD diagnostic approach by AI technologies, such as speech processing and NLP. In contrast to earlier studies with manual expert-wise feature extraction in this field, this study used a reliable deep learning model to automatically find suspicious AD symptom features from speeches. Specifically, a pre-trained distilBert language model (7) was used as a feature extractor to obtain the features of the input sentence or document, and a simple logistic regression classifier, which has a good effect on binary classification, was used to classify AD from normal controls. Owing to its strong deep semantic feature extraction competency and an accurate binary classifier, this combination can effectively improve the classification effect. In addition, a grid search strategy (8) was used to tune the parameters to obtain the best parameters of the model. The results show that this method worked better on ADReSS datasets (9) in 2020, with an accuracy of 0.88, which was significantly higher than the baseline and almost equivalent to the best performance on the challenge (10).

The main contributions of this study are as follows:

1) A simple and effective model of AD diagnosis based on transcripts without complicated expertise is designed and implemented effectively.

2) A novel model architecture that combines deep learning with machine learning is proposed, and the best performance on the ADReSS dataset is obtained.

3) Our proposed approach has the advantages of reliability, low cost, and convenience and can provide a feasible solution for the screening of AD.



RELATED WORKS

Different technologies can be used to detect AD, such as molecular biomarkers combined with deep learning on gene expression datasets (11). However, we used transcripts combined with deep learning on speech datasets instead. Two approaches are mainly used in this field: machine learning with manual feature extraction based on expert knowledge and deep learning. Traditional machine learning algorithms have been widely studied with handcrafted features to predict AD. However, they have the disadvantage of lacking integrity, demanding good expertise, low accuracy, and poor portability. Moreover, these methods are generally applicable to a specific task scene. Once the scene changes, these manually designed features, and prior settings cannot be adapted to new scenes and need to be redesigned again; therefore, the portability of the model is not better overall. With the arrival of the deep learning paradigm, it has already become possible to extract high-level abstract features directly from transcripts that describe the distribution of datasets in low-dimensional manifolds internally. The advantage is that it can either extract input dataset patterns directly for both regression tasks or combine handcrafted features to the feature map of the input dataset without the certified professionals from the data source. Because language functions play an important role in the detection of cognitive deficits at different stages, the combination of NLP technology and deep learning provides an accurate and convenient solution for the detection of AD and MCI (12). In this study, a distilBERT model, which is a multi-layer perceptron with a self-attention mechanism, is used to extract deep semantic features; they are then passed through a strong binary classifier to recognize AD. The number of hidden layers is larger than that of traditional machine learning algorithms, thus, the model has a stronger semantic abstraction ability and classification performance, and the scalability is superior to traditional machine learning methods. Although the deep learning method does not need to extract features manually, it does not mean that we do not need to analyze manual features anymore, and the single deep learning model for diagnosing AD may perform better. Therefore, combining it with some conspicuous markers and a stronger classifier may improve the classification results, which we will discuss in the discussion section.

Several studies have investigated language and speech features for AD diagnosis (13) and proposed many signal processing and machine learning algorithms to detect AD and MCI (14). However, in this field, there are still lacking benchmark datasets against which different methods can be systematically compared. The ADReSS Challenge (9), a subset of the DementiaBank dataset (15), uses a balanced dataset of AD and healthy controls to recognize the disease. Manual feature extraction methods have a better interpretation for classification tasks, although there are unremarkable results. As a basic study on the ADReSS dataset, Luz et al. (9) used 34 linguistic features, such as total utterances, a type-token ratio, percentages of parts of speech, duration, MLU, and a word ratio, combined with linear discriminant analysis, and obtained the best accuracy of 0.75 on the test dataset. Acoustic features, such as emobase (16), the extended Geneva minimalistic acoustic parameter set (eGeMAPS) (17), minimal features (18), Computational Paralinguistics ChallengE (ComParE), (19), and multi-resolution cochleagram (MRCG) (20), only obtained an accuracy of approximately 0.5 on the classifiers used frequently. Balagopalan et al. (21) used two approaches for the binary classification of AD and normal controls, i.e., acoustic and text-based feature extraction and the bidirectional encoder representation (BERT) model. Finally, the BERT model obtained the best accuracy of 0.8332, which was better than that of the manual feature extraction method. Syed et al. (22) and Yuan et al. (23) achieved accuracies of 85.45 and 89.6% using acoustic and linguistic features, respectively. Syed et al. (22) used acoustic features, such as bag-of-acoustic-words and INTERSPEECH 2010 Paralinguistic Challenge feature sets [a low-dimensional version of ComParE (19)], and obtained an accuracy of 76.85%. Luz et al. (24) used a combination of phonetic and linguistic features without human intervention and obtained an accuracy of 78.87%. Most of these earlier studies were based on features designed by experts and were unable to learn more informative and discriminative features, so a relatively poor performance was obtained.

The latest deep-learning methods, such as convolutional neural networks (CNN), recurrent neural networks (RNN), and BERT, can achieve good performances by automatically extracting high-level features. Mahajan et al. (25) used part-of-speech (POS) tags and word embeddings (GloVe) as inputs on a CNN-long short-term memory (LSTM) model (26) and obtained the best accuracy of 0.6875. Then, they replaced unidirectional LSTM with bidirectional LSTM layers (27) and obtained the best accuracy of 0.7292. Orimaye et al. (28) used a deep neural network to predict MCI in speech. Different from our datasets, they used part of the Pitt corpus of the DementiaBank dataset, comprising 19 controls and 19 MCI transcripts. Fritsch et al. (29) enhanced n-gram language models to create neural network models with LSTM cells, and an accuracy of 85.6% was obtained to classify HCs and AD on the Pitt dataset. Pan et al. (30) used a glove word embedding sequence as the input, combined with gated recurrent unit layers and a stacked bidirectional LSTM to diagnose AD on the Pitt dataset. These models differ from our model because we used deep learning and machine learning classifiers instead. Similar to our method, the study (31) demonstrated that the combination of BERTLarge and logistic regression had the best performance in the classification problem. Different from our study, they used the Pitt DementiaBank dataset and data augmentation technology to enhance the classification performance and obtained a state-of-the-art (SOTA) accuracy of 88.08%.

Other tasks, except for the picture description task, can also be used to recognize AD. For example, Clarke et al. (32) used five different tasks to recognize AD, namely, conversation, procedural recall, picture description, narrative recall, and novel narrative retelling and obtained the best accuracy of 90% for AD vs. HC with linguistic features, combined with the support vector machine (SVM) model. In addition, many studies have used multimodal datasets to detect AD and MCI, and more accurate and differentiated information may be obtained from different models. Looze et al. (33) combined conversational features, neuropsychological testing, and structural MRI to explore temporal features, and a linear mixed model was used to diagnose AD, which differs from our corpus. They also found that slow turn-taking and slow speech are two useful factors for the early detection of cognitive decline. Martinc et al. (34) also used a multimodal approach to detect AD on the ADReSS dataset, using an active data representation approach (13), combining linguistic, acoustic, and temporal features and obtaining an accuracy of 93.75%. Jonell et al. (35) recorded participants' language, speech, motor signs, pupil dilation, thermal emission, facial gestures, gaze, and heart rate variability of 25 patients with AD and found that multi-modality improved clinical discrimination. Recently, the transfer learning model has been widely used to diagnose AD. For example, Laguarta et al. (36) presented an approach with multiple biomarkers, including sentiment, lung and respiratory tract, and vocal cords. They used the transfer learning model to learn the features from audio datasets and obtained an accuracy of 93% on the ADReSS datasets. Zhu et al. (37) used the transfer learning on the BERT model to detect AD with speech and text, achieving an accuracy of 89.58%. They also found that the text model was more discriminative than the speech model. Overall, strong representation learning ability and discriminative classifiers, multimodal information, and transfer learning are all effective factors in the accurate diagnosis of AD and MCI.



METHODS


Transfer Learning

One of the challenges in AD prediction research is the lack of training data, which is important for a better understanding of language models with semantic and syntactic structures when they are implemented. Transferring knowledge from one model to another is called transfer learning, which is learning information from pre-trained datasets and then converting it into weights to transfer to another neural network. Therefore, we need not to train a neural network from scratch. It eliminates the need for target-specific large datasets using a model that learns a probable distribution for classification. The general flow of using a pre-trained model for classification consists of the following steps:

(1) Training a general language model on a large dataset.

(2) Fine-tuning a pre-trained language model on the target dataset.

(3) Using a target-specific pre-trained language model for classification.

In this paper, we argue that the attention mechanism allows the model to focus on some parts of the transcripts for decision-making, which is suitable for AD diagnosis because it can capture specific markers related to AD. We used a pre-trained BERT model for text embedding, which converts original sentences or transcripts to 768-dimensional vectors. In the next part, we will describe the architecture of our model.



Overall Classification Framework

The entire model architecture in this study mainly consists of two sections: the distilBert model (7) and the logistic regression classifier. The features transferred between the two models are 768-dimensional vectors, which are also embeddings for sentence classification.

Although BERT has become popular recently because of its excellent performance, the running speed with a hundred million parameters is a huge challenge for our computer system. Accordingly, we chose distilBert (7) developed by the team of Hugging Face, as an embedding feature extractor. It distills the BERT base from 12 layers to 6 layers and removes token-type embeddings and poolers. It can reach 60% of the faster speed and 40% smaller architecture but retains 97% language understanding capability of the BERT model (7). In this study, the distilBert model is used to extract deep semantic features, which are then passed to a logistic regression model to classify sentences. Specifically, the pretrained distilBert model is used as the feature extractor, the output layer of which is replaced by a logistic regression classifier for binary classification. The logical architecture of the model is shown in Figure 1. The embedding layer is a sentence or an entire transcript with a high-dimensional representation vector, and the classifier layer predicts the label of every embedded input. The main processes are as follows: Firstly, the words are divided into tokens using the distilBert tokenizer, and some special words are added to the text [i.e., (CLS) before the sentence and (SEP) at the end]. Then, the vocabulary table is searched from the pre-trained model to replace the tokens with the corresponding numbers taken into the DistilBert model and a 768-dimensional output vector is obtained. Finally, this vector is inputted into a logistic regression classifier, and the final binary classification result is obtained. The algorithm description of the entire process is presented below.


[image: Algorithm 1]
Algorithm 1. The process of our algorithm description.



[image: Figure 1]
FIGURE 1. The logical architecture of the model.


DistilBert can capture long-distance dependencies by learning the global semantic message of input text thoroughly because it has some mechanisms, such as a multi-head self-attention and location code. It has excellent competence in feature extraction and semantic abstraction. The process is repeated six times and a 768-dimensional semantic feature vector is obtained, which is then input into a logistic regression model to get the final classification result. The transcripts in this study are a section of the description on a picture, the maximum length of which is no more than 500, so the length of word embedding is set as 500, considering speed and semantic completion.



Grid Search

Grid search is a simple and widely used hyperparametric search algorithm fit for small datasets and can obtain the optimal value by searching all the points in the range. In this study, the GridSearchCV function in the scikit-learn tool, including grid search and cross-validation, is used to search for the best parameters of the logistic regression model. The grid search adjusts the parameters in sequence within a specified parameter range and then trains the model by using the adjusted parameters with the best performance in the validation set. The last score is the average of the k-fold cross-verification scores in the test set. Considering speed and accuracy, the search scope of the GridSearchCV function ranges from 0.0001 to 100, and the step is set as 20.




EXPERIMENTS


ADReSS Datasets

The study is a picture description task from the Diagnostic Aphasia Examination (38), and participants are asked to describe a picture (Figure 2) as detailed as possible. The datasets (9), including full-wave audio and corresponding transcripts with 78 AD and 78 normal controls, are divided into 108 training sets and 48 test sets by challenge, which has a balanced distribution for classes, gender, and age. An example of a transcript from the dataset is shown below.


[image: Figure 2]
FIGURE 2. A picture of a Boston Cookie-Theft description task.


A boy and a girl are in a kitchen with their mothers. The little boy is getting a cookie for the little girl, but he is on a stool and is about to fall. The mother is washing dishes. She is obviously thinking of something else because the water pours out over the sink. She finished with some dishes. It seems to be summer because there are bushes. The window is open. There seems to be some kind of breeze because the curtains on the sill there blow. It must be fairly hot. The mother is in a sleeveless dress. The children are in short sleeve tops and have sandals. The little boy has tennis shoes. The mother obviously is unaware of what the children are doing. She will be aware of this shortly. How much more do you want to do?

The age distribution of the two groups at different intervals is presented in Table 1. The average values and standard deviations of age and mini-mental state examination (MMSE) scores are shown in Table 2.


Table 1. The basic composition of the participants in every group.

[image: Table 1]


Table 2. The average and SD of age and MMSE.

[image: Table 2]



Experiment Results

The experiment in this study was performed using the Windows 10 operating system. The computer was equipped with an Intel (R) Core I i5-6500 CPU @3.20 GHz, 3.19 GHz CPU, and 44. GB RAM. Library scikit learn was used to visit logistic regression, NumPy, and Pandas' libraries, and Python 3.6.13 was used as the programming language.

The experiment used the accuracy, precision, recall, and F1-score as indices to evaluate the performance of the model. Table 3 lists the relationship between the predicted and true classes. TP is a sample predicted to be positive. TN is a negative sample that is predicted to be negative. FP is a negative sample that is predicted to be positive. FN is a positive sample that is predicted to be negative. The formula for the metric index is as follows:

[image: image]
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Table 3. Relationship between predicted class and true class.

[image: Table 3]

The parameters of the distilBert model are presented in Table 4. The champion of the ADReSS challenge obtained an accuracy of 0.896 by combining the Enhanced Language Representation with Informative Entities (ERNIE) model (39) and pause information in speech using acoustic align technology (10). We achieved 88% accuracy on the test set, which is almost equivalent to the SOTA result, and a 13% improvement over the baseline of 75%, established by the organizers of ADReSS (9). The champion used two models, acoustic and text, and combined the ERNIE model with discriminated markers to improve representation learning. We modified the model architecture of the distilBert model to achieve a strong classification performance using only text.


Table 4. Parameters of the distilBert model.

[image: Table 4]

We used the popular models of BERT and ERNIE (39) for comparison. To check the influence of different classifiers with the DistilBert model, the CNN, random forest, SVM, and AdaBoost classifiers were also used for comparison with our logistic regression (LR) classifier. Table 5 shows that the LR classifier obtains the best performance. The LR is one of the simplest classifiers with a good performance in binary classification and has become a prior selection classifier in clinical diagnosis. For example, a study (31) demonstrated the superiority of the combination of BERT and LR models in the classification problem.


Table 5. The performance of different models.
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DISCUSSION

Pre-trained models are considered important and effective nowadays because they attempt to learn the features and structure of the language from large datasets and regulate the model effectively to perform best on new datasets by only updating a few parameters. Accordingly, our model was highly trained with the best initial parameters. The best performance indicates that our model has learned useful features for classification, which not only reduces the need for expert-defined linguistic features but also makes it possible for accurate, complex, and comprehensive features to be extracted from the dataset. The advantage of sentence embedding is that it considers the entire transcript and does not have any out-of-context word embedding layer, which converts every word into a vector representation, considering its context. The ADReSS challenge also includes MMSE evaluation, a detailed interactive exam to evaluate cognitive skills, including memory, language, delayed recall, and visuospatial. However, whether our model is suitable for the evaluation of MMSE scores needs to be further verified. In addition, the transcripts were annotated in CHAT format (40), which is convenient for manual feature extraction. We performed the experiment with and without annotation and found that the performance did not differ. Using automatic speech recognition (ASR)-generated transcripts directly without the need for further annotation, our method has more advantages than the manual feature extraction method.

Many studies have demonstrated that manual features, combined with the deep learning model, can improve the performance of the model, and manual features also provide a better interpretation, which is important for clinical diagnosis. For example, Looze CD et al. (33) found that the temporal characteristics of speech may reflect underlying cognitive deficits. Nasreen et al. (32) used linguistic features, such as pauses, overlaps, and dysfluencies, to detect AD on the ADReSS dataset. They obtained 90% accuracy and demonstrated the importance of dysfluency and pauses in detecting AD. The champion of the ADReSS challenge (10) combined deep learning with pauses and obtained SOTA accuracy of 89.6%, proving that pauses are important for AD diagnosis. Sadeghian et al. (41) extracted acoustic features, including pauses more than 5 s in duration, and obtained the best accuracy of 95.8%. Features, such as pauses, are important features that deep learning cannot learn effectively (i.e., cannot give enough weight for pauses), so the combination of both can improve the performance of AD detection. In clinical medicine, patients with AD often pause and cannot continue treatment. This is not only a memory decline problem but may also be related to some language function obstacles caused by brain damage. A successful computer model can guide doctors to focus more on the early clinical symptoms of patients with AD, such as pauses and dysfluency. The largest limitation of our study is the difficulty to interpret the performance of a model with so many parameters (42). That is, our model cannot understand the reason for a wrong verdict, but we can identify the words that the network has paid more attention to in the case of a correct prediction. This function is particularly useful because such an interpretation can reveal the important linguistic attributes of patients with AD, which can help in speech therapy and communication with patients with AD.

The practice of pre-trained and fine-tuning paradigms has achieved excellent performance in many downstream tasks. In recent years, research in academia and industry has indicated that the pre-trained model is developing in a larger and deeper direction. However, there are still some problems that need to be solved in large models, such as the dataset quality, huge training energy consumption, carbon emission problems, and a lack of common sense and reasoning ability. These problems should be addressed in future studies.



FUTURE WORKS

In the future, we will focus on the following two directions for AD diagnosis.

Implicit sentiment analysis is an expression that does not contain any polarity markers but can still convey a clear human awareness sentiment polarity in the context; it exists widely in the recognition of aspect-based sentiments (43). For example, the comment “The waiter poured water on my clothes and walked away” contains no opinion words but can be interpreted as clearly negative toward “the waiter”; some sentences, such as “the service of the hotel is great,” “the food of the restaurant is delicious,” contain obvious sentimental words that neural network can give enough weights for the words of “great,” “delicious,” but the non-sentiment-related aspects of such words are often ignored by the model. The transcripts used for the AD diagnosis of spontaneous speech contain no polarity markers; however, most previous studies in this field generally pay little attention to implicit sentiment expressions. The study (44) used supervised contrastive learning to capture implicit sentiment using an advanced method. That is, the expressions with the same sentiment polarity were pulled together, and those with different sentiment orientations were pushed apart. In the future, we will focus on implicit sentiment analysis for AD diagnosis using a contrastive learning method.

One of the most popular language models is the multilingual one. With a proper multilingual model, the problem of lacking large datasets can be addressed by transferring the knowledge of AD prediction from another language in which a large dataset is available, which is similar to the approaches proposed by Fraser et al. (45). Only in this manner can the need for a target task be addressed for expert-defined linguistic features. In the future, we will commit to improving multilingual AD recognition using cross-lingual transfer learning, including the multilingual BERT and transformer models.
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Cerebrovascular function and cognition decline with age and are further exacerbated by obesity and physical inactivity. This decline may be offset by aerobic exercise training (AT). We investigated the effects of 16 weeks AT on cerebrovascular and cognitive function in sedentary, obese, older adults. Twenty-eight participants were randomly allocated to AT or a control group. Before and after the intervention, transcranial Doppler ultrasonography was used to measure the cerebrovascular responsiveness (CVR) to physiological (hypercapnia, 5% carbon dioxide) and cognitive stimuli. AT increased the CVR to hypercapnia (98.5 ± 38.4% vs. 58.0 ± 42.0%, P = 0.021), CVR to cognitive stimuli (25.9 ± 6.1% vs. 16.4 ± 5.4%, P < 0.001) and total composite cognitive score (111 ± 14 vs. 104 ± 14, P = 0.004) compared with the control group. A very strong relationship was observed between the number of exercise sessions completed and CVR to cognitive stimuli (r = 0.878, P < 0.001), but not for CVR to hypercapnia (r = 0.246, P = 0.397) or total composite cognitive score (r = 0.213, P = 0.465). Cerebrovascular function and cognition improved following 16 weeks of AT and a dose-response relationship exists between the amount of exercise sessions performed and CVR to cognitive stimuli.

Keywords: aerobic exercise training, cerebrovascular function, cognition, aging, obesity


INTRODUCTION

Aging is associated with the development of cognitive decline which may be preceded by reduced cerebrovascular function and unfavorable neuroanatomical changes (Bangen et al., 2014; Toth et al., 2017). There is also increased chronic low-grade systemic inflammation and reactive oxygen species production with aging, which promotes endothelial dysfunction and reduced cerebrovascular function and cognition (Pikula et al., 2009; Toth et al., 2017; Chang et al., 2018; Rossman et al., 2018; Bliss et al., 2021). Both cerebrovascular function and cognition are exacerbated in sedentary and obese individuals because physical inactivity and obesity promote oxidative stress, which increases the chronic low-grade inflammation, resulting in uncoupling of endothelial nitric oxide synthase which further promotes oxidative stress and inflammation leading to endothelial dysfunction (Pikula et al., 2009; Toth et al., 2017; Chang et al., 2018; Rossman et al., 2018; Bliss et al., 2021). Hence, sedentary behavior and obesity further impair cerebrovascular function, due to a reduction in capillary density and increased arterial stiffness (i.e., reduced blood flow and vasoreactivity due to decreased endothelial function) (Woods et al., 2011; Toda, 2012; Bangen et al., 2014; Toth et al., 2017). These changes diminish the metabolic capacity of the brain, as the brain is no longer supplied as efficiently as it once was with essential nutrients and oxygen and its metabolic waste is no longer removed as efficiently as in earlier adulthood. If cerebrovascular function is further reduced, the development of cerebral pathologies, cerebral dysfunction and, eventually, a neurodegenerative disease, such as dementia, can ensue as severely reduced cerebrovascular function is associated neurodegenerative changes, including tauopathies and β-amyloid deposition (Kearney-Schwartz et al., 2009; Smith and Greenberg, 2009; Bliss et al., 2021).

The population of older adults who are sedentary and obese is growing and this can lead to the development of comorbidities, including dementia (Beydoun et al., 2008; Taylor, 2014; Brown et al., 2017). The prevalence of dementia is expected to treble over the next 30 years to 150 million people globally (AIHW, 2012; Nichols et al., 2019). Thus, it is important to find and implement cost-effective and evidence-based strategies that promote improvements in cerebrovascular function and cognition which can slow or prevent the normal age-related decline and dementia. One such intervention is aerobic exercise training (AT), which has been shown to maintain cerebral perfusion and cognitive capacity in healthy aging and potentially reduce the risk of individuals developing dementia (Rogers et al., 1990; Ainslie et al., 2008; Bailey et al., 2013).

Previous research has demonstrated that moderate intensity AT interventions between 12 and 24 weeks improve cognition in middle-aged to older adults who were sedentary (Lautenschlager et al., 2008; Erickson et al., 2011; Anderson-Hanley et al., 2012; Chapman et al., 2013; Guadagni et al., 2020), suffer from mild cognitive impairment (Baker et al., 2010), or had a diagnosis of a dementia (Hoffmann et al., 2016; Sobol et al., 2016). This in contrast to the findings of a recent systematic review, which indicated that AT may not improve cognition in older adults who were both health and cognitively healthy (Young et al., 2015). Thus suggesting more research is needed in the area and that healthy older adults may be less sensitive to exercise than those who are not. Improvements in cerebral perfusion have also been reported in sedentary older adults who participated in 12 weeks of moderate intensity AT (Chapman et al., 2013; Maass et al., 2014) and in older adults with coronary artery disease following 24 weeks of AT (Anazodo et al., 2016). Cerebral pulsatility index (CPI), which determines arterial resistance and compliance of a vessel’s ability to stretch and recoil following left ventricular ejection, provides an estimation of arterial stiffness. CPI increases as compliance decreases and resistance increases, thus reflecting structural changes in the arterial walls (i.e., less elasticity) and reduced ability to adequately perfuse the area in which the vessel is supplying (Afkhami et al., 2021). CPI has been reported to decrease in patients with amnestic mild cognitive impairment who participated in 12 months AT (Tomoto et al., 2021) and following 6 months of moderate intensity AT, the cerebrovascular responsiveness (CVR) to hypercapnia increased in older, sedentary adults (Vicente-Campos et al., 2012; Kleinloog et al., 2019; Guadagni et al., 2020) and stroke patients (Ivey et al., 2011).

There are several important limitations to these studies. Firstly, the effects of AT on both cerebrovascular function and cognition are not as well defined particularly in older obese and sedentary adults who are at greater risk of developing impaired cognitive function (Beydoun et al., 2008; Pikula et al., 2009; Woods et al., 2011; Toda, 2012; Bangen et al., 2014; Toth et al., 2017; Chang et al., 2018; Rossman et al., 2018; Bliss et al., 2021). Secondly, studies have not typically measured cerebrovascular and cognitive function together. Since these functions are interrelated and contribute to overall brain health, both should be measured together to determine the effect these combined parameters exert (Bliss et al., 2021). Thirdly, no study has performed measurements of CVR to cognitive stimuli (i.e., neurovascular coupling, NVC). This is of importance because CVR to both physiological and cognitive stimuli are imperative to maintaining cerebral function because both reflect the ability of the microvasculature to maintain cerebral autoregulation and NVC (Duchemin et al., 2012; Toth et al., 2017; Miller et al., 2018). The measurement of both parameters in conjunction with cognition is essential to holistically determine the effects of AT on overall brain health. Finally, few of the studies cited have deviated from the recommended physical activity guideline of 150–300 min of moderate intensity exercise. Many older adults are not meeting these guidelines and are not participating in exercise (AIHW, 2018a; Piercy et al., 2018; Guadagni et al., 2020). The evaluation of the dose response relationship between AT and cerebrovascular and cognition function is important, as we currently do not know how much AT is required to elicit improvements in cerebrovascular and cognitive function in older adults. It may be that some exercise is better than none at delaying or preventing further cerebrovascular and cognitive decline. This may also encourage sedentary adults to exercise with a future goal of reaching the recommended physical activity guidelines.

Accordingly, the aim of the study was to evaluate the effects of 16 weeks AT performed for 2–4 days per week on cerebrovascular and cognitive function in sedentary, obese, older adults. We hypothesized that compared with control participants: (1) AT would improve both cognition and cerebrovascular function determined by the CVR to physiological and cognitive stimuli; (2) the greater the dose of AT, the greater the improvements in cerebrovascular and cognitive function.



MATERIALS AND METHODS


Participants

Participants were recruited from the Ipswich Region, Australia between April 2019 and March 2021 via an approved media campaign that incorporated physical advertisement via media releases (flyers and newspaper articles), social media and a radio interview. Inclusion criteria were: age between 50 and 80 years; were physically inactive based on classed as physically inactive based on the physical activity guidelines of 150 min of moderate-vigorous intensity aerobic exercise per week (AIHW, 2018b); and had a body mass index (BMI) of > 25 kg/m2. The exclusion criteria were: aged under 50 years or over 80 years; participation in regular physical activity and meeting the physical activity guidelines of 150 min of moderate-vigorous intensity aerobic exercise per week (AIHW, 2018b); body mass index (BMI) of < 25 kg/m2; current smoker; blood pressure ≥ 160/100 mmHg; prescribed insulin, hormone-replacement therapy, or oral anticoagulants; had significant history of cardiovascular, cerebrovascular, kidney, liver disease or cancer; and had a diagnosis of cognitive impairment and/or a neurodegenerative disease. Participants were only included in the study if they were on a stable medication treatment plan that did not contradict the exclusion criteria. The Yale Physical Activity Survey (Dipietro et al., 1993), the Exercise and Sports Science Australia Adult Pre-exercise Screening System (Norton and Norton, 2011), and a customized health and wellbeing screen were used to determine whether participants met the inclusion and/or exclusion criteria, as well as their physical activity status and exercise behaviors. All study procedures were approved by the University of Southern Queensland Research Ethics Committee (H19REA007), which adheres to the Declaration of Helsinki. The study was registered with the Australian and New Zealand Clinical Trial Registry (ACTRN12619000988156). Participants provided written, informed consent.



Experimental Design

The study adopted a randomized control design. The intervention lasted 16 weeks. Before and approximately 1 week following the completion of the intervention, participants visited the laboratory on two occasions, at a similar time of day, separated by a minimum of 24 h and a maximum of 7 days. Participants fasted and abstained from coffee, tea and other stimulants for 2 h before visit 1 and 8–12 h before visit 2. They were also requested to refrain from moderate-vigorous intensity exercise for 24 h before each visit and to take their daily supplements and medication after each visit was completed. During visit 1, participants undertook anthropometric, cardiovascular, exercise performance, strength, cerebrovascular and cognitive measurements. During visit 2, participants undertook body composition measurements, blood collection and the Profile of Moods State questionnaire. The Profile of Mood States questionnaire calculated mood disturbance by adding the scores of the negative mood state scales (i.e., anger-hostility, confusion-bewilderment, depression-dejection, fatigue inertia, tension-anxiety) and subtracting the positive mood state scale (i.e., vigor-activity) (Heuchert and McNair, 2012). Lower values in the negative mood states and total mood disturbance indicated better mood, while higher values in the positive mood state portion of the questionnaire are associated with positive mood. Between visits 1 and 2, participants were asked to complete a nutritional questionnaire (Automated Self-Administered 24 h Dietary Assessment Tool; National Institute of Health, Bethesda, MA, United States) to estimate energy intake over a typical 24 h period (Pannucci et al., 2018).



Exercise Intervention

Participants were then randomly allocated to one of two arms of the study using Altman’s minimization method (prioritizing BMI and sex) to ensure that the groups were balanced (Altman and Bland, 2005). The two arms of the study included a control group, which did not participate in any exercise training, and an exercise group. Participants allocated to the exercise group were asked to participate in AT for between 2–4 days per week (i.e., they could participate in either two, three, or four sessions per week). These sessions were conducted as group classes supervised by a clinical exercise physiologist. Table 1 provides an overview of the exercise session content. All sessions lasted for approximately 40–45 min and incorporated both a 5 min warm-up and cool-down. The body of the sessions was performed at a rating of perceived exertion for leg discomfort of 5–8 on the Borg (CR-10) scale, which indicated that the exercise was being performed at a moderate (5–6) or high intensity (7–8) (Borg, 1998). Additionally, the participants were asked to perform these exercise sessions at a higher intensity at approximately every 4 weeks if possible (Table 1). The circuit comprised functional exercises including wall press-ups, marching, step-ups, sit-to-stands, squats and basic resistance exercises. Compliance was measured by a roll call at the start of every exercise session to determine participation. Participants were contacted by either by phone, email, or in person each week for the first 2 weeks of the study, then fortnightly until 8 weeks at which time they were contacted every 4 weeks to ensure protocol familiarity, personal reassurance and motivation and as a check of their general wellbeing. This practice can assist in ensuring participant compliance (Lautenschlager et al., 2008). An attendance rate of 40% of all of the available exercise sessions at the end of the 16 weeks was considered compliant (Rejeski et al., 1997; Claxton et al., 2001; Lautenschlager et al., 2008).


TABLE 1. Composition of the exercise sessions, including session content, intensity and rating of perceived exertion.
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Basal Cerebral Hemodynamics

Transcranial Doppler ultrasonography (TCD; DopplerBox X; Compumedics DWL, Singen, Germany) was used to measure basal cerebrovascular hemodynamics, including minimum, maximum and mean values for both CBFV and cerebral pulsatility, as well as CVR in response to hypercapnia and cognitive stimuli following at least 10 min of quiet rest in a seated position (Edmonds et al., 2011; Barbour et al., 2017; Evans et al., 2017). Participants were seated and fitted with a headpiece which housed two 2-MHz TCD ultrasound probes that were fixed and aligned bilaterally to the left and right cranial temporal bone windows to insonate the middle cerebral arteries (MCA) at a depth of approximately 40–65 mm through the transtemporal window using standardized techniques as previously described (Edmonds et al., 2011; Willie et al., 2011). Once a suitable blood flow signal was obtained, participants were asked to sit quietly while basal measurements were recorded for 30 s. If the MCA could not be insonated, the participant was excluded from the study.



Cerebrovascular Responsiveness to Hypercapnia

Participants were subsequently challenged with a hypercapnic stimulus for 3 min and monitored for another 1 min following removal. This process was performed in duplicate following a 5 min rest period (whilst participants breathed in room air) to ensure mean velocity returned to baseline values (Barbour et al., 2017; Evans et al., 2017). Participants breathed through a two-way non-rebreathing valve (model 2730, Hans Rudolph, Kansas City, MO, United States) whilst wearing a nose-clip. The inspiratory port of the two-way valve was connected to 1 m of wide bore tubing distal to a 100 L Douglas bag which contained carbogen gas (5% carbon dioxide and 95% oxygen; Carbogen 5; BOC, Toowoomba, Australia). Flow was measured from the expiratory port of the two-way valve using a pneumotachograph (MLT 300L; AD Instruments, Bella Vista, Australia) which was calibrated with a 3 L syringe prior to the commencement of each test. Volume was obtained by numerical integration of the flow signal. End-tidal partial pressures of carbon dioxide (PETCO2) were sampled from the expiratory port of the two-way valve connected to a gas analyzer (ADI ML206; AD Instruments, Bella Vista, Australia) that was calibrated across the physiological range with known gas concentrations (BOC, Toowoomba, Australia). Flow and PETCO2 measurements were sampled at 200 Hz using a 4-channel Powerlab analog-to-digital converter (AD Instruments, Bella Vista, Australia) interfaced with a computer and displayed in real time during testing. Data were stored for subsequent offline analysis using LabChart software (version 7.2, AD Instruments, Bella Vista, Australia).



Cognitive Function and Cerebrovascular Responsiveness to Cognitive Stimuli

Cognitive tests included the Trail Making Task Parts A and B which assessed central executive function, Spatial Span Test (visuospatial short-term working memory) and a National Institute of Health (NIH) Toolbox, which is a battery of cognitive examinations (Strauss et al., 2006; Evans et al., 2017). The NIH Toolbox is comprised of the Dimensional Change Card Sort Test (cognitive flexibility and attention), Picture Vocabulary Test (language and crystallized cognition), List Sorting Working Memory Test (working memory), Oral Reading Recognition Test (language and crystallized cognition), Flanker Inhibitory Control and Attention Test (attention and inhibitory control), Picture Sequence Memory Test (episodic memory), Pattern Comparison Processing Speed Test (processing speed) (Slotkin et al., 2012; Heaton et al., 2014). An age adjusted total composite cognitive function score was also derived from the above (Heaton et al., 2014). All NIH Toolbox test scores were automatically computed within the program to control for examiner bias. The outputs for all tests were normalized based on the demographics entered into the program (age, education level, familial education history, sex, ethnicity, and occupation). A full description of how these tests are administered, how these scores are calculated and the validation of these tests and scores have been previously described in detail (Slotkin et al., 2012; Heaton et al., 2014; Weintraub et al., 2014). All tests excluding the Trail Making Task were delivered using an iPad (6th generation, Apple Inc., Cupertino, CA, United States). The CVR to cognitive stimuli was assessed during each cognitive task and 30 s of baseline data was recorded before the start of each cognitive task.



Data Capture and Processing for Cerebrovascular Responsiveness

Beat-to-beat measurements of CBFV were recorded from the MCA onto software (QL Reader; Compumedics DWL, Singen, Germany) sampling at 100 Hz and were stored for subsequent offline analysis. If a bilateral signal was not obtained, then analysis took place with only the side that was able to be obtained. These data were then normalized and analyzed using Curve Expert Professional software (Hyams Development, Chattanooga, TE, United States) to determine peak CBFV, resting CBFV and resting cerebral pulsatility index (CPI). CVR and CPI were calculated based on Equations (1) and (2) from previous work (Bakker et al., 2004; Wong R. H. X. et al., 2016; Harris et al., 2018).
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Anthropometrics and Body Composition

Participants were instructed to wear light clothing prior to testing and subsequently asked to remove their shoes for measurements. Body mass was measured to the nearest 100 g using an electronic scale (Tanita Ultimate Scale, 2000; Tokyo, Japan) and waist and hip circumferences was recorded to the nearest 1 cm using a standard tape measure as previously described (Welborn et al., 2003). Height was recorded to the nearest 1 cm using a wall-mounted telescopic stadiometer (Seca220; Vogel and Halke, Hamburg, Germany). Height, body mass and waist and hip circumference measurements were measured in duplicate and the mean of the two measurements were analyzed. BMI and a waist to hip ratio were calculated as previously described (Keys et al., 1972; Welborn et al., 2003). Dual-energy X-ray absorptiometry was used to obtain the following measures of whole body composition: lean mass, body fat percentage, bone mineral content and density (Luna Corp. Prodigy Advance Model GE; Madison, WI, United States).



Cardiovascular Function

Systolic and diastolic blood pressure, mean arterial pressure, heart rate and arterial elasticity were measured non-invasively using a HDI/Pulsewave™ CR-2000 Research Cardiovascular Profiling System (Hypertension Diagnostics, Eagan, MN, United States) (Prisant et al., 2002). Participants rested in a seated position for 10 min prior to measurements. Four consecutive readings were recorded approximately 5 min apart by an automated oscillometer, using an appropriately size blood pressure cuff over the left brachial artery, to assess blood pressure and a tonometer, placed over the right radial artery, to assess heart rate and estimate arterial elasticity, cardiac output and cardiac index by pulse wave analysis (Prisant et al., 2002; Barbour et al., 2017). The first reading was discarded and the mean of the three subsequent readings was used for analysis.



Biochemical Analyses

Approximately 20 ml of venous blood was sampled using a suitable method (i.e., either evacuated tube system or winged-infusion set for difficult collections) from the veins of the antecubital fossa into a thrombin-based clot activator serum separator tubes (BD, Macquarie Park, NSW, Australia). Following collection, blood was left to stand for 30 min at 18–25°C prior to centrifugation at 1,300 g and 18°C for 10 min, as outlined by the tube manufacturer and the testing laboratory (BD, 2019; QML, 2019). Following centrifugation, blood was separated as serum and analyzed for the general chemistry profile and high-sensitivity C-reactive protein (hs-CRP) on a Siemens ADVIA® Labcell® (Siemens Healthcare, Bayswater, VIC, Australia), which utilizes spectrophotometric (enzymes, metabolites, proteins, lipids), turbidimetric (hs-CRP) and potentiometric (electrolytes) techniques (Healthineers, 2019).



Exercise Performance and Handgrip Strength

Exercise performance was assessed using a 6 min walk test (6MWT) according to published guidelines (ATS, 2002). Handgrip strength was determined using hand dynamometry as previously described (Hillman et al., 2005). Participants were permitted three attempts with both their dominant and non-dominant hands. The first reading for each hand was discarded and was used as a familiarization and the second and third readings for each hand were averaged for each hand and were used for analysis. Both the 6MWT and handgrip strength were used to provide an estimate of endurance exercise capacity and whole-body strength (ATS, 2002; Hillman et al., 2005).



Statistical Analysis

Statistical analyses were performed using SPSS for Windows (IBM, Chicago, United States). An initial power calculation was performed on the basis of previous research that has investigated the differences in CVR between participants who had undergone an intervention study (Wong R. et al., 2016; Wong R. H. X. et al., 2016; Barbour et al., 2017; Evans et al., 2017). It indicated that 32 participants would give 80% power to detect a significant (p < 0.05) 5% increase in the CVR to hypercapnia following exercise training. This was based on a 10% standard deviation observed in previous studies and a medium sized effect (Wong R. et al., 2016; Wong R. H. X. et al., 2016; Barbour et al., 2017; Evans et al., 2017). Recruitment was limited to 28 participants due to the impacts of COVID-19 and the restrictions placed on gathering, research and travel by the Queensland Government. Normality of data was assessed using a Shapiro-Wilk test. Comparisons between groups for anthropometric, body composition, cardiovascular, cognitive, exercise performance, strength and biochemical measures were determined using an independent t-test or a Mann-Whitney U-test for parametric and non-parametric data, respectively. A two-way analysis of variance (ANOVA) was used to determine the effects of “treatment” (exercise vs. control) and “intervention” (week 0 vs. week 16). A three-way ANOVA was used to determine the effects of “treatment,” “intervention” and “time” (baseline vs. peak) for the CVR to hypercapnia and cognitive stimuli measures. Significant interaction effects were followed by planned pairwise comparisons between groups using the Bonferroni method. Pearson product-moment correlation coefficients were calculated to assess the relationship between the number of exercise sessions completed and the relative percentage change from week 0 to week 16 for the CVR to hypercapnia, total composite CVR to cognitive stimuli and total composite cognitive score in the exercise group (Schober et al., 2018). The relative percentage change for each of these variables were determined by the following formula:
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Statistical significance was set at P < 0.05. Effect sizes were determined using Cohen’s d using the following thresholds: ≤ 0.19 = trivial, ≥ 0.2 ≤ 0.49 = small, ≥ 0.5 ≤ 0.79 = medium, and ≥ 0.8 = large (Cohen, 1988). Results are presented as means ± SD.




RESULTS


Participant Characteristics

Figure 1 shows the CONSORT participant flow diagram. Twenty-seven participants were included in the final data and statistical analysis. Thirteen participants were in the control arm of the study. Fourteen participants completed the exercise intervention and compliance was good with 40 ± 3 (63 ± 5%) exercise sessions completed.
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FIGURE 1. CONSORT participant flow diagram.


Baseline characteristics are shown in Table 2. No differences were observed between the groups except for the number of flights of stairs climbed daily which was higher in the control compared to the exercise group with a medium effect size (d = 0.68). Baseline general biochemistry profiles and hs-CRP are shown in Table 3. There were no differences between the groups. The participants were obese, had low-grade inflammation and met the International Diabetes Federation criteria of the metabolic syndrome (Alberti et al., 2005).


TABLE 2. Baseline demographics, anthropometrics, nutritional intake and physical activity levels for the control and exercise groups.
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TABLE 3. Baseline biochemical analyses for the control and exercise groups.
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Body Composition, Grip Strength, Exercise Performance, Cardiovascular Function

Body composition, grip strength, exercise performance and cardiovascular function measurements are shown in Table 4. The 6MWT distance at week 0 was higher in the exercise compared to the control group with a medium effect size (main effect of treatment, d = 0.74). Total lean mass (d = 0.18), 6MWT distance, and large arterial compliance (d = 0.08) increased in both groups (main effect of intervention), while total body fat percentage (d = 0.69), systolic blood pressure (d = 0.19), mean arterial pressure (d = 0.04) and total vascular impedance (d = 0.01) decreased in both groups (main effect of intervention). There were no significant treatment x intervention interaction effects in any of the parameters, although the 6MWT distance (d = 1.33) and total bone mineral content (d = 0.31) were approaching significance.


TABLE 4. Body composition, grip strength, exercise performance and cardiovascular function at week 0 and week 16 for the control and exercise groups.
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Cerebrovascular Responsiveness to Hypercapnia

The CVR to hypercapnia and the cerebrovascular and respiratory parameters are shown in Figure 2 and Table 5. All variables measured increased during hypercapnia (main effect of time; P < 0.001), except for CPI which decreased (main effect of time; P < 0.001) and breathing frequency, which did not change. The CVR to hypercapnia increased to a greater extent in the exercise than the control group (+ 40%; treatment x intervention interaction; P = 0.021, d > 0.82). Although Week 0 CBFV was lower in the exercise group than the control group, the increase in CBFV during hypercapnia (treatment × intervention × time interaction) was greater following the intervention (+ 36%) in the exercise group (d = 0.81). CPI decreased (main effect of intervention, P = 0.001, d = 0.24) in both the exercise and control groups following the intervention but there were no interaction effects. Maximum tidal volume and minute ventilation (treatment x intervention interaction) increased to a greater extent in the exercise compared to the control group following the intervention (d > 0.82 and d = 0.28).
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FIGURE 2. Cerebrovascular responsiveness (CVR) to hypercapnia (A), CVR to total composite of cognitive stimuli (B) and total composite cognitive score (C) at weeks 0 and 16 for the control and exercise groups. Significant difference between groups * (P < 0.05), ** (P < 0.005), *** (P < 0.001).



TABLE 5. Cerebrovascular and respiratory parameters at baseline and peak hypercapnia at week 0 and week 16 for the control and exercise groups.
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Cognitive Function and Cerebrovascular Responsiveness to Cognitive Stimuli

Cognitive function and the CVR to cognitive stimuli are shown in Figure 2 and Table 6. There were no differences between the groups in any of the cognitive parameters at week 0. Following the intervention, the exercise group had higher overall cognitive function than the untrained group, which was demonstrated by a higher total cognitive composite score with a small effect size (3 vs. 10% improvement; treatment × intervention interaction; P = 0.004, d = 0.49). The exercise group also had increased working memory capacity compared to the control group with a large effect size following the intervention, demonstrated by the List Sorting Working Memory Test (d > 0.82).


TABLE 6. Cognitive function and cerebrovascular responsiveness to cognitive stimuli at week 0 and week16 for the control and exercise groups.
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At week 0, there were no differences between the groups in any CVR measures except for the CVR to Part B of the Trail Making Task which was higher in the control than the exercise group with a small effect size (main effect of treatment, d = 0.23). Following the intervention, the exercise group had a higher total composite CVR to all cognitive stimuli (10% higher; treatment x intervention interaction; P < 0.001, d > 0.82) than the control group with a large effect size, as well as a higher CVR to all of the individual cognitive stimuli with a large effect size (d > 0.82), excluding the Picture Vocabulary Test and the Flanker Inhibitory Control and Attention Test (treatment × intervention interaction).



Correlations Between Exercise Sessions Completed and Cerebrovascular Function and Cognition

Figure 3 shows the correlations between the number of exercise sessions completed and the percentage increase from week 0 to week 16 for the CVR to hypercapnia, total composite CVR to cognitive stimuli and total composite cognitive score in the exercise group. There were no significant differences in the frequency of sessions in which participants chose to participate in on a weekly basis over the 16-week period (2.5 ± 0.3 sessions). There was a very strong positive correlation between the number of exercise sessions completed and the total composite CVR to cognitive stimuli. There were no significant correlations between the number of exercise sessions completed and either the CVR to hypercapnia or the total composite cognitive score.
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FIGURE 3. Correlations between the number of exercise sessions completed and the relative percentage change (% increase) in the cerebrovascular responsiveness (CVR) to hypercapnia (A), total composite CVR to cognitive stimuli (B) and total composite cognitive score (C) from weeks 0 to 16 in the exercise group.





DISCUSSION


Main Findings

The aim of the study was to evaluate the effects of 16 weeks AT on cerebrovascular and cognitive function in sedentary, obese, older adults. We hypothesized that compared with control participants: (1) AT would improve both cognition and cerebrovascular function determined by the CVR to physiological and cognitive stimuli; and (2) the greater the dose of AT, the greater the improvements in cerebrovascular and cognitive function. The main findings were that AT increased the CVR to hypercapnia, CVR to cognitive stimuli and total composite cognitive score compared with the control group. A very strong relationship was observed between the number of exercise sessions completed and CVR to cognitive stimuli, but not for CVR to hypercapnia or total composite cognitive score. These results demonstrate that in sedentary, obese, older adults 16 weeks of AT can improve both improve both cognition and cerebrovascular function and there is a dose response relationship between the number of exercise sessions completed and CVR to cognitive stimuli.



Cerebrovascular Responsiveness to Hypercapnia

We observed an increase in the CVR to hypercapnia following AT in the exercise compared with the control group. This finding is similar to others who have also reported an increased CVR to hypercapnia in older, sedentary adults (Vicente-Campos et al., 2012; Guadagni et al., 2020) and stroke patients (Ivey et al., 2011) following 6 months of moderate intensity AT. We also observed that the increase in CBFV during hypercapnia was greater following the intervention in the exercise compared to the control group. Increased cerebral perfusion, whether measured directly or indirectly, following at least 12 weeks of AT is consistent with other studies that reported increases in either CBF or CBFV in older adults who were previously sedentary (Vicente-Campos et al., 2012; Chapman et al., 2013; Maass et al., 2014) and those with coronary artery disease who undertook 6 months of AT (Anazodo et al., 2016). We found that CPI decreased in both the exercise and control groups following the intervention, but there were no differences between the groups. A previous study reported no change in basal CPI in middle-aged to older sedentary adults who undertook a 12 week moderate intensity AT (Akazawa et al., 2018). However, it was reported that these adults did have a decreased CPI following 30 min of acute exercise. The limitation of this study was that it was not a randomized control trial and only compared CPI changes between weeks 0 and 12. The decreased CPI reported following an acute bout of exercise may largely reflect post-exercise recovery, making it difficult to ascertain if an AT intervention can cause a sustained improvement of CPI in older adults (Akazawa et al., 2018). The participants in that study differed from ours in that they were not obese and did not have cardiometabolic disease, thus suggesting that changes in CPI in those who are sedentary, obese and older may take longer than 12–16 weeks to elicit following an AT intervention. Further studies in this area are warranted to determine if AT can reduce arterial stiffness. In any case, our results collectively indicate that 16 weeks of AT can improve cerebrovascular function. The mechanisms for this improvement may be due to an increased ability of the microvasculature to respond to local chemical changes, modify regional blood flow in response to these changes and maintain cerebral autoregulation via improved endothelial function and its ability to synthesize nitric oxide (NO) in response to shear stress (Serrador et al., 2000; Willie et al., 2011; Duchemin et al., 2012; Toth et al., 2017). This may translate to improvements in the cerebrovasculature enabling it to respond to increased neuronal metabolism during times of increased cognitive demand.



Cognitive Function and Cerebrovascular Responsiveness to Cognitive Stimuli

We observed that AT increased the total cognitive composite score and working memory capacity compared with the control group. We used the total composite score because this is a collective measurement that is more aligned with the demands of daily living. It is also an appropriate measure to use because TCD does not focus on a specific brain region mediating a particular cognitive function. Rarely is only a single individual cognitive domain or subtype used in isolation and the domains are interdependent (Harvey, 2019). However, we also observed an increase in individual cognitive domains, including working memory. This is consistent with previous studies that have reported an increase in individual cognitive domains following 12–24 weeks of AT in older adults who were sedentary (Lautenschlager et al., 2008; Erickson et al., 2011; Anderson-Hanley et al., 2012; Chapman et al., 2013; Guadagni et al., 2020), suffered from mild cognitive impairment (Baker et al., 2010), or had a diagnosis of a dementia (Hoffmann et al., 2016; Sobol et al., 2016). How AT improves cognitive function is not clear, with potential mechanisms being summarized in detail elsewhere (see Bliss et al., 2021). Briefly, those who have reported improvements in cognition have indicated that this may be associated with improved vascular function, cerebral perfusion and/or increased systemic brain-derived neurotrophic factor, which promotes synaptogenesis, neurogenesis and angiogenesis centrally (Lautenschlager et al., 2008; Erickson et al., 2011; Anderson-Hanley et al., 2012; Chapman et al., 2013; Guadagni et al., 2020; Bliss et al., 2021). Acute exercise increases cardiac output, which induces arterial shear stress, promoting endothelial NO synthase expression, which subsequently results in increased NO production (Toda, 2012; Rossman et al., 2018). β-2 adrenoceptor activated endothelial vasodilatation, as occurs in skeletal muscle beds during aerobic exercise, may also induce increased NO production centrally. In any case, NO not only promotes vasodilatation and reduces arterial stiffness, but reduces oxidative stress and inflammation, as well as improving endothelial function and vascular health (Toda, 2012; Rossman et al., 2018). Centrally, this results in improved cerebral perfusion where it also promotes the delivery of systemic molecules, such as BDNF, to the brain, where its effects can be exerted and further promote cognition (Vaynman et al., 2004; Devika and Jaffar Ali, 2013; Sleiman et al., 2016). Therefore, our findings and those from previous studies suggest that improvements in cognition following AT may be due to improved vascular health, which promotes improved cerebral perfusion and CVR during times of increased neuronal metabolism (i.e., improved NVC) (Guadagni et al., 2020). This is supported by the increased cerebrovascular function we also observed.

We observed that following the intervention, the exercise group had a higher total composite CVR to cognitive stimuli than the control group, as well as a higher CVR to each of the individual cognitive stimuli, excluding the Picture Vocabulary Test and the Flanker Inhibitory Control and Attention Test. To our knowledge, we are the first to evaluate the effects of AT in sedentary, obese, older adults who are at risk of cognitive decline. Our findings support those of others who have measured the effects of an AT intervention on NVC and another study which measured differences in NVC between aerobic exercise trained and sedentary older adults. Ozturk et al. (2021) demonstrated that CVR to a working memory task improved following 6 months of AT in young adults with spinal-cord injuries and Fabiani et al. (2014) reported that older adults with greater aerobic fitness had higher NVC capacity. Both studies suggest that improvements in NVC are due to improvements in cardiovascular function, specifically endothelial function. Ozturk et al. (2021) suggested that those suffering from spinal cord injuries have reduced cognitive and endothelial function, which is partly demonstrated by increased arterial stiffness. In other words, a reduction in endothelial function may result from increased arterial stiffness, which reduces the capacity of the cerebrovasculature to supply oxygen and nutrient rich blood to the brain, thus resulting in reduced cognitive function. The authors also suggested that AT reduced arterial stiffness and improved endothelial function in this cohort, thus improving cognition. The characteristics of our participants with metabolic syndrome and those with spinal cord injury are very different. However, one central theme shared among those with spinal cord injuries and those with the metabolic syndrome is that they have reduced endothelial function and increased chronic low-grade systemic inflammation and, therefore, poor cardiometabolic status (Lteif et al., 2005; Mohammadi et al., 2015). Hence, it is clear that improved endothelial function is pivotal in improving cerebrovascular function and cognition. Further, the total composite CVR to cognitive stimuli decreased in the control group. Since this measurement describes NVC and is reflective of the relationship between the brain and its vasculature, this finding also indicates that reduced endothelial function promotes further decline in cerebrovascular and cognitive function and that improving endothelial health is pivotal to improving overall brain health (Duchemin et al., 2012; Toth et al., 2017).



Correlations Between Exercise Sessions Completed and Cerebrovascular Function and Cognition

The exercise group completed 40 AT sessions on average over the 16 weeks. This equates to approximately 2.5 sessions per week or approximately 100 min of mixed intensity AT per week. This is less than that of the current physical activity guidelines described by both the Australian Department of Health and the American College of Sports Medicine (DOH, 2014; Piercy et al., 2018). Only one other study has deviated from these guidelines and it was reported that 90 min of moderate intensity exercise per week for 12 weeks improved cerebral perfusion and cognition in older, apparently healthy adults (Maass et al., 2014). We observed a very strong positive correlation between the number of exercise sessions completed and the total composite CVR to cognitive stimuli. This finding indicates that a dose-response relationship between these variables may exist and that NVC, a vital regulatory function in cerebrovascular function and neuronal metabolism, can be improved with less than 100 min of AT per week for 16 weeks. There were no significant correlations between the number of exercise sessions completed and the CVR to hypercapnia and total composite cognitive scores. This finding may suggest one of three things: Firstly, some exercise is better than none in improving cognition and CVR to hypercapnia, which reflects the autoregulatory function of the cerebrovasculature. Secondly, a dose-response relationship between these variables exists, but it was too low a dose to be determined in this study. Thirdly, NVC is more sensitive to exercise training than both CVR to hypercapnia and total cognitive capacity. In any case, further studies examining this relationship between the amount of exercise and improvements in overall brain health are warranted because it may be more attainable to promote and prescribe shorter bouts of exercise to improve exercise compliance and engagement in the community, particularly in older adults.



Methodological Considerations

While we aimed to recruit an even number of men and women, it was not possible due to several confounding factors, such as geographical distance from the study location and potential participants not meeting the inclusion criteria. We acknowledge that the sex differences between the participants of this study may have cofounded our data, even though there were no significant differences between the groups in distribution of men and women. Additionally, Figure 1 reflects the relatively low engagement of the target region (i.e., Ipswich) in health or at least health-related studies. This may have also contributed to the low uptake of the study by men. We noted that there were no significant treatment × intervention interaction effects in any of the data that was collected to define participant characteristics at baseline. This may have been influenced by the fact that the exercise group appeared marginally healthier than the control group at baseline, thus masking potential covariates that may lead to improvements in both cerebrovascular function and cognition. Additionally, the majority of exercise prescription was AT with a small component of resistance training. The resistance exercises were utilized and prescribed in a manner which predominantly focused on the recruitment of the aerobic energy system (i.e., aerobic-resistance training). In any case, we cannot exclude that resistance training may have influenced the results of this study. It must be acknowledged that another potential limitation to this study was that those in the control group may have participated in exercise sessions outside of the study or chose to make lifestyle changes, such as altering their nutritional intake. All included participants agreed at the start of the trial to continue with their current lifestyle and nutritional choices. In an attempt to encourage this, we informed all participants in the control group at Week 0 that once the study concluded that they would be provided with the entire exercise regime, including instructions on how to perform the exercises. We also made regular contact with the control group in an attempt to ensure compliance. Future studies may benefit from having a sham exercise group as a control or another arm added to the study, in which participants do not participate in exercise, rather they interact socially. The latter may be particularly important to control for given that there is evidence that socialization and re-socialization following isolation can improve cognitive performance and brain activity in animals (Rivera et al., 2020) and older adults (Gallucci et al., 2009). We did not use the gold-standard maximal oxygen uptake test to quantify aerobic exercise capacity in this study. Instead, a 6MWT was used, because it is a safe, inexpensive, tolerable and reliable measure of functional exercise capacity commonly utilized in older populations that may also increase compliance for future testing in this population (ATS, 2002; Maniscalco et al., 2006; Ross et al., 2010).




CONCLUSION

In conclusion, 16 weeks of AT increased the CVR to hypercapnia, CVR to cognitive stimuli and total composite cognitive score in sedentary, obese, older adults compared with the control group. A very strong relationship was observed between the number of exercise sessions completed and CVR to cognitive stimuli, but not for CVR to hypercapnia or total composite cognitive score. These results indicate that cognition and the responsiveness of the cerebrovasculature to physiological stimuli can be improved by as little as 100 min of exercise per week in previously sedentary, older, obese adults with metabolic syndrome. These individuals are at an increased risk of developing cognitive impairment and, potentially, a neurodegenerative disease such as dementia. Future studies should ascertain the minimum dose of AT needed to improve total cognitive capacity and CVR to hypercapnia in a cohort of older adults.
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Parameters Value

Epoch 1

DistilBatch_size 156

Pad_size 500

Pre-trained model distiBert-base-uncased
Hidden_size 768
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Non-AD (N = 78) AD (N =78

Measure AVG SD AVG SD

Age 66.56 6.60 66.79 6.83
MMSE 29.01 1.16 17.79 548
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AD (N =178) Non-AD (N = 78)

Age interval Male Female Male Female
50,56 2 0 2 0o
556,60 7 6 7 6
60,65 4 9 4 9
65,70 9 14 9 14
70,76 9 1 9 1"
75,80 4 3 4 3

Total 35 43 35 43
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ADAMTS13 (Mode I) ADAMTS13 (Mode II)

Coefficient 95% confidence interval Coefficient 95% confidence interval
Subcortical infarct —6.26" [-9.08, —3.45] —9.22" [-11.87, -7.06]
Cerebral microbleeds —0.51 [-8.17,2.15] —2.80 [-4.95, 0.05]
WMH —5.19" [-7.55, -2.82] —7.31" [-9.40, —4.93]

Note: *p < 0.01. Mode |, adjusted for age, sex, alcohol use, current smoking, hypertension, diabetes melitus; Mode Il, Adjusted Mode | with all brain variables R = 0.28.
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ADAMTS13:VWF ratio (Mode I) ADAMTS13:VWF ratio (Mode 1l

Coefficient 95% confidence interval Coefficient 95% confidence interval
Subcortical infarct —14.89" [-20.76, —-9.01] —23.24* [-29.31, -17.16]
Cerebral microbleeds 4.25 [-1.22,9.23] —3.30 [-9.20, 2.38]
WMH —12.22* [-17.23, -7.26] —17.35" [-24.35, -10.35]

Note: *p < 0.01. Mode |, adjusted for age, sex, alcohol use, current smoking, hypertension, diabetes melitus; Mode Il, adjusted model with all brain variables R2 = 0.32.
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Total CSVD Score

n=29% 1(n=18) 2(n=95) 3(n=85 4(n=38)
ADAMTS13 activity, n (%)
Q1.sns% 2(26) 10 (10.5) 29 (34.1) 30(78.8)
Q2:03_ea0% 18 (37.5) 24(25.9) 27 (31.8) 4(105)
Q%00_07.1% 25(32.0) 28(20.5) 20 (235) 4(105)
Q47,15 33(42.9) 33(34.7) 9(106) 0

Note: Kendall's tau-|
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OR  95% confidence interval  p-value
VWF:Ag (IU/ml)
Q1 <118 imi 037 0.20, 0.66] <0.01
Q2133114 Wimi 068 0.38, 1.23] 021
Q8135151 Wmi 050 0.80, 0.79] <0.05
Q4 51,51 Winl Reference
ADAMTS13 activity (%)
O _eoas 21.83 [17.46, 54.60] <0.01
Q2s03-80.0% 2.89 [1.75, 17.50] <0.01
QB00-07.1% 1.70 [0.91, 8.16] 0.09
47,15 Reference

Note: Adjusted for age, sex, alcohol use, current smoking, hypertension, diabetes

mellitus.
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Brain Region Side Cluster Cluster- z Talairach Coordinates
Size Level Score
(voxels) PFWE X% y z

Main Effects
High WMH Load > Low WMH Load — Salience Network
Precentral Gyrus (BA4) R 110 0.020 4.58 36 —26 64
Postcentral Gyrus (BA2) R 3.41 30 -35 68
Inferior Frontal Gyrus (BA47) R 102 0.029 4.04 38 26 —18
Non-Amnestic > Amnestic — Salience Network
Medial Frontal Gyrus (BA11) L 134 0.007 4.63 —10 63 —15
Non-Amnestic > Amnestic — Default-Mode Network
Middle Frontal Gyrus (BA8) L g9 0.026 4.33 —48 12 38
Inferior Frontal Gyrus (BA45) L 151 0.002 3.89 —-57 11 18
Inferior Frontal Gyrus (BA45) L 3.78 —48 16 14
Inferior Frontal Gyrus (BA44) L 3.74 —-57 16 12
Non-Amnestic > Amnestic — Left Frontoparietal Network
Precuneus (BA7) L 94 0.028 4.20 —12 —50 54
Precuneus (BA7) L 3.83 —6 —b57 62
Precuneus (BA7) L 3.18 —20 —46 56
Interaction Effects
Low WMH Load Advantage Stronger in Amnestic —

Salience Network
Insula (BA13) R 109 0.021 4.16 42 —16 1
Insula (BA13) R 3.76 38 -25 3
Low WMH Load Advantage Stronger in Amnestic —

Left Frontoparietal Network
Insula (BA13) R 131 0.008 4.57 30 17 -8
Middle Frontal Gyrus (BA9) R 4.43 28 42 33
Superior Frontal Gyrus (BA9) R 3.84 24 54 32
Superior Frontal Gyrus (BA10) R 3.66 26 54 23
Low WMH Load Advantage Stronger in Non-Amnestic —

Left Frontoparietal Network
Parahippocampal Gyrus (BA35) L 124 0.011 4.29 36 —26 64
Uncus L 1.08 30 -35 68
Parahippocampal Gyrus (BA35) L 3.65 38 26 —-18

BA, Brodmann area; FWE, family-wise error; L, left; R, right; WMHSs, white-matter hyperintensities.
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Patients diagnosed with CSVD according
to the inclusion criteria were enrollment in
the study N=468

Cercbral magnetic resonance imaging
(MR1), Cerebral MRA, carotid artery
ultrasound, cognitive function, and
hematologic examination data were
collected

Then excluded:
1.Raseline or MRI date missing 8
2.Previous stroke, heart or hematologie disease n=121

3.Unwilling to complete all study procedures v

Cases included N=296
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Total Sample Nosl sl Low WMH High WMH No CMB cMB
n=29% n=111 n=125 P n=162 n=134 P n=213 n=83 P

Age, years 69+7.0 86455 72£7.7 <0.001 86+ 6.3 72+74 0.010 68+7.2 70473 0066
Male, n (%) 125 (42.2) 80 (46.8) 62 (49.6) 0.632 75 46.9) 67 (50.0) 0526 105 (49.9) 37 (44.6) 0486
BMI, ky/m2 24.7+40 245+ 4.0 246+ 3.1 0.762 247+£87 244 %85 0.243 246+36 24.4%87 0592
Alcohol use, n (%) 72 (24.3) 27 (15.8) 45 (36) <0001 26(16.0) 46 (34.8) <0001 42(19.7) 30(36.1) <0.001
Current smoking, n (%) 99 (33.5) 29(17.0) 70 (56.0) <0.001 35(216) 64 (47.8) <0001 72(33.8 27 (32.5) 0835
Hypertension, n (%) 152 (51.4) 63 (36.8) 89 (71.2) <0001 54 (33.) 98 (73.1) <0001 9343.7) 59 (71.1) <0.001
Digbetes Mellitus, n (%) 20 (27.0) 30(17.4) 52 (40.0) <0001 35(216) 45 36.2) 0.8%4 47 (22.9) 33(30.8) 0002
Total cholesterol, mmol/L 4.40+1.20 407 +1.20 485 +1.04 0.007 439+ 1.16 441+1.23 0222 487 +1.21 447 144 0545
HDL cholesterol, mmol/L 1.35+ 059 1.38+0.68 1.20 %044 0.212 1.20+ 057 1.42 %062 0.062 1.38 059 1.27 % 0,60 0153
LDL cholesterol, mmol/L 3.33+079 330+ 0.8 3.2 +077 0.748 387+079 325+079 0.180 326+0.76 3.46+085 0048
VWF:Ag, IU/mi 1.31+028 1.23+0.81 1.41£0.18 <0.001 1.25+£026 1.88 027 <0001 1.81£028 1.20+ 027 0462
ADAMTSA3 activity (%) 88.01+£1057  9144+1047  83.28 + 861 0008  9029+1140 8524 860 0.001 8837 £10.81  87.10+974 0545

Note: CMB, Cerebral Microbleed: IQR, Interquartile range;: SI, Subcortical infarct: WMH, Median White Matter Hyperintensity; LDL cholesterol, low-odensity lipoprotein cholesterol: HDL cholesterol, high-density lipoprotein cholesterol.
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Sheffield ageing
database (n = 85)

TREDEM (n = 38)

T1-weighted

Voxel size (mm?)
Repetition time (ms)
Echo delay time (ms)
Matrix size

Number of slices
FLAIR

Voxel size (mm?3)
Repetition time (ms)
Echo delay time (ms)
Matrix size

Number of slices
Resting-state fMRI
Voxel size (mm?3)
Repetition time (ms)
Echo delay time (ms)
Matrix size

Field of view (mm)
Slices per volume

1.1 x1.1x0.6
7.42
3.42
256 x 256
280

0.75 x 0.75 x 4.93
8000
125
320 x 320
30

2.87 x 2.87 x 6.00
2000
50
64 x 64
230
20

1.0x1.0x1.0
9.50
4.76
512 x 512
160

0.45 x 0.45 x 6.50
9000
92
392 x 512
27

3.81 x 3.81 x 5.00
2000
40
64 x 64
244
28

TREDEM, TREviso DEMentia studly.
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p (ANOVA)

Low WMH load High WMH load Low WMH load High WMH load
Demographic variables
Age (years) 71.40 (6.40) 76.83 (5.85) 71.05 (56.82) 75.74 (5.30) WMH (p < 0.001)
Education (years) 9.74 (3.80) 10.14 (4.43) 9.42 (4.15) 11.11 (3.93) n.s.
Sex (f/m) 19/24 25/17 9/10 12/7 n.s.
Neurovolumetric variables
TIV (ml) 1399.78 (152.94) 1454.49 (4.43) 1388.38 (171.74) 1488.98 (130.59) WMH (o = 0.008)

WMH load fraction

Neurocognitive variables

MMSE

Digit cancellation test

Letter fluency test
Token test
Immediate recall*
Delayed recall*

0.0013 (0.0009)

27.48 (1.82)
46.23 (7.95)
26.23 (9.53)
32.17 (3.14)
0.281 (0.157)
0.253 (0.186)

0.0124 (0.0092)

26.52 (2.36)
44.76 (8.36)
25.52 (11.85)
31.57 (3.64)
0.239 (0.105)
0.195 (0.157)

0.0013 (0.0009)

27.11 (2.16)
47.78 (5.67)
28.17 (12.72)
31.58 (2.97)
0.414 (0.106)
0.453 (0.130)

0.0095 (0.0064)

27.89 (1.45)
50.63 (6.31)
28.79 (10.62)
32.21 (2.85)
0.339 (0.100)

WMH (p < 0.001)

Subtype-by-WMH (p = 0.031)

Subtype (p =0.014)
n.s.
n.s.

Subtype (p < 0.001); WMH (p = 0.019)

0.404 (0.137) Subtype (o < 0.001)

aMCl, amnestic mild cognitive impairment; MMSE, Mini-Mental State Examination; naMCI, non-amnestic mild cognitive impairment; TV, total intracranial volume; WMHS,
white-matter hyperintensities. *Variable expressed as a proportion of total score to harmonise scores obtained in different tests of memory between the two cohorts.
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1: Input: Dataset D = {(x;,y)}}L.;; X is the input sentence; y; is the
corresponding label.

2: The load pre-trained model tokenizes a sentence by splitting the.
sentence into words or subwords and then pads all lists to the same size.
3: Use the distiiBert model to train the dataset to obtain the

embedcing vector.

4: Put the embedding vector into the logistic regression model to classify
the dataset.

5: Model evaluation.
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Antigen

4-HNE

Endomucin

GFAP

a-SMA

Desmin

Igf1R

Cone Arrestin (Arr4)
Calbindin

Sv2

Rhodopsin

VGLUTH
M-opsin

Species

Rbt-PC
Rat-MC
Ms-MC
Ms-MC
Ms-MC
Rbt-MC
Rbt-PC
Ckn-PC
Ms-MC
Ms-MC

GP-PC
Rbt-PC

Source

Alpha Diagnostics, cat# HNE11-S

Millipore Sigma, cat# MAB2624, clone V.5C7 RRID:AB_10807039

Millipore Sigma, cat# G3893-100UL

Millipore Sigma, cat# 113200 clone 1A4, RRID:AB_477010

ThermoFisher, Cat# MS-376-S1 RRID:AB_61166

Abcam, cat# ab182408

Cheryl Craft, University of Southern California LUMI-mCAR, RRID:AB_2314753
Synaptic Systems, Inc. Cat#214 006, RRID:AB_2619903

Developmental Studies Hybridoma Bank,

Clone 1D4 generously shared by Muayyad Al-Ubaidi at the University of
Houston. Can be purchased from Santa Cruz Biotechnology, cat# sc-57432,
RRID:AB_785511

Millipore Sigma, AB5905, AB_2301751
Novus Biologicals Cat# 110-74730 (opsini),

References

Liou and Storz, 2015

Wang et al., 2006

Jackson-Weaver et al., 2020

Boscolo Sesillo et al., 2019

Liu et al., 2018

Brown et al., 2010; Chakraborty et al., 2010

Rojek et al., 2019
Pang et al., 2018
Kakakhel et al., 2020

Rbt-PC, rabbit polyclonal; Rat-MC, rat monoclonal; Ms-MC, mouse monoclonal; Ckn-PC, chicken polyclonal; GP-PC, guinea pig polyclonal.
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Characteristic Overall (n = 45) PreE-/MVM- (n = 24) PreE+/MVM-(n = 8) PreE+/MVM+(n = 13) p

Age at delivery, years 30.6 5.6 31.3 5.3 27.9 6.2 30.8 5.6 0.31
Age at Cognitive test, years 41.0 558 41.6 5.3 38.5 5.9 41.5 558 0.35
Education, years* 156.2 2.6 15.4 2.6 16.3 2.8 14.8 2.5 0.77
Education, <HS 10 22.2% 5 20.8% 1 12.5% 4 30.8% 0.70
Smoking during pregnancy® 7 16.3% 5 20.8% 0 0% 2 18.2% 0.46
Gestational diabetes 6 13.3% 3 12.5% 2 25% 1 7.7% 0.60
Black 19 42.2% 11 45.8% 3 37.5% 5 38.4% 0.49
BMI, kg/m? at parent study visit 316 7.7 29.9 7.6 31.6 7.9 345 7.4 0.22
Waist circumference, inches 39.7 71 38.3 7.2 40.2 9.0 42.0 5.4 0.33
SBP, mmHg* 119.7 14.4 117.2 15.6 118.3 1.4 125.0 13.4 0.15
DBP, mmHg* 78.4 10.1 75.6 9.8 78.0 10.1 83.8 9.0 0.04
Total cholesterol, mg/dI* 181.0 41.8 182.8 36.3 162.7 43.6 187.5 50.4 0.44
LDL-C, mg/di™ 100.9 33.2 99.5 29.4 87.0 35.0 111.0 38.1 0.30
HDL-C, mg/di" 58.9 16.4 62.6 17.2 58.0 19.5 525 1.7 0.20
Triglycerides, mg/dI"* 106.7 67.3 104.6 65.7 88.3 35.7 120.5 83.1 0.80
hsCRP, mg/dIn* 0.4 0.9 0.3 0.4 1.1 2.0 0.3 0.3 0.60
HbA1c, percent™* 5.8 1.8 5.4 0.5 6.4 3.1 6.2 24 0.28
Post-menopausal 3 6.7% 2 8.3% 0 0% 1 7.7% »0).98
Severe preeclampsia = = = s 1 12.5% 6 46.2% -
Pulmonary edema - - - = 0AA 0% 0® 0% -
Seizures - - - - oA 0% 0% 0% -
Headache® - - - - 1 12.5% 3@ 23.1% -
Pre-term birth - - - - 2 25.0% 4 30.8% —
Gestational age, weeks — — — o 37.0 2.0 36.3 3.8 -
Small for gestational age = = = — 1 12.5% 5 38.5% =
Birth weight - - - - 3,137.4 629.8 2,637.4 1,080.9 -

#N = 43; "N = 44; "N = 7; &N = 6; SN = 10; and @N = 11. Mean and standard deviations or numbers (%) are presented for continuous and categorical variables,
respectively. P-values for continuous variables are from ANOVA for normally distributed variables and from Kruskal-Wallis tests for non-normally distributed variables
(indicated by *), and p-values for categorical variables are from Fisher's exact tests. BMI, body mass index; DBF, diastolic blood pressure; HbA1c, glycated hemoglobin;
HDL-C, high-density lipoprotein cholesterol; HS, high school; hsCRP, high sensitivity c-reactive protein; LDL-C, low-density lipoprotein cholesterol; MVM, maternal vascular
malperfusion; PreE, preeclampsia; SBR, systolic blood pressure.
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SIVD AD HC F
(n =44) (n =30) (n = 30)

Plaque numbers* 236 (1.22) 1.77(1.48) 1.40(1.54) 4.49
Number of arteries with plaquet  2.16 (1.12) 1.60(1.30) 1.23(1.30) 5.30
Total carotid plaque score** 3.23(1.78) 2.00(1.68) 1.60(1.71) 9.02

Values are provided as mean (SD). Carotid arteries were divided into three
segments on both sides (common carotid artery, bifurcation, and internal carotid
artery), and plaques were quantified in each segment. The largest plaque in each
segment was scored as 1, 2, or 3 according to its diameter (>1.5, >2.5, and
>8.5 mm, respectively). The total carotid plaque score was calculated as the
sum of the scores for each segment, ranging from a minimum of O points to a
maximum of 18 points.

AD, Alzheimer’s disease; HC, healthy control; SIVD, subcortical ischemic
vascular dementia.

*SIVD vs. AD, P < 0.05.

+SIVD vs. HC, P < 0.05.

TAD vs. HC, P < 0.05.
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SIVD AD HC F/x2

(n =44) (n =30) (n =30)
Age, years 71.6(7.90) 68.7(8.81) 66.2(6.29) F=4.81
Sex, female/male* 18/26 21/9 19/11 ¥2=7.10
Education, years 102 (2.57) 104 (4.48)  11.3(3.37) F=0.33
BMI 243 (2.69) 242(2.15) 245 (2.64) F=0.66
Hypercholesterolemia®, ~ 45.5 30.0 60.0 ¥2 =5.45
%
Hypertension**, % 72.7 26.7 46.7 ¥2 =15.63
Diabetes mellitus®, 40.9 3.3 20.0 Y2 =14.17
%
Stroke, % 56.8 0 0 -
Coronary artery 227 6.7 6.7 ¥2 =5.62
disease, %
COPD, % 0 0 0 -
Statin use, % 36.4 13.3 20.0 ¥2 =5.61
MMSET* 20.4 (3.22) 19.6(244) 282(1.20) F=129.24
Memory*T# —2.11(0.87) —2.90(0.87) 0.08(0.57) F=115.32
Executive —2.46 (0.98) —-2.10(0.98) 0.02(0.61) F=75.01
function*t*

Values are provided as mean (SD) unless otherwise indicated. Memory and
executive function were analyzed using composite Z-scores.

AD, Alzheimer’s disease; BMI, body mass index; COPD, chronic obstructive
pulmonary disease; HC, healthy control; MMSE, Mini-Mental State Examination;
SIVD, subcortical ischemic vascular dementia.

*SIVD vs. AD, P < 0.05.

+SIVD vs. HC, P < 0.05.

tAD vs. HC, P < 0.05.
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R MCAT*
R PCA'#
R VAT
pBATi
dBAT*

L ICA*

L ACA

L MCA

L PCAtt
L VA*

SIVD (n = 44)

57.02 (13.09)
46.77 (9.93
46.14 (5.20
31.45 (6.66
28.30 (5.72
27.84 (5.94
23.32 (5.50
52.41 (13.06)
4811 (12.05)
55.68 (12.65)
29.09 (7.68)
25.61 (7.07)

)
)
)
)
)
)

AD (n = 30)

53.57 (8.99)
47.93 (7.43)
45.83 (4.72)
32.63 (5.49)

30.43 (4.58)
27.70 (5.13)
25.60 (4.99)
55.37 (11.25)
50.87 (15.54)
56.23 (7.04)
36.73 (11.47)
28.47 (5.18)

HC (n = 30)

62.77 (10.44)
53.73(9.93)
57.10(10.92)
36.83 (7.80)
44.10 (5.58)
39.60 (6.93)
35.83(7.77)
60.67 (12.19)
53.13 (13.66)
59.07 (8.65)
42.90 (5.96)
29.53(9.17)

F

5.11
5.35
25.18
5.97
83.93
41.00
45.87
4.02
1.25
1.06
23.89
2.90

Values (crm/s) are provided as mean (SD).
ACA, anterior cerebral artery; AD, Alzheimer’s disease; dBA, distal basilar artery;
HC, healthy control; ICA, intracranial internal carotid artery; L, left; MCA, middle
cerebral artery; MFV, mean flow velocity; pBA, proximal basilar artery; PCA,
posterior cerebral artery; R, right; SIVD, subcortical ischemic vascular dementia;
VA, vertebral artery.
*SIVD vs. AD, P < 0.05.
*SIVD vs. HC, P < 0.05.
tAD vs. HC, P < 0.05.
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SIVD (n = 44)

1.00 (0.15)
1.02 (0.15)
1.19(0.16)
1.03 (0.14)
1.02 (0.15)
0.98 (0.13)
0.94 (0.13)
1.03 (0.14)
1.03(0.13)
1.05 (0.14)
1.03 (0.14)
1.00 (0.14)

AD (n = 30)

0.97 (0.18)
0.97 (0.19)
1.18 (0.12)
0.94 (0.21)
0.98 (0.14)
111 (0.16)
1.06 (0.14)
0.96 (0.20)
1.02 (0.20)
1.00 (0.12)
0.93 (0.21)
1.00 (0.14)

HC (n = 30)

0.91 (0.84)
0.92 (0.13)
0.88 (0.14)
0.91 (0.09)
0.93 (0.08)
0.85 (0.05)
0.82 (0.07)
0.95 (0.10)
0.94 (0.10)
0.87 (0.16)
0.92 (0.10)
0.94 (0.10)

F

3.45
3.51
11.67
6.40
4.84
31.75
28.43
2.97
4.95
15.16
5.87
2.43

Values are provided as mean (SD).

ACA, anterior cerebral artery; AD, Alzheimer’s disease; dBA, distal basilar artery;
HC, healthy control; ICA, intracranial internal carotid artery; L, left; MCA, middle
cerebral artery; pBA, proximal basilar artery; PCA, posterior cerebral artery;
Pl pulsatility index; R, right; SIVD, subcortical ischemic vascular dementia; VA,

vertebral artery.

*SIVD vs. AD, P < 0.05.
¥SIVD vs. HC, P < 0.05.
tAD vs. HC, P < 0.05.
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L ElCA*
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SIVD (n = 44)

0.79 (0.06)
0.49 (0.03)
0.34 (0.05)
0.78 (0.06)
0.49 (0.03)
0.36 (0.05)

AD (n =30)

0.72 (0.06)
0.48 (0.02)
0.32 (0.02)
0.73 (0.07)
0.48 (0.03)
0.35 (0.04)

HC (n = 30)

0.73 (0.06)
0.48 (0.02)
0.33 (0.03)
0.72 (0.06)
0.48 (0.02)
0.33 (0.04)

F

14.54
2.90
2.00

11.20
3.40
3.03

Values (cm) are provided as mean (SD).
AD, Alzheimer’s disease; CCA, common carotid artery; EICA, extracranial internal
carotid artery; HC, healthy control; L, left; R, right; SIVD, subcortical ischemic
vascular dementia; VA, vertebral artery.
*SIVD vs. AD, P < 0.05.
*SIVD vs. HC, P < 0.05.
tAD vs. HC, P < 0.05.
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Variable Control (n =13) Exercise (n = 14) P-value

Week 0 Week 16 Week 0 Week 16 Treatment Intervention Treatment x intervention
Cognitive function
Dimensional change card sort* 746+133 7.78+0.15 7.324+200 7.584+1.25 0.708 0.313 0.939
Pattern comparison processing speed* 43 £ 11 44 £ 11 47 £10 53+ 13 0.164 0.006 0.078
Picture vocabulary test* 6.16+186 6.06+210 514+237 599+224 0.492 0.215 0.118
Flanker inhibitory control and attention* 7.80+£049 7.79+0.40 8.09 £0.47 8.16+0.43 0.062 0.443 0.365
Picture sequence memory* -0.67 £0.84 -0.36+0.98 -0.90+0.58 -0.62+0.18 0.379 0.005 0.886
List sorting working memory* 16 &2 16+3 1548 19+8 0.352 < 0.001 <0.001
Oral reading recognition*® 4.61 £ 2.41 510+ 259 4164282 BI1+£2567 0.821 0.002 0.080
Trail making task (Part A)
Time (s) 36.3+13.1 36.5 + 14.1 37.0 £141 286+ 124 0.410 0.173 0.152
Errors made 0.7+09 09+1.3 0.6 £0.9 01+04 0.107 0.602 0.164
Trail making task (Part B)
Time (s) 83.4+489 66.6+239 779+292 6724473 0.723 0.216 0.621
Errors made 24+19 25+46 15+22 06+0.7 0.052 0.550 0.687
Part B-Part A time difference 4714+388 300+16.5 409+203 3854368 0.951 0.315 0.262
Spatial span test
Time (s) 100.9 £20.5 104.3+384 974+359 105.3+22.6 0.769 0.504 0.752
Total spans completed 56+09 52+16 48+1.3 54+0.7 0.215 0.697 0.129
Total composite cognitive score 101 & 12 104 £ 14 101 £13 111+ 14 0.508 < 0.001 0.004
Cerebrovascular responsiveness (%)
Dimensional change card sort test 16.8 £ 8.9 121 £ 80 133+7.0 20.8 £ 6.1 0.329 0.289 0.001
Pattern comparison processing speed test  20.0 + 6.5 1874102 18068 245+71 0.517 0.179 0.048
Picture vocabulary test 231 £7.0 219+ 11.9 20.0 £9.4 272+7.9 0.797 0.192 0.083
Flanker inhibitory control and attention test ~ 13.1 + 8.5 140+ 6.7 123 +6.1 1924+ 5.6 0.342 0.026 0.080
Picture sequence memory test 219+73 1756+ 6.0 20.6 £9.2 272+116 0.238 0.529 0.010
List sorting working memory test 21.0+£5.9 16.8 £5.7 1784172 28.1+£8.0 0.112 < 0.001 0.040
Oral reading recognition test 19.9+4.2 10.4 £ 6.5 14.0 £8.0 26.9+10.0 0.067 0.572 < 0.001
Trail making task (Part A) 24.0+£9.2 16.6 £5.2 20.0 £9.7 25.8+8.4 0.405 0.441 < 0.001
Trail making task (Part B) 174+ 6.5 16.9+54 19.56 +£104 30.6+5.5 0.016 0.153 0.002
Spatial span test 223 +4.3 16.3 £ 6.1 16.4 £9.3 258+7.3 0.511 0.226 < 0.001
Total composite CVR to cognitive stimuli 199+ 3.3 16.4+£ 5.4 19.56 £104 259+ 6.1 0.114 0.026 < 0.001

*Normalized, computed and standardized automatically by NIH Toolbox, based on validated measures (Slotkin et al., 2012).
Values are means + SD.
Bold values represent significant differences.
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Mild BG-PVS group Severe BG-PVS group Statistical test
Number 316 (77.83%) 90 (22.17%)
Mean age at MRI (SD) 68.27 (7.45) 73,57 (8.03) Student's t
Male (%) 120 (37.97) 49 (54.44) x2
MMSE score 28.84 (1.06) 2877 (1.02) Mann-Whitney U

BG-PVS, basal ganglia perivascular spaces; MMSE, Mini-Mental State Examy; SD, standard deviation.
*P < 0.05; **P < 0.01; ***P < 0.001.

P value

<0.001"**
0.005**
0.466
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Mild BG-PVS group Severe BG-PVS group Statistical test P value

Number 198 (77.95%) 56 (22.05%)
Mean age (SD) 69.55 (7.07) 77.32 (7.14) Student's t <0.001"
Male (%) 76 (38.38) 31(65.36) x2 0.023*
MMSE score 28.76(1.07) 2859 (0.93) Mann-Whitney U 0.197
Higher cardiovascular risk burden (%) 85 (42.93) 34 (60.71) Logistic regression 0.020*
Mean SBP mm Hg (SD) 13253 (16.01) 14091 (16.85) Student’s t 0,001
TChol mg/dL (SD) 199.57 (39.79) 179,20 (43.98) Student’s t 0,001+
HDL-C mg/dL (SD) 51.87 (12.51) 55,05 (16.85) Student’s t 0.193
Smoker (%) 45 (22.79) 12(21.43) %2 0837
Hypertension (%) 106 (53.63) 39 (69.64) x2 0.082"
Diabetes (%) 41(20.71) 11(19.64) x2 0.862

BG-PVS, basal ganglia perivascular spaces; MMSE, Mini-Mental State Exam; SD, standard deviation; SBP, systolic blood pressure; TChol, total cholesterol, HDL-C, high-density

lipoprotein cholesterol.
P < 0.05; **P < 0.01; ***P < 0.001.
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Overall (n = 106) NO-MCI (n = 82) MCI (n = 24) P

Age, year 77.9+6.8 76.7 £6.8 822452 <0.001
Sex, female (%) 61 (57.5) 41 (50.0) 20 (83.3) 0.003
Education level, year 10 (9-15) 12 (9-15) 6 (1-11) <0.001
Married (%) 83 (78.9) 69 (84.1) 14 (58.3) 0.007
MMSE 28 (24-29) 28 (27-29) 20 (13-23) <0.001
Unintentional weight loss (%) 34 (32.1) 9 (35.4) 5 (20.8) 0.183
Self-reported exhaustion (%) 94 (88.7) 5(91.5) 19(79.2) 0.096
Weakness (%) 85 (80.2) 62 (75.6) 23(95.8) 0.029
Slow walking speed (%) 88 (83.0) 8 (82.9) 20 (83.3) 0.963
Low physical activity (%) 97 (91.5) 5 (91.5) 22 (91.7) 0.975
Prealbumin, mg/dL 21.90 + 5.46 22.75 4511 19.04 £5.74 0.003
High sensitivity C-reactive protein, mg/L 1.28 (0.58-4.68) 1.14 (0.54-4.50) 1.70 (0.59-11.23) 0.269
Coronary artery disease (%) 9 (65.7) 5 (564.9) 14 (58.3) 0.767
Hypertension (%) 9 (74.5) 0 (73.2) 19(79.2) 0.558
Heart failure (%) 2 (20.8) 6 (19.5) 6 (25.0) 0.564
Atrial fibrillation (%) 36 (34.0) 26 (31.7) 10 (41.7) 0.370
Diabetes (%) 5 (42.5) 8 (46.3) 17 (70.8) 0.137
Previous stroke (%) 5 (23.6) 6 (19.5) 9 (37.5) 0.069
Obesity (%) 3 (21.7) 9(23.2) 4 (16.7) 0.501

NO-MCI, Non-mild cognitive impairment; MCI, mild cognitive impairment;
MMSE, Mini-Mental State Examination; Cre, creatinine.
Values are shown as mean =+ standard deviation or median (interquartile range) or n (%).
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Variables

Age, year

Female

Higher level of education, year
Married

Unintentional weight loss
Self-reported exhaustion
Weakness

Slow walking speed

Low physical activity
8-0x0Gsn/Cre, pmol/mol
Prealbumin, mg/dL

High sensitivity C-reactive protein, mg/L

Coronary artery disease
Hypertension

Heart failure

Atrial fibrillation
Diabetes

Previous stroke
Obesity

OR, odds ratio; Cl, confidence interval; 8-oxoGsn, 8-oxo-7,8-dihydroguanosine; Cre, creatinine.

Univariate analysis

OR

1.144
5.000
0.724
0.264
0.481
1.027
7.419
1.029
0.355
1.415
0.876
1.018
1.151
1.393
1.375
1.638
0.477
2.475
0.663

Lower

1.056
1.670
0.626
0.097
0.163
0.199
0.941
0.305
0.101
1.442
0.798
0.979
0.458
0.464
0.470
0.604
0.179
0.919
0.202

95% ClI

Upper

1.240
16.910
0.836
0.720
1.422
5.302
58.480
3.480
1.242
1.800
0.962
1.059
2.891
4.184
4.022
3.920
1.272
6.665
24179

0.001
0.006
<0.001
0.009
0.186
0.975
0.057
0.963
0.105
0.005
0.005
0.362
0.765
0.554
0.561
0.367
0.139
0.073
0.499

Multivariate analysis

OR

1.202
0.290
0.742
1.013

-

.769
.904

o

95% CI
Lower Upper
1.045 1.383
0.059 1.424
0.621 0.886
0.194 5.281
1.284 2.536
0.793 1.031

0.010
0.127
0.001
0.988

0.002
0.133
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Variable

Control (n = 13) Exercise (n = 14)

Week 0

Baseline

Cerebrovascular variables

CBFy (cm/s) 37.4+£93 523
CPI 1.22+0.44 1.054
Respiratory variables

PerCO2 (mmHg) 325+ 5.1

Tidal volume (L) 07940.29 1.18
Breathing frequency (breaths/min) 16 £ 8

Minute ventilation (L/min) 120+ 4.1

CBFy/PgrCO» (cm/s/mmHg) 1.24 +0.20 1.53 4

Intervention

< 0.001
0.001

0.332
0.280
0.434
0.885
0.263

Treatment x

intervention

0.116
0.319

0.997
0.002
0.200
0.035
0.853

Treatment x
intervention x
time

0.045
0.350

0.884
0.166
0.812
0.663
0.384

CBFy, cerebral blood flow velocity; CPI, cerebral pulsatility index; PetCOs, partial pressure of end tidal carbon dioxide.

Values are means + SD.
Bold values represent significant differences.
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Exercise (n = 14)

P-value

Variable Control (n =13)
Week 0 Week 16
Body composition
Total lean mass (kg) 45.6 +£ 8.6 46.8 £ 9.6
Total body fat (%) 48.4 £ 6.7 471+7.4
Total bone mineral density (g/cm?2) 1.24+£0.13 1.24+£0.13
Total bone mineral content (g/cm) 2,478 + 458 2,439 4+ 476
Grip strength
Dominant hand (kg) 270478 27+ 7.6
Non-dominant hand (kg) 26.1 £ 6.3 258+7.0
Exercise performance
6-Min walk test distance (m) 461 £ 73 469 + 92
Cardiovascular function
Heart rate (beats/min) 76 £ 12 75+ 10
Systolic blood pressure (mnmHg) 144 £ 15 133+ 14
Diastolic blood pressure (mmHg) 78+ 8 73+10
Mean arterial pressure (mmHg) 104 +9 854 10
Large arterial compliance (ml/mmHg x 10) 9.3+34 11589
Small arterial compliance (ml/mmHg x 10) 39+1.8 454+20
Systemic vascular resistance (dyne/sec/cm=S) 1,663 + 316 1,634 + 263
Total vascular impedance (dyne/sec/cm™S) 202 £+ 59 161 + 48

Week 0

48.2 +10.4
43.5+56
1.22+0.14
2,698 + 557

28.79.7
26.8+8.7

511 £ 61

7246

139 +9

76:+6

99 + 11

9.7+34
45+20
1,630 + 261
178 + 39

Week 16

48.7 £10.3
42.7+55
1.22+0.14
2,602 + 565

31.3+10.3
30.1 £9.6

576 + 66

71+10
130+ 10
72+5
95+8
11.8 £ 4.1
4.8+3.3
1,543 £ 229
161 + 44

Treatment

0.551
0.064
0.673
0.484

0.332
0.336

0.004

0.213
0.347
0.401
0.336
0.735
0.501
0.836
0.431

Intervention

0.029
<0.001
0.762
0.113

0.364
0.242

0.015

0.719
<0.001
0.055
0.012
0.007
0.291
0.125
0.010

Treatment x
intervention

0.299
0.353
0.827
0.052

0.324
0.147

0.058

0.810
0.473
0.714
0.183
0.885
0.532
0.708
0.218

Values are means + SD.
Bold values represent significant differences.
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Variable Control (n = 11) Exercise (n = 14) P-value

Glucose (mmol/L) 5.7+14 56410 0.683
Urea (mmol/L) 6.1+£158 59411 0.610
Creatinine (mmol/L) 74 £ 21 67 £10 0.288
Estimated glomerular filtration rate (ml/min) 80+ 14 84 +10 0.384
Total bilirubin (umol/L) 9+4 9+3 0.574
Alkaline phosphatase (U/L) 92 +£26 75+ 27 0.123
Gamma-glutamyl transferase (U/L) 36 +26 29+ 16 0.760
Alanine aminotransferase (U/L) 37 +£20 30+10 0.443
Aspartate aminotransferase (U/L) 35+ 15 274+5 0.384
Lactate dehydrogenase (U/L) 234 + 69 202 + 30 0.474
Total protein (g/L) 70+3 69 +4 0.555
Albumin (g/L) 40+3 42 +£2 0.164
Globulins (g/L) 30+5 27 +3 0.101
Total cholesterol (mmol/L) 53+1.0 56+1.0 0.330
Triglycerides (mmol/L) 1.4+£08 1.4+0.6 0.931
High-density lipoprotein (mmol/L) 1.47 £0.22 1.45+0.35 0.827
Low-density lipoprotein (mmol/L) 2.71+£0.87 3.18+0.83 0.186
Total cholesterol-to-high-density lipoprotein ratio 3.7+ 09 41+£0.8 0.292
High-sensitivity C-reactive protein (mg/L) 48+28 3.0+ 28 0.066

Values are means + SD.
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Variable

Demographics

Age (years)

Sex (male/female)
Education (years)
Anthropometrics

Body mass (kg)

Height (m)

Body mass index (kg/m?)
Hip circumference (cm)
Waiist circumference (cm)
Hip-to-waist ratio
Nutritional intake

Total energy intake (kcal)
Physical activity levels
Energy expenditure (kcal/min)
Vigorous activity index
Leisurely walking index
Moving index

Standing index

Sitting index

Flights of stairs climbed per day
Seasonal adjustment score

Control (n = 13)

66 £+ 9
2/11
16+4

93.5+23

1.64 £0.08
34.6 &+ 6.55
126 +£ 15

114 £ 15
0.91 4+ 0.07

2,375 + 769

70+ 34
55
545
T+38
Btk
4+£2
2:4:8
120

Exercise (n = 14)

67 £7
4/10
14+£3

88.7 + 11
1.68 £0.09
31.44+1.99
117+£5
107 £8
0.91 £0.08

2,688 + 1,035

94 £ 73
12
8+ 10
8+4
6+4
4+£2
12
120

P-value

0.553
0.618
0.440

0.928
0.208
0.339
0.118
0.217
0.730

0.393

0.560
0.131
0.527
0.705
0494
0.560
0.036
0.274

Values are means + SD.

Bold values represent significant differences.
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Week/s

1-2

3-5

Day/s Session
Monday/Friday 30 Min walking
Tuesday/Thursday 15 Min walking 15 min circuit
Monday 35 min walking
Tuesday/Thursday 15 Min walking, cycling, arm ergometry, rowing 15 min circuit
Friday 15 Min walking 3 x 6 min circuits
Monday/Friday 15 Min walking, cycling, arm ergometry, rowing 3 x 5 min circuits

Tuesday/Thursday 15 Min walking, cycling, arm ergometry, rowing 15 min circuit
Monday/Friday 15 Min walking, cycling, arm ergometry, rowing 3 x 5 min circuits
Tuesday/Thursday 15 Min walking, cycling, arm ergometry, rowing 15 min circuit
Monday/Friday 5 Min walking, cycling, arm ergometry, rowing 7 x 4 min circuits
Tuesday/Thursday 10 Min walking, cycling, arm ergometry, rowing 20 min circuit
Monday/Friday 5 Min walking, cycling, arm ergometry, rowing 7 x 4 min circuits
Tuesday/Thursday 5 Min walking, cycling, arm ergometry, rowing 2 x 15 min circuits

Intensity

Moderate
Moderate Moderate-to-vigorous
Moderate
Moderate Vigorous
Moderate
Moderate Moderate
Moderate Vigorous
Moderate Moderate
Moderate Vigorous
Moderate Moderate-to-vigorous
Moderate Vigorous
Moderate Moderate-to-vigorous
Moderate Vigorous

Rating of perceived exertion (0-10)

5
56-7
5-6
5-67-8
5-6
66
67-8
66
67-8
67
68
67
68
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Assessed for eligibility (n= 494)

Excduded (n= 466)

« Not meeting inclusion criteria (n = 71)
o Declined o participate (n= 1)

¢ Geographical distance (n = 353)

¢ Other reasons (n = 41)

| Randomisea(n=29) |

Allocated to control (n = 13)

v

" Allocated to intervention (n= 15)
« Received allocated intervention (n= 15)
« Did not receive allocated intervention (n= 0)

Lost to follow-up (give reasons) (n= 0)

Lost to follow-up (n= 0)

Discontinued intervention (Mobility issue
resulting in foot surgery) (n= 1)

Analysed (n = 13)
+ Excluded from analysis (n = 0)

Analysed (n= 14)
« Excluded from analysis (n = 0)
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(week 16 value — week 0 value)

relative percentage increase =
week 0 value

%100 (3)
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peak systolic CBFv — end diastolic CBFv
mean CBFv during a cardiac cycle

CPI =

(peak CBFv — resting CBFv)
resting CBFv

%100 = resting CPI

CVR (%) =

1)

2)
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Group Age Sex Hypertension Smoking Urea Creatinine Totalcholesterol Low density
(Mean + SD) lipoprotein

Female Male Yes No Yes No Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal
Young 25.09 £5.63 50% 50% 10.0% 90.0% 5.0% 95.0% 85.0% 15.0% 85.0% 15.0% 90.0% 10.0%  95.0% 5.0%
control (Y)

Young 2465 +1022 61.1% 353% 5.88% 94.12% 0% 100% 88.24% 11.76% 76.47% 26.53% 94.12% 5.88% 100.0% 0%
trauma

(Y + mTBI)

Aged 68.36 £4.88 69.6% 30.4% 60.87% 39.13% 4.35% 95.65% 91.3% 8.7% 91.3% 8.7%  56.52% 48.43% 78.26% 21.74%
control (A)

Aged 71.86 £7.31 52.9% 47.1% 88.24% 11.76% 17.65% 82.35% 82.35% 17.65% 52.94% 47.06% 82.35% 17.65% 100.0% 0%
trauma

(A + mTB)
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Regression Step
and Predictors

Step 1
Age
Sex
oV
Step 2
RD
Step 3
asm
Step 4
CBF

Adjusted R?

0.200

0.336
0379

0.406

Adjusted R2 Change

0.200

0.136
0043

0.027

p-value

<0.001*
0.001*
0.417
0.025*
<0.001*
<0.001*
<0.001*
0.018*
<0.001*
0.046*

Covariates alone predicted 20% of the variance. Including RD at step 2 increased the
adjusted R? of the model to 0.336. After inclusion of QSM in step 3 and CBF in step 4,
the total variance exolained in total WMH volume exceeded 40%. The p-values in bokd
reflect the p-value of the model at the indicated step, whereas other p-values represent
the indlicated variable when they were first entered into the modiel.

*p < 0.05.
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WMH Location Periventricular Deep

Predictors Beta  F-value p-value Beta F-value p-value
Age 0016 3.453 0085 0008 0341 0529
Sex -0278 6657 0009" -0.008 0002 0966
iov 0.126 5.867 0010" 0418 1848 0470
CBF -0.132 8387 0011 0074 0902 0344
asm 0.052 0.883 0414 0236 6841 0084
RD 0214 16486 <0.001° 0217 6908 0.023"
CBF xQSM  -0047 0814 0482 0054 0312 0562
QSMxRD  -0028 0125 0755 0062 0339 0593
CBF x RD 0013 0.105 0744 0012 0024 0880

Displayed are unstandardized beta, F-and p-values for the main effects of all predictors,
and interaction effects in both PV (lef) and deep (ight) WIH models. QSM was positively
associated with deep but not PV WMH volume, while RD strongly predicted both. CBF
negatively prediicted PV WMH volume. There were no interactions between precictors in
either model

*p < 0.05.
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Age (Years)

Sex Ratio (F:M)
Education (Years)
MoCA®

The table lists the mean (sd) for age,
of education and MoGA scores.
Nasreddine et al., 2005,

Mean (S.D.) N

70.4(5.6) 80

48:32 80
16.4 (2.4) 80
27.1(25) 69

the female/male ratio, and the mean (xxsd) years
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WMH Volume Main Effects Location Interaction

Predictors F-value p-value F-value p-value
Age 0,658 0.420 0302 0584
Sex 1.161 0285 2250 0.138
iov 3,082 0086 0.103 0.750
CBF 3.530 0.065 0.029 0.866
asm 5.107 0.027* 6.208 0015*
RD 13.516 <0001 0,053 0819
CBF x QSM 0573 0.452 0.689 0.410
QSM xRD 0026 0874 0241 0625
CBF x RD 0018 0894 0.127 0723

The F- and p-values for the main effects of predictors on total WIH volume are on the
left, with the interaction effects of WMH location on the right. QSM and RD had robust
main effects, while CBF had a marginally significant main effect on total WMH volume.
Only QSM interacted with WMH focation.

p < 0.05.
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References Country Definition of diabetic

Yuetal.
(2020)

Deal et al.
(2019)

Lee etal
(2019)

Rodill et al.
(2018)

Exalto et al.
(2014)

Korea

USA

USA

USA

USA

retinopathy

ICD-10 code H36.0.

Modified Airie House classification,
as used in the Early Treatment
Diabetic Retinopathy Study.

ICD-9 codes: DR (362.01, 363.02,
362.03, 362.04, 362.05, 362.06).

ICD-9 diagnostic and CPT-4
procedural codes were used. PDR
(ICD-9: 362.02; CPT-4: 67228),
macular ederma (ICD-9: 362.07,
362.53, 362.83; CPT-4: 67208,
67210) or nonspecific DR (ICD-9:
250.5%, 362.0%).

PDR: panretinal photocoagulation
to treat proliferative retinopathy
(CTP4 code 67228), for diabetic
macular edema: focal and grid
photocoagulation to treat macular
ederma (CTP4 codes 67208
67210); or outpatient diagnoses
made in ophthalmology: (ICD 9
codes 250.5 + 362.02 for PDR;
ICD 9 codes 250.5 + 36253 or
2505 + 362.88 for diabetic
macular edema).

Definition of cognitive
impairment

Prescribed anti-dementia
medications (ivastigmine,
galantamine, memantine, or
donepezi) along with ICD-10 codes
(F0O, FO1, F02, F03, G30, or G31).

Modified COR interviews with
informants confiming a hospital
1CD-0 discharge or death certificate
dementia code, or on hospital or
death certificate dementia codes
alone.

late-onset clinical Alzheimer's
disease as defined by
NINCDS-ADRDA criteria. Dementia
diagnoses were determined at
consensus conferences using the
Diagnostic and Statistical Manual of
Mental Disorders, 4th Version,
criteria.

Dementia were identified using the
following ICD-9 diagnostic codes:
Alzheimer disease (331.0), vascular
dementia (200.4x), and nonspecific
dementia (200.0, 290.1x, 200.2x,
200.3, 294.1x, 294.2x, and 294.8).

Dementia was identified using
ICD-9-CM diagnosis codes; senile
dementia uncomplicated (290.0),
Alzheimer disease (331.0), vascular
dementia (290.4x), and dementia
not otherwise specified (290.1).
Using diagnoses made in primary
care (ICD 9 codes 290.0, 290.1x)
and neurology or memory linic:
visits (ICD 9 codes 331.0, 290.1x,
290.2x, 290.3, 290.4%).

Participant
characteristics

NHIS: 40 years of age
or older with diabetes

ARIC study: Diabetes
aged 50-73 years

ACT participants
(Kaiser Permanente
Washington
membership): Aduts
aged >65 who were
dementia-free

KPNC database:
Members with TIDM,
with no prevalent
dementia diagnoses,
and at least 50 years
old

KPNG database:
Patients aged >60
years with T2DM

Enrolled  Study
sample design
number

DR: 195449 Cohort
Control:

1722253

DR: 324 Cohort
Control: 1581

DR: 248 Cohort
Control: 3629
DR:2294  Cohort
Control: 1448
DR:2008  Cohort
Control:

27953

Mean
follow-
up

HR (95%)

5.1years Any type of
dementia:

DR: 1.09 (1.07-1.11)
Alzheimer's disease:
DR: 1.10 (1.07-1.12)
Vascular deme:

DR: 1.08 (1.03-1.14)

Dementia:
Moderate/severe
retinopathy: 2.14
(1.50-3.04)
Mid retinopathy:
1.50.9-25)

16 years

Aizheimer's disease:
0-5 years: 1.67 (1.01,
2.74)

More than 5 years:
1.50 (1.06, 2.15)

>8 years

Dementia:
DR: 1.12 (0.82, 1.54)

6.2 years

Dementia:
DR:1.32 (1.17, 1.49)

6.6 years

Adjusted confounders.

Age, sex, smoking, alcohol
intake, exercise, income,
plasma glucose
concentration, duration of
diabetes, BMI, dysiipidernia,
hypertension, diabetic
retinopathy, CKD, stroke,
IHD, depression, number of
OHAs, and treatment with
insulin.

Age (inear and quadratic
terms), education, sex, race
center interaction, BMI,
drinking status, smoking
status, diabetes,
hypertensive status, CHD,
and history of stroke.

Age, sex, education,
self-reported white race,
any APOE ¢4 aleles, and
time-dependent smoking
status.

Age, sex and race, baseline
glycosylated hemoglobin
and comorbites.

Age (as time scale), gender,
race and education, medical
utilzation, iabetes melitus
composite, vascular
composite, BMI and
smoking status.

ICD, international classification of diseases; DR, diabefic retinopathy; BMi, body mass index; CKD, chronic kidney disease; IHD, schemic heart diseases; OHAs, oral hypoglycemic agents; CDR, Clinical Dementia Rating; CHD, coronary
heart disease; NINCDS-ADRDA, national institute of neurological and communicative disorders and stroke-alzheimer’s disease and related disorders association; APOE, apolipoprotein E: CPT-4, current procedural terminology; 4th
edition; PDR, prolferative diabetic retinopathy; TIDM, type 1 diabetes melltus; T2DM, type 1 diabetes melitus.
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Unweighted Model 1 Model 2

univariable
Variables OR (95% CI)
Women 1.67 1.18 —
(1.02-2.78) (0.95-2.17)
Age (per 10-year 1418 1.10 —
increase) 0.87-1.87) (0.88-1.37)
Baseline systolic BP 6.81 0.89 0.91
(per 10 mmHg (0.83-1.00) (0.81-0.99) (0.73-1.01)
increase)
Hypertension 2.00 -
(1.15-3.45)
Diabetes mellitus 0.59 0.58 0.59
(0.33-1.06) (0.31-1.10) (0.32-1.09)
Dyslipidemia 1.00 - -
(0.60-1.67)
Ischemic heart disease 1.82 - —
(0.75-4.55)
Chronic kidney disease 2.00 1.49 1.96
(1.23-3.33) (0.79-2.78) (1.19-3.23)
Atrial fibrillation 417 —
(1.10-16.67)
Current smoking 0.57 0.70 0.65
(0.35-0.93) (0.39-1.25) (0.40-1.08)
Focal narrowing of the 0.46 -
M1 segment of MCA (0.19-1.11)
Large artery 0.56 —
atherosclerosis (0.31-1.02)
RNF213 p.R4810K 2.56 2.50 2.38
(c.14429G > A) variant (1.11-5.88) (1.08-6.67) (1.02-5.88)
carriers

Model 1; adjusted for variables with p < 0.10 (women, age, baseline systolic BR
diabetes mellitus, chronic kidney disease, and current smoking).

Model 2; forward-backward stepwise method.

AComA, anterior communicating artery; BPF, blood pressure; Cl, confidence interval;
MCA, middle cerebral artery; OR, odds ratio.
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RNF213 p.R4810K (c.14429G > A) variant carriers

Variables All (n = 481) Carriers (n = 25) Non-carriers (n = 456) P
Women, n (%) 146 (30) 13 (62) 133 (29) 0.02
Age, median (IQR), years 70 (57-78) 62 (45-70) 70 (68-79) <0.01
Prestroke mRS score, median (IQR) 0 (0-0) 0 (0-0) 0 (0-0) 0.57
Baseline systolic BP, median (IQR), mmHg 162 (144-177) 162 (140-175) 161 (150-177) 0.66
Medical history

Hypertension, n (%) 384 (80) 20 (80) 364 (80) 1.00
Diabetes mellitus, n (%) 135 (28) 8(32) 127 (28) 0.65
Dyslipidemia, n (%) 325 (68) 15 (60) 310 (68) 0.39
Ischemic heart disease, n (%) 21 (4) 2(8) 25 (6) 0.64
Chronic kidney disease, n (%) 19 4) 12 (48) 145 (32) 0.12
Atrial fibrillation, n (%) 9(2 0(0) 9(2) 1.00
Current smoking, n (%) 272 (57) 14 (56) 258 (57) 1.00
Baseline NIHSS score, median (IQR) 5 (2-5) 3 (2-6) 5(2-5) 0.26
ASPECTS on DWI or CT, median (IQR) (n = 465) 10 (9-10) 10 (10-10) 10 (9-10) 0.43
Formation of vessels constituting the circle of Willis

AComA, n (%) 401 (83) 17 (68) 384 (84) 0.04
Both A1 segments of ACAs, n (%) 424 (88) 19(76) 403 (88) 0.1
Both intracranial ICAs, n (%) 467 (97) 23 (92) 444 (97) 0.16
Both PComAs, n (%) 75 (16) 14 (56) 61 (13) <0.01
Both P1 segments of PCAs, n (%) 385 (80) 18(72) 362 (79) 0.45
Top of BA, n (%) 478 (99) 24 (96) 455 (99) 0.10
Focal narrowing of the M1 segment of MCA, n (%) 66 (14) 11 (44) 55 (12) <0.01
Complete circle of Willis, n (%) 49 (11) 5 (20) 43 (9) 0.09
Stroke subtype <0.01
Large artery atherosclerosis, n (%) 139 (29) 14 (56) 125 (27)

Small vessel occlusion, n (%) 135 (28) 5(20) 130 (29)

Other/undetermined etiology, n (%) 185 (38) 4 (16) 181 (40)

Transient ischemic attack, n (%) 22 (5) 2(8) 20 (4) 0.32
mRS score at discharge, median (IQR) 1(1-3) 2(1-2) 1(1-3) 0.96
In-hospital mortality, n (%) 2(0.4) 0 2(0.4) 1.00

ACASs, anterior cerebral arteries; AComA, anterior communicating artery; ASPECTS, Alberta Stroke Program Early CT Score; BA, basilar artery; BF, blood pressure; CT,
computed tomography; DWI, diffusion-weighted imaging; ICAs, internal carotid arteries; IQR, interquartile range; MCA, middle cerebral artery; mRS, modified Rankin
Scale; NIHSS, National Institutes of Health Stroke Scale; PCAs, posterior cerebral arteries; PComAs, posterior communicating arteries.
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Both PComAs

Variables Presence Absence P
(n = 75) (n = 406)

Women, n (%) 31 (41) 115 (28) 0.03

Age, median (IQR), years 62 (46-73) 71 (60-79) <0.01

Prestroke mRS score, median (IQR) 0 (0-0) 0(0-0) 0.72

Baseline systolic BP, median (IQR), 162 (144-179) 158 (143-182) 0.75
mmHg

Medical history

Hypertension, n (%) 52 (69) 332 (82) 0.02
Diabetes mellitus, n (%) 20 (27) 115 (28) 0.89
Dyslipidemia, n (%) 46 (61) 279 (69) 0.23
Ischemic heart disease, n (%) 3(4) 24 (6) 0.78
Chronic kidney disease, n (%) 12 (48) 145 (32) 0.12
Atrial fibrillation, n (%) 8(2) 1(1) 1.00
Current smoking, n (%) 19 (25) 138 (34) 0.18
Baseline NIHSS score, median 5(1-5) 5 (2-5) 0.33
(IQR)

ASPECTS on DWI or CT, median 10 (9-10) 10 (10-10) 0.21
(IQR) (n = 465)

Formation of vessels

constituting the circle of Willis

AComA, n (%) 61 (81) 340 (84) 0.61
Both A1 segments of ACAs, n (%) 69 (92) 353 (87) 0.26
Both intracranial ICAs, n (%) 74 (99) 393 (97) 0.71
Both P1 segments of PCAs, n (%) 63 (84) 317 (78) 0.28
Top of BA, n (%) 75 (100) 404 (99) 1.00
Focal narrowing of the M1 segment 15 (20) 51 (13) 0.10
of MCA, n (%)

Stroke subtype <0.01
Large artery atherosclerosis, n (%) 16 (21) 123 (30)

Small vessel occlusion, n (%) 18 (24) 117 (29)
Other/undetermined etiology, n (%) 39 (62) 146 (36)

Transient ischemic attack, n (%) 2(3) 20 (5) 0.55
Outcome

mRS score at discharge, median 1(0-3) 2(1-3) 0.59
(IQR)

In-hospital mortality, n (%) 0 2(0.5 1.00
RNF213 p.R4810K (c.14429G > A) 14 (19) 11(3) <0.01

variant carriers, n (%)

ACAs, anterior cerebral arteries;, AComA, anterior communicating artery;
ASPECTS, Alberta Stroke Program Early CT Score; BA, basilar artery; BR blood
pressure; CT, computed tomography; DWI, diffusion-weighted imaging; ICAs,
internal carotid arteries; IQR, interquartile range; MCA, middle cerebral artery; mRS,
modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; PCAs,
posterior cerebral arteries; PComAs, posterior communicating arteries.
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Variables

Women

Age (per 10-year
increase)

Hypertension

Diabetes mellitus
Dyslipidemia

Ischemic heart disease
Chronic kidney disease
Atrial fibrillation
Current smoking

Focal narrowing of the

M1 segment of MCA
Large artery
atherosclerosis
RNF213 p.R4810K
(c.14429G > A) variant
carriers

Unweighted Model 1 Model 2
univariable
OR (95% Cl)

1.78 1.50 -
(1.07-2.96) (0.85-2.63)

0.67 0.73 0.71
(0.56-0.79) (0.60-0.88) (0.59-0.85)

0.50 0.76 -
(0.29-0.87) (0.40-1.42)

0.92 —
(0.563-1.60)

0.72 = =
(0.43-1.20)

0.66 - _
(0.19-2.26)

0.66 — —
(0.38-1.15)

0.67 -
(0.08-5.46)

0.59 — _
(0.36-0.96)

1.74 0.95 —
(0.91-3.29) (0.43-2.12)

0.62 0.54 0.50
(0.35-1.13) (0.26-1.10) (0.25-0.99)
8.24 8.08 8.61
(3.568-18.98) (8.17-20.59) (8.48-21.31)

Model 1; adjusted for variables with p < 0.10 (women, age, focal narrowing of the
M1 segment of MCA, and large artery atherosclerosis).

Model 2; forward-backward stepwise method.

Cl, confidence interval; MCA, middle cerebral arteries; OR, odds ratio; PComAs,
posterior communicating arteries.





OPS/images/fnagi-13-681743/fnagi-13-681743-t004.jpg
AComA

Variables Absence Presence P
(n =80) (n = 401)

Women, n (%) 32 (40) 114 (28) 0.05

Age, median (IQR), years 75 (61-82) 69 (57-78) 0.03

Prestroke mRS score, median (IQR) 0 (0-0) 0(0-0) 0.70

Baseline systolic BP, median (IQR), 158 (134-170) 162 (144-178) 0.05
mmHg

Medical history

Hypertension, n (%) 66 (83) 318 (79) 0.65
Diabetes mellitus, n (%) 16 (20) 119 (30) 0.10
Dyslipidemia, n (%) 54 (68) 271 (68) 1.00
Ischemic heart disease, n (%) 79) 20 (5) 0.20
Chronic kidney disease, n (%) 37 (46) 120 (30) <0.01
Atrial fibrillation, n (%) 4 (5.0%) 5(1.2%) 0.05
Current smoking, n (%) 36 (45) 236 (59) 0.03
Baseline NIHSS score, median 3(2-5) 5 (2-5) 0.21

(IQR)

ASPECTS on DWI or CT, median 10 (9-10) 10 (9-10) 0.81

(IQR) (n = 465)

Formation of vessels
constituting the circle of Willis

Both A1 segments of ACAs, n (%) 71 (89) 351 (88) 0.85
Both intracranial ICAs, n (%) 78 (98) 389 (97) 1.00
Both PComAs, n (%) 14 (18) 61 (15) 0.61
Both P1 segments of PCAs, n (%) 62 (78) 318 (79) 0.76
Top of BA, n (%) 80 (100) 399 (99) 1.00
Focal narrowing of the M1 segment 6 (8) 60 (15) 0.11
of MCA, n (%)

Stroke subtype <0.01
Large artery atherosclerosis, n (%) 16 (20) 123 (31)

Small vessel occlusion, n (%) 11 (14) 124 (31)
Other/undetermined etiology, n (%) 39 (49) 146 (36)

Transient ischemic attack, n (%) 14 (17.5%) 8 (2.0%) <0.01
Outcome

mRS score at discharge, median 1(1-3) 2(1-3) 0.50
(IQR)

In-hospital mortality, n (%) 0 2(0.5) 1.00
RNF213 p.R4810K (c.14429G > A) 9(11) 17 (4) 0.04

variant carriers, n (%)

ACAs, anterior cerebral arteries;, AComA, anterior communicating artery;
ASPECTS, Alberta Stroke Program Early CT Score; BA, basilar artery; BR blood
pressure; CT, computed tomography; DWI, diffusion-weighted imaging; ICAs,
internal carotid arteries; IQR, interquartile range; MCA, middle cerebral artery; mRS,
modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; PCAs,
posterior cerebral arteries; PComAs, posterior communicating arteries.
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Patients enrolled in the NCVC Stroke Registry from January 2011
to July 2019; n=7823

—|Acute intracerebral hemorrhage; n=1785 ‘

Patients with acute ischemic stroke or TIA;

n=6038
*| Acute cardioembolic stroke; n=2620 |

4| Non-participants in NCVC Biobank; n=291 9]

———— Non-availability for MRI; n=6 |

Participants with acute non-cardioembolic
stroke or TIAin NCVC Biobank; n=493

| Definite MMD patients; n=12

Data analyzed; n=481 |
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A ASPECTS on DWI or CT
RNF213 p.R4810K (c.14429G>A) variant carriers

74%

RNF213 p.R4810K (c.14429G>A) variant non-carriers

P=0.21

L _ BN N I 'l I 10]

B mRS score at discharge
RNF213 p.R4810K (c.14429G>A) variant carriers

RNF213 p.R4810K (c.14429G>A) variant non-carriers
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Gene NCBI accession no. Sequences

188 NR_003278.3 Forward ACTCAACACGGGAAACCTCACC
Reverse CCAGACAAATCGCTCCACCA

Mouse Glut1 NM_011400.3 Forward TGGCGGGAGACGCATAGTTA
Reverse CTCCCACAGCCAACATGAGG

Mouse Glut3 NM_011401.4 Forward GAGGAACACTTGCTGCCGAG
Reverse CTGGAAAGAGCCGATCGTGG

Mouse MCT4 NM_001038653.1 Forward GGCTGGCGGTAACAGAGTA
Reverse CGGCCTCGGACCTGAGTATT

Mouse Hif1-a NM_001313919.1 Forward AGCCAGCAAGTCCTTCTGAT
Reverse AGGCTGGGAAAAGTTAGGAGTG

Mouse PHD3 NM_028133.2 Forward ATCCACATGAAGTCCAGCCC
Reverse ACACCACAGTCAGTCTTTAGCA

Mouse PDK1 NM_172665.5 Forward TGCAAAGTTGGTATATCCAAAGCC
Reverse TGTGCCGGTTTCTGATCCTT

Mouse Cx37 NM_008120.3 Forward CAGCTGCGCGCTATTTAAGG
Reverse CCATGTTTCCAGGGCCTCTC

Mouse Cx43 NM_010288.3 Forward GAGTTCCACCACTTTGGCGT
Reverse GTGGAGTAGGCTTGGACCTT

Human Cx37 NM_002060.2 Forward CACCATGCCCCACCTACAAT
Reverse TGGGGGTTTTTGGCCATTC

Human Cx43 NM_000165.4 Forward AGGAGTTCAATCACTTGGCGT
Reverse CCCTCCAGCAGTTGAGTAGG

Segment Plateau Temperature (°C) Duration time (seconds) Cycle (times)

Hot Start 1 50 180 1

Hot Start 2 1 95 180 1

Amplification 1 95 5 40

Amplification 2 60 30 40

Melt 1 95 30 1

Melt 2 65 30 1

Melt 3 95 30 1
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PreE-/MVM- (n = 9) PreE+/MVM- (n = 5) PreE+/MVM+ (n = 8)

Room-air  Breath- hold Withinarmp Room-air Breath-hold Withinarmp Room-air Breath- hold Within armp

Global 11.7 (1.6) 12.9 (2.2) 0.038 12.0 (1.4) 13.6 (0.8) 0.080 11.1 (2.0) 12.4(1.8) 0.012
Parietal 10.8 (2.1) 11.6 (2.5) 0.051 11.0(1.2) 12,5 (1.1) 0.080 10.1 (1.9) 10.9(1.7) 0.123
Precuneus 14.2 (1.9) 15.3(2.3) 0.038 14.2 (1.4) 15.9 (0.6) 0.080 12.8 (1.9) 14.6 (3.4) 0.012
Anterior Cingulate ~ 14.3 (2.5) 16.1 (3.1) 0.028 15.1(1.8) 17.4 (2.2) 0.043 13.2 (2.6) 15.6 (3.5) 0.012
Posterior Cingulate ~ 15.7 (2.0) 17.0 (3.1) 0.066 16.1(2.5) 17.7 (1.5) 0.080 14.2(1.9) 16.9 (3.5) 0.012

N = 22. Values are mean (standard deviation). P-values are based on Wilcoxon Signed Rank tests, non-parametric paired tests. MVM, maternal vascular malperfusion;
PreE, preeclampsia.
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References Country  Definition of diabetic

Xia et al.
(2020)

Gupta et al,
(2019)

Ogurel etal
(2015)

Nunley et al.

(2015)

Gorska-
Ciebiada
etal. (2015)

Bruce et al.
(2014)

Umegaki
etal. (2008)

Roberts
ot al. (2008)

Baker et al.
(2007)

Kadoi et al
(2005)

China

Singapore

Turkey

USA

Poland

Australia

Japan

USA

Australia

Japan

retinopathy

Not mentioned

Modified airlie house
classification system: none (early
treatment of diabetic retinopathy
study level 10), minimal/mild
(level 20-35) and moderate or
worse DR (level 43-90) using
data from the better eye.

The criteria of the early treatment
diabetic retinopathy study.

Prolferative retinopathy was
defined as receiving laser
therapy for prolfferative diabetic
retinopathy.

Not mentioned

Ophthalmoscopy and/or detailed
specialist assessment or retinal
photography.

Diabetic retinopathy was
classified into two categories:
mild (no retinopathy or intraretinal
hemorthages and hard
exudates), o serious (soft
exudates, intraretinal
microvascular abnormalities,
venous caliber abnormalities,
venous beading,
neovascularization of the disc or
other areas in the retina,
preretinal fibrous tissue
proiiferation, preretinal or vitreous
hemorrhage, and/or retinal
detachment).

Not mentioned

The photographs were evaluated
according to a standardized
protocol into 4 broad categories
for: (1) retinopathy signs
(microaneurysms, retinal
hemorrhages, cotton wool spots,
hard exudates, macular edema,
intraretinal microvascular
abnormalities, venous beading,
new vessels at the disc or
elsewhere, and vitreous
hemorrhage); (2) arteriovenous
nicking; (3) focal arteriolar
narrowing; and (d) retinal
arteriolar and

venular caliber.

Amodification of the diabetic
retinopathy study and the early
treatment diabetic retinopathy
study grading scale.

Definition of cognitive
impairment

GDR score was bounded by
1.0/0.5 for dementia, 0.5/0 for
MCI. MMSE score was bounded
by 23/24 for dementia, and
MOCA score by 25/26 for MCI.
For the participants who had 12
years of education or fewer, a
point was added to his/ her total
MOCA score.

Validated AMT: scores of <6 and
<8 for those with 0-6 and >6
years of formal education.

The cut off score <21 on the
MoCA.

Individual raw test scores >1.6
SD worse than published norms
(Ardila, 2007; Dominic, 2007;
Dore et al., 2007).

MCl was diagnosed based on
ciiteria established by the 2006
European Alzheimer's Disease
Consortium.

Normal cognition (CDR 0),
cognitive impairment but not
demented (CDR 0.5), and
mild/moderate/severe dementia
(CDR1-3)

Having an MMSE score of 23 o
less.

MGl was defined according to
the following published criteria:
cognitive concern by physician,
patient, or nurse; impairment in 1
or more of the 4 cognitive:
domains; essentially normal
functional activities; and not
demented. A diagnosis of
dementia was based on the
Diagnostic and Statistical Manual
of Mental Disorders, 4th edition
criteria.

Definition of dementia correlates
very closely to criteria used in the
Diagnostic and Statistical Manual
of Mental Disorders, 4th edition.

Cogritive functioning was
assessed with the following
tests: (1) Mini-Mental State
Examination, (2) Rey Audiitory
Verbal Learing Test, (3)
Trail-Making Test (part A), (4)
Trail-Making Test (part B), (5) Digit
Span Forward, and (6) Grooved
Pegboard. Significant impairment
was defined as a decline from
preoperative testing of more than
1 8D on more than 20% of test
measures (at least 2 of 6).

Participant
characteristics

Hospital patients:
T2DM subjects aged
45-74 years old

SEED-1 study:
participants with
diabetes who were
260 years

Patients with diabetes

EDC study:
middle-aged adults
with T1DM diagnosed
before age 18 years
Hospital patients:
Patients aged 65 and
over with T2DM

FDS study: T2DM
patients aged 50
years or more

J-EDIT study:
Japanese people with
diabetes aged 65
years or more

Olmsted county
residents: subjects
were found to be free
of dementia aged 70
through 89 years

CHS study: diabetes
adults 65 years of age
and older

Hospital patients:
patients with T2DM
Who were scheduled
for elective coronary
artery bypass grafting

Enrolled
sample
number

DR: 146
Control:
151

DR:199
Control:
483

DR: 90
Control: 30

DR: 46
Control: 51

DR: 121
Control:
166

DR: 30
Control:
290

DR: 448
Control:
459

DR: 43
Control:
1558

Total: 289

DR: 51
Control:
129

Study Follow-
design  up
Cross-  /
sectional

Cohort 6 years

Cross- /
sectional

Cohort  About 27
years

Case- /

control

Cohort 147
years

Cross-  /

sectional

Case- /

control

Cross-  /

sectional

Cohort 7 days
and 6
months

OR (95%)

Dementia:
DR:2.197
(1.035-4.664)

Cognitive
impairment:
DR:2.32 (1.07-6.03)
Miniml or mild DR:
2.04 (0.87-4.76)
Moderate or worse
DR:3.41

(1.06 —11.00)

Cognitive
impairment:

DR:35

(1.464-8.365)
Moderate or worse
DR:50
(1.864-18.409)

PDR: 6.5
(1.820-23.213)
Cognitive
impairment:

PDR: 2.79 (1.23-6.33)

MmcCl:
DR:2.24 (1.7-2.96)

Cognitive
impairment:
DR: 3.1 (1.15-8.38)

Cognitive
impairment:
DR: 1.730

(0.998-2.997)

Mct:
DR: 2,15 (1.09-4.22)

Dementia:
DR: 0.32 (0.07- 1.44)

Al cognitive
impairment:

DR: 2.4 (1.4-2.9)
Short-term
cognitive
impairment:

DR: 2.0 (1.3-3.0)
Long-term cognitive
impairment:

DR: 2.1 (12-2.7)

Adjusted confounders

Age, sex and education level

Age, gender, race, education,
income, spherical equivalent,
HbAc, diabetes duration,
hypertension, CVD and
presence of eye conditions
(cataract, age-related macular
degeneration, glaucoma and
undercorrected refractive error
in the better eye), better

eye presenting

visual acuity.

No

Years of education

No

No

Age

Age, sex, education,
hypertension, stroke or
transient ischemic attack,
cigarette smoking, coronary
artery disease, and body
mass index.

Not mentioned

No

CDR, clinical dementia rating; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; MOCA, montreal cognitive assessment; T2DM, type 2 diabetes melitus; DR, diabefic retinopathy; AMT, abbreviated mental test;
HbATc, glycosylated hemoglobin; CVD, cardiovascular disease; T1DM, type 1 diabetes melitus; PDR, proliferative diabetic retinopathy.
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