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Editorial on the Research Topic
 Infection, Inflammation, Cardiovascular Diseases, and Neurodegeneration



The global burden of neurodegenerative disorders, such as Alzheimer's disease (AD), Parkinson's disease (PD), vascular dementia, and stroke increases rapidly (GBD Neurology Collaborators, 2019). Great efforts are needed to promote the understanding, treatment, and prevention of these diseases. Although remarkable progress have been made in the comprehension of the pathophysiology of neurodegeneration, the etiology is not yet completely understood. Immune system is highly involved in the development of neurodegeneration, since immune genes play a prominent part in genetic risk of typical neurodegenerative diseases (Jonsson et al., 2013; Zhang et al., 2019; Harding et al., 2021). Investigation of immune imbalance, infection and inflammation in neurodegeneration has been a major focus of the field. In this Research Topic, a dozen papers has been compiled, covering multiple aspects regarding inflammation in neurodegeneration.

Microglia activation has been a major process during the development of neurodegeneration. Understanding the activation and regulation of microglia is essential for the management of neuroinflammation. Singh et al. showed that Japanese encephalitis virus (JEV) infection increases chemokines (C-C motif) receptor 2 (CCR2) mediated microglia activation. CCR2 inhibition reduces microglia activation and neurotoxic proinflammatory mediators after JEV infection. Their results provided an important therapeutic target for regulating the microglia activation in pathogenesis of neurodegenerative diseases. In addition to virus infection, bacterial infection such as Chronic Periodontitis (CP) was supposed to be involved in the development of AD (Kamer et al., 2015; Chen et al., 2017). To explore the cross-links between periodontitis and AD, Rong et al. analyzed serum proteins from CP patients and controls using the two-dimensional differential in-gel electrophoresis proteomic approach. They found that 10 serum proteins including cathepsin B (CTSB) were altered in CP patients, and serum concentration of CTSB has a negative correlation with cognition. Importantly, in human neuroblastoma SK-N-SH cells overexpressing wild-type APP695, Porphyromonas gingivalis treatment increases the protein level of CTSB in a TNF-α dependent manner. The increase of CTSB then leads to a prominent increase in Aβ1−40 and Aβ1−42 in the cell lysates, which could be rescued by CTSB inhibition. Their results provided a TNF-α-CTSB based molecular mechanism underlying the increased risk of AD in CP patients.

Besides pathogens, it has been demonstrated that neurological changes correlated with changes in the gut microbiota. Jeon et al. investigated the changes in the gut microbiota composition and diversity of the middle cerebral artery occlusion ischemic stroke pig model. They found elevated systemic inflammation and reduced microbial diversity at acute stage of stroke. For instance, abundance of the Proteobacteria was significantly increased, while Firmicutes and Lactobacillus decreased poststroke. Interestingly, the microbial pattern of poststroke model returned to prestroke-like status at late stage of stroke, suggesting the plasticity of gut microbiome in the course of stroke. Their findings might benefit the assessment of stroke pathology and the development of therapeutic targets.

Systemic inflammation might be the potential link between infection and neurological alterations, as indicated by Yan et al. and Liu et al.. The long-term administration of levodopa (L-dopa), the gold-standard treatment for PD, may lead to L-dopa-induced dyskinesia (LID). Yan et al. investigated how systemic inflammation exacerbates LID. They constructed a LID rat model under stimulation of lipopolysaccharides (LPS) and long-term treatment of L-dopa. Dyskinesia-related phenotypes, glia activation, and inflammatory responses were then evaluated at several time points. They found that the LPS injection activated the glia and inflammatory response in the striatum of LID rats, and the systemic inflammation exacerbated the intensity of abnormal involuntary movements induced by L-dopa treatment. Inhibition of the inflammatory response improved the behavioral dysfunction. This study suggests that control of systemic inflammation is crucial for management of drug reaction and complications in neurodegenerative diseases. In another study, Liu et al. assessed the effect of LPS-induced systemic inflammation on brain functional connectivity in aged rats. They found that rats with intraperitoneal injected LPS showed higher levels of inflammatory cytokines and astrocyte activation in the hippocampus, which leads to decreased functional connectivity on the right orbital cortex, right olfactory bulb, and left hippocampus, and finally impaired memory performance. Inhibition of the inflammatory activation in the hippocampus improved the memory performance and functional connectivity. These data demonstrated that inhibiting neuroinflammation improves the brain functional connectivity.

Sepsis-associated delirium (SAD) is another good model for investigating the interaction between brain dysfunction and inflammatory responses. Li et al. performed a retrospective study analyzing the association between SAD and lymphocyte counts in the peripheral blood, alongside a prospective trial evaluating the predictive value of lymphocyte for early diagnosis of SAD. In the retrospective analysis, they showed that lymphocyte counts in the SAD group were significantly higher than in non-delirious counterparts. Importantly, they found that an NK cell count cut-off value of 87 cells/ml in septic patients at ICU admission was predictive of delirium with a sensitivity of 80.2% and specificity of 80.8%. These preliminary but promising data showed the value of measuring peripheral lymphocyte for monitoring the pathophysiological process in the central nerve system.

The blood-brain barrier (BBB), which is consisted of vascular, immune, and neural cells, is the key for the interaction between immune system and the central nervous system. BBB dysfunction are frequently observed in the pathology and progression of neurological diseases (Xiao et al., 2020). Since elevated pulse pressure can cause BBB dysfunction that may drive or contribute to adverse neurological changes, Levin et al. reviewed the impact of elevated pulse pressure on microvascular damage and discussed efforts to repurpose blood pressure medications to prevent or treat dementia. They proposed that new drugs or devices should be developed to safely reduce elevated pulse pressure specifically to the brain. As indicated by Levin et al., vascular risk factors such as hypertension and diabetes are associated with cognitive decline and the risk of dementia (Purnell et al., 2009). To investigate whether the aggregation of vascular risk factors modulates the spontaneous brain activity, Zhuang et al. performed a resting-state functional MRI scanning of patients with mild cognitive impairment (MCI). They found that MCI patients with high vascular risk showed decreased amplitude of low-frequency fluctuation in the left hippocampus compared to that of healthy subjects with high vascular risk. This preliminary data highlighted a potential imaging mechanism underlying vascular contribution to brain activity.

As shown above, cytokines such as interleukins and chemokines such as CCR2 play pivotal and comprehensive roles in neurodegenerative diseases, however, the exact activating pathways and cell-type specificities of such inflammatory molecules remained unclear. Chen et al. reviewed the way how microglia, astrocyte, and oligodendrocyte respond to a typical interleukin, the IL-17A, and summarized plant compounds targeting IL-17A. Considering the complicated activation and regulation pattern of cytokines, more focused and fine-grained examination of the exact roles of cytokines in neurodegenerative diseases is needed.

The pathogen hypothesis, which postulates a causal role of infectious agents (e.g., herpes virus) in the development of AD, has been a non-negligible topic, whereas amyloid beta is recognized to be an antimicrobial peptide that protects against fungal, bacterial, and viral infection (Gosztyla et al., 2018). However, it is unclear when the hypothesis will benefit the clinical practice. Nevertheless, it is time to “Connect the Dots,” as proposed by Ethan R. Roy and Wei Cao from Baylor College of Medicine. In their Perspective, they summarized the actions and roles of Aβ in AD neuropathogenesis, especially in the microbial entrapment related processes. They also described the activation of the IFN antiviral pathway and depict a multilayered connection between antiviral immune response and other agents and factors relevant to AD. Regardless of the unclear molecular mechanism underlying the antiviral immune response in both the CNS and peripheral system, taking anti-infection into consideration for the development of AD therapy might be a crucial step.

In summary, the articles and reviews in this Research Topic covered multiple aspects including key molecules, pathways, cell types, and brain regions in typical neurodegeneration regarding viral and bacterial infection, gut microbiota, and systemic inflammation. These scattered but diverse studies broadened the boundary of discipline of neuroinflammation. Nevertheless, there are much broader unknown area regarding inflammation and neurodegeneration. Hopefully, more and more studies and projects are ongoing to uncover the intricate relationship between immunogical and vascular factors and neurodegenerative disorders.
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Elevated pulse pressure can cause blood–brain barrier dysfunction and subsequent adverse neurological changes that may drive or contribute to the development of dementia with age. In short, elevated pulse pressure dysregulates cerebral endothelial cells and increases cellular production of oxidative and inflammatory molecules. The resulting cerebral microvascular damage, along with excessive pulsatile mechanical force, can induce breakdown of the blood–brain barrier, which in turn triggers brain cell impairment and death. We speculate that elevated pulse pressure may also reduce the efficacy of other therapeutic strategies for dementia. For instance, BACE1 inhibitors and anti-amyloid-β biologics reduce amyloid-β deposits in the brain that are thought to be a cause of Alzheimer’s disease, the most prevalent form of dementia. However, upregulation of oxidative and inflammatory molecules and increased amyloid-β secretion by cerebral endothelial cells exposed to elevated pulse pressure may hinder cognitive improvements with these drugs. Additionally, stem or progenitor cell therapy has the potential to repair blood–brain barrier damage, but chronic oxidative and inflammatory stress due to elevated pulse pressure can inhibit stem and progenitor cell regeneration. Finally, we discuss current efforts to repurpose blood pressure medications to prevent or treat dementia. We propose that new drugs or devices should be developed to safely reduce elevated pulse pressure specifically to the brain. Such novel technologies may alleviate an entire downstream pathway of cellular dysfunction, oxidation, inflammation, and amyloidogenesis, thereby preventing pulse-pressure-induced cognitive decline. Furthermore, these technologies may also enhance efficacy of other dementia therapeutics when used in combination.
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INTRODUCTION

Force from ventricular ejection produces a pulse pressure in the arterial tree. Pulse pressure (systolic minus diastolic blood pressure) is normally dampened by the elastic properties of central arteries. However, pulse pressure can become elevated in some circumstances, especially with increased age (Pinto, 2007). Two mechanisms that lead to a chronic increase in pulse pressure are (i) progressive stiffening of central vessels from changes in endothelial cell and vessel wall structure (Lee and Oh, 2010; Wagenseil and Mecham, 2012) and (ii) excessive wave reflection from high resistance peripheral vessels (Safar, 2008). Age-related elevation of pulse pressure is typically due to increased systolic pressure, while diastolic pressure is unchanged or slightly decreased (Pinto, 2007; Steppan et al., 2011). High systolic pressure increases the workload on the left ventricle, which can result in left ventricular hypertrophy and heart failure (Chae et al., 1999; Steppan et al., 2011). The kidneys and brain are also adversely affected by arterial stiffening and high pulse pressure, as these organs share the key characteristic of having low resistance microvasculature that allows for deep penetration of the pulse (O’Rourke and Safar, 2005). Thus, both organs are susceptible to damage of their delicate microvessels, which in turn damages the organ tissue (Arulkumaran et al., 2010; Stone et al., 2015). Elevated pulse pressure can therefore lead to comorbidities such as chronic kidney disease and cognitive decline (Townsend, 2015). In this perspective article, we will focus on the impact of high pulse pressure on the brain.

Throughout the human brain, over 600 kilometers of blood vessels supply the brain tissue with oxygen and nutrients, while also removing metabolic by-products from the brain (Zlokovic, 2008; Pardridge, 2015; Iadecola, 2017; Kisler et al., 2017). Cerebral microvessels lack external elastic laminae, making them more fragile than other systemic vessels (Lee, 1995). Neuronal health and signaling rely on precise chemical homeostasis; hence, blood vessels in the brain are specialized to form the blood–brain barrier, a structure that restricts non-selective passage of molecules and cells. The blood–brain barrier is composed of endothelial cells connected by tight junctions and pericytes that encircle the microvessels, which together are sheathed by astrocyte end feet (Ballabh et al., 2004). Tight junctions block the leakage of blood-based molecules in between individual cerebral endothelial cells; pericytes regulate endothelial cell gene expression and polarize astrocyte end feet; and astrocytes secrete factors that support the development and maintenance of cellular interactions within the blood–brain barrier and between the blood–brain barrier and neurons (Armulik et al., 2010; Alvarez et al., 2013). Breakdown of the blood–brain barrier is widely believed to drive several neurodegenerative diseases such as Parkinson’s disease, Huntington’s disease, and dementia, including Alzheimer’s disease (Ballabh et al., 2004; Desai et al., 2007; Drouin-Ouellet et al., 2015; Wardlaw et al., 2017; Sweeney et al., 2018).

Development of dementia with age is likely driven by numerous distinct and multifactorial pathologies. As the discovery and understanding of underlying mechanisms advances, we expect new sub-types of dementia to be defined. This may enable development of therapeutic strategies that are efficacious for specific patient groups. A rapidly growing body of research studies and epidemiologic evidence indicate that elevated pulse pressure is a potential key contributor to blood–brain barrier breakdown and cognitive impairment in many individuals (Stone et al., 2015; Thorin-Trescases et al., 2018). High pulse pressure correlates with cerebral microvascular damage (Triantafyllidi et al., 2009) as well as white matter structural differences in elderly patient brains (Tsao et al., 2013; Purkayastha et al., 2014; Tarumi et al., 2014). In multiple large population studies considering thousands of individuals, high pulse pressure has been a strong, independent risk factor and predictor of cognitive decline later in life (Waldstein et al., 2008; Mitchell et al., 2011; Meyer et al., 2017). Most recently, Chiesa et al. (2019) linked progressive cognitive impairment to carotid wave intensity, a surrogate marker of arterial stiffness and pulse pressure directly delivered to the brain. Middle-aged adults with top-quartile carotid wave intensity values were found to have a 50% increased risked of future cognitive decline, compared to those with “control value” carotid wave intensity. Further, de Montgolfier et al. (2019) demonstrated that high pulse pressure in wild-type mice and Alzheimer’s disease model mice increased the prevalence of microbleeds, which is characteristic of individuals with Alzheimer’s disease (Brundel et al., 2012). Taken together, these findings highlight pulse pressure as a new pathogenetic factor for cognitive decline.

There are nearly 50 million people living with dementia worldwide, and this number is expected to triple by 2050 (World Health Organization, 2017). Therapeutic development efforts to date have largely focused on directly reducing amyloid-β, a marker of Alzheimer’s disease, in the brain. Yet, despite billions of dollars spent on R&D, no cure or preventative solution has earned FDA approval, emphasizing the urgent need for novel approaches. Here, we discuss the impacts of elevated pulse pressure on the blood–brain barrier and cognition, and we propose that pulse pressure is a promising therapeutic target for a potential new sub-type of dementia.



PULSE PRESSURE, ENDOTHELIAL CELL DYSFUNCTION, AND BLOOD–BRAIN BARRIER DAMAGE

Endothelial cell dysfunction is thought to be critically involved in development and progression of several diseases such as atherosclerosis, heart failure, kidney disease, and certain neurological conditions (Su et al., 2006; Malyszko, 2010; Rajendran et al., 2013; Vanhoutte et al., 2017; Giannitsi et al., 2019). Pulse pressure regulates endothelial cells in diverse ways, ranging from the individual cell level to the greater microvascular integrity level. Elevated pulse pressure (>70 mmHg) causes blood vessels to be cyclically stretched ∼15–20% (pathological stretch) compared to normal pulse pressure (30–50 mmHg) that causes blood vessels to be cyclically stretched only ∼5% (physiological stretch) (Anwar et al., 2012; Gao et al., 2014; Jufri et al., 2015). Physiological stretch is essential for maintaining proper endothelial cell gene expression and function such as signal transduction, balanced reactive oxygen species generation and cellular structure. Conversely, pathological stretch has been shown to cause oxidative stress, inflammation, and apoptosis of endothelial cells (Jufri et al., 2015) that could compromise the blood–brain barrier.

Pathological stretch increases production of reactive oxygen species and inflammatory cytokines by endothelial cells. Increased [image: image] promotes oxidative tissue damage and increases H2O2 that activates the NF-κB inflammatory pathway. Inflammatory cytokines, including VCAM-1, ICAM-1, TNFα, IL-6, and IL-8, further activate NF-κB and inflammation in blood vessels (Jufri et al., 2015). Blood concentrations of VCAM-1, TNFα, and IL-6 are higher in people with Alzheimer’s disease compared to healthy individuals (Swardfager et al., 2010; Lai et al., 2017). Chronic inflammation of the blood–brain barrier can lead to apoptosis of cerebral endothelial cells, astrocytes, and pericytes (van Kralingen et al., 2013; Jufri et al., 2017; Sweeney et al., 2018). Loss of these cells may permanently impair blood–brain barrier integrity since NF-κB activation, chronic inflammation, and oxidative stress also cause stem/progenitor cell dysfunction (Yao et al., 2006; Shao et al., 2011; Lin et al., 2013; Josephson et al., 2019) that could diminish regenerative potential in the blood–brain barrier. Additionally, the NF-κB pathway upregulates amyloidogenesis (Ju Hwang et al., 2019). Upregulated β-secretase 1 (BACE1) and amyloid precursor protein (APP) expression and increased amyloid-β (specifically Aβ42) secretion have all been directly observed from cerebral endothelial cells in response to pathological stretch (Gangoda et al., 2018). Amyloid-β decreases tight junction proteins, increases IL-6, and increases matrix metalloproteinases that degrade the extracellular matrix (Vukic et al., 2009; Hartz et al., 2012; Weekman and Wilcock, 2016). TNFα also upregulates matrix metalloproteinase expression in endothelial cells under pathological stretch (Wang et al., 2003). Thus, pathological stretch modulates numerous molecules that result in chronic oxidative stress, inflammation, amyloidogenesis, and damage of the blood–brain barrier.

Pathological stretch can also impact blood–brain barrier integrity through non-oxidative and non-inflammatory pathways. Pathological stretch upregulates integrin β3 and downregulates titin in cerebral endothelial cells, which may reduce cellular elasticity, consequently damaging the blood–brain barrier. Furthermore, downregulation of eukaryotic translation initiation factor 4 gamma 3 in these cerebral endothelial cells under excess stretch attenuates global protein synthesis and therefore cell proliferation (Jufri et al., 2017). Sorting nexin-1, a protein that recycles cell-surface receptors (Haft et al., 1998), is also substantially downregulated in cerebral endothelial cells exposed to pathological stretch (Jufri et al., 2017). While the specific interaction between sorting nexin-1 and cerebral endothelial cell receptors is not yet defined, dysregulation of sorting nexins often results in abnormal receptor expression and cellular signaling that disrupts homeostasis (Zhao et al., 2012; Wang et al., 2013; Yang et al., 2014). Thus, decreased sorting nexin-1 due to pathological stretch has the potential to dysregulate key endothelial cell receptors that may exacerbate microvascular damage. For example, sorting nexin downregulation decreases expression of the endothelial cell surface receptor FEEL-1/stabilin-1 (Adachi and Tsujimoto, 2010), which can reduce endothelial cell-cell interaction and angiogenesis (Adachi and Tsujimoto, 2002).

Blood–brain barrier breakdown due to elevated pulse pressure may result in microbleeds in the brain from cumulative pulse-pressure-induced cellular damage over time as well as from the excessive direct mechanical force of the pulse. As briefly mentioned earlier, a recent mechanistic study in wild-type mice and Alzheimer’s disease model (APP/PS1) mice has reinforced the importance of high pulse pressure in the pathogenesis of dementia-related cerebral changes. de Montgolfier et al. (2019) studied mice following transverse aortic constriction surgery that increased pulse pressure in only the right side of the brain, while the left side of the brain experienced normal pulse pressure and served as an internal control. In addition to causing more microbleeds, elevated pulse pressure led to blood–brain barrier dysfunction, loss of cerebral microvessel density, and hypoperfusion in both wild-type and APP/PS1 mice. Notably, the right hemisphere that was exposed to high pulse pressure in APP/PS1 mice also had more amyloid-β deposition compared to the left hemisphere that experienced normal pulse pressure.



BLOOD–BRAIN BARRIER DAMAGE AND COGNITIVE DECLINE

Elevated pulse pressure compromises the blood–brain barrier through several processes, including oxidation, inflammation, and apoptosis. However, this damage does not stay confined to the blood–brain barrier (Figure 1). Reactive oxygen species, inflammatory cytokines, amyloid-β, and blood leak into the neural tissue from the injured blood–brain barrier triggering neuron dysfunction and death that may drive the development of certain dementias (Lynch, 2010; Sharma and Sharma, 2010; Van der Flier and Cordonnier, 2012; Lyman et al., 2014; Martinez-Ramirez et al., 2014; Huang et al., 2016; Sweeney et al., 2018). Resultant oxidative stress and inflammation in the brain following blood–brain barrier leakage can also upregulate brain cell production of amyloid-β (Tong et al., 2005; Lee et al., 2008). This increase in amyloid-β, coupled with the increased amyloid-β secretion from cerebral endothelial cells exposed to elevated pulsatile stretch (Gangoda et al., 2018), accelerates the formation of amyloid-β plaques (Alasmari et al., 2018; Cheignon et al., 2018). Amyloid-β deposition in the brain disrupts neuronal synapses and breaks neuronal branches (Tsai et al., 2004) and further exacerbates oxidative stress, neuroinflammation, and apoptosis (Miranda et al., 2000; Xie et al., 2013; Dorey et al., 2014). Moreover, loss of pericytes due to blood–brain barrier inflammation contributes amyloid-β build-up since pericytes can remove amyloid-β from the brain (Sagare et al., 2013).
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FIGURE 1. The blood–brain barrier and neuropil under normal pulse pressure (top) versus elevated pulse pressure (bottom).


Blood–brain barrier microbleeds from elevated pulse pressure allow for systemic molecules and circulating cells to enter the sensitive neural tissue. For example, hemoglobin is a vital systemic protein that carries oxygen in blood, but it can damage neural tissue. Breakdown of hemoglobin in the brain leads to release of redox-active iron and production of reactive oxygen species resulting in oxidative damage (Robinson et al., 2009). Heme-deposits colocalize with amyloid-β plaques, indicating that microbleeds are involved in amyloid-β pathology (Cullen et al., 2006). Another important systemic protein is fibrinogen, which is a clotting factor in blood. However, upon vascular injury, fibrinogen is enzymatically converted to fibrin, which can also damage neural tissue. Brain deposition of fibrinogen originating from blood is increased in Alzheimer’s disease patients (Narayan et al., 2015). The resulting fibrin is linked to neuroinflammation, neuron dysfunction, and neuron death, as well as reduced blood–brain barrier integrity (Paul et al., 2007; Cortes-Canteli et al., 2015). Fibrin can bind to amyloid-β, which prevents fibrin clearance from both the blood–brain barrier and the brain leading to more microbleeds and neurodegeneration (Cortes-Canteli et al., 2012; Ahn et al., 2017). Microbleeds also recruit circulating immune cells that infiltrate the brain (Fiala et al., 2002; Cullen et al., 2005) and activate the brain-resident microglia (Xue and Del Bigio, 2000), which in turn activate neurotoxic reactive astrocytes that are implicated in neurodegeneration (Liddelow et al., 2017). However, even in the absence of microbleeds, pulse-pressure-induced endothelial dysfunction alone may be sufficient to drive wide-spread degeneration of the blood–brain barrier and neural tissue.

In summary, elevated pulse pressure delivers initial and continuous insults to the blood–brain barrier. Chronic oxidation and inflammation in the blood–brain barrier and upregulated secretion of amyloid-β from the blood–brain barrier causes persistent brain oxidative stress, neuroinflammation, amyloid-β deposition, and consequential neurodegeneration. This new pathological pathway of pulse-pressure-induced cognitive decline in dementia (Figure 2) may shed light on previous disappointments in therapeutic development for dementia, as well as reveal future opportunities.
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FIGURE 2. The pulse-pressure-induced cognitive decline pathway.




POTENTIAL PULSE PRESSURE IMPACTS ON THERAPEUTIC STRATEGIES FOR DEMENTIA

Amyloid-β has been a primary focus of R&D for Alzheimer’s disease. Despite over two decades of work and numerous clinical-stage drug candidates, no BACE1 inhibitors or anti-amyloid-β therapeutics have been demonstrated to improve cognitive function, thus none have achieved regulatory approval (Panza et al., 2019). Considering the pulse pressure paradigm of dementia (Figures 1, 2), drug targeting of only amyloid-β might be insufficient as a stand-alone therapy. Alternatively, anti-inflammatory agents have been proposed to treat Alzheimer’s disease. Anti-inflammatory agents like enetercept (a TNFα inhibitor approved for several types of arthritis) have been suggested to treat Alzheimer’s disease (Decourt et al., 2017). However, a phase II trial of enterecept failed to show any significant improvements in cognitive ability (Butchart et al., 2015). Other anti-inflammatory agents currently in clinical trials for Alzheimer’s disease include a RIPK1 inhibitor (DNL747, phase I; Denali Therapeutics), a TREM2 activator (AL002, phase I; Alector), and a non-steroidal anti-inflammatory (Salsalate, phase I; University of California San Francisco). Ultimately, targeting inflammatory-mediating molecules or amyloid-β to treat dementia may be an uphill battle since elevated pulse pressure will continue to broadly activate various inflammatory processes and increase amyloid-β throughout the blood–brain barrier and neural tissue. Thus, lowering elevated pulse pressure in certain dementia patients may be an essential first step to limit the production of inflammatory molecules and amyloid-β (as well as reactive oxygen species) before administering drugs, if necessary, to inhibit any remaining disease activity. Reduction of pulse pressure may therefore also allow for lower doses of these drugs to improve their safety profiles.

Another challenge for many neurological drug candidates, including anti-inflammatory and anti-amyloid-β biologics, is the inability to readily cross blood–brain barrier; only molecules that have a molecular weight under 400 Da and form fewer than eight hydrogen bonds are expected to passively diffuse (Pardridge, 2012). Hence, blood–brain barrier damage has been hypothesized as an avenue for larger drugs to enter the brain. Abulrob et al. (2008) showed that biologics can pass through blood–brain barrier lesions but do not widely distribute in neural tissue. Also, leakage is not uniform across the entire blood–brain barrier (Bien-Ly et al., 2015; Gyanwali et al., 2019), so drug delivery throughout the brain may be inadequate. Moreover, while blood–brain barrier disruption from elevated pulse pressure may enable some locally confined penetration of certain dementia drugs into the brain, it also allows for entry of toxic blood components that harm neurons. Hence, promoting blood–brain barrier health and integrity through the reduction of elevated pulse pressure alone may be a superior solution for treating certain dementias, and only if still required, drug candidates that can passively diffuse through the intact blood–brain barrier could be trialed.

A different drug delivery approach utilizes endogenous cerebral endothelial cell receptors that innately transport specific molecules from the systemic circulation into the brain. One such receptor is the insulin receptor that transports insulin from blood into the brain to support neuron function and metabolism (Bilotta et al., 2017). Molecular trojan horse technology is being developed to exploit various transport receptors. Molecular trojan horses are comprised of a therapeutic domain (e.g., an enzyme, an antibody fragment, or neurotrophin) fused to a receptor-binding domain (e.g., an insulin receptor antibody) to facilitate active transport by receptors across the blood–brain barrier (Pardridge, 2017). However, elevated pulse pressure causes endothelial cell dysfunction (Jufri et al., 2015; Jufri et al., 2017), which could impact receptor expression and activity. Therefore, it may be critical to first resolve elevated pulse pressure before administering therapies that have been designed in consideration of healthy blood–brain barrier dynamics.

Stem and progenitor cell therapies are also gaining attention as a strategy to repair blood–brain barrier damage and treat dementia (Cheng et al., 2018; Zhang et al., 2018; Alipour et al., 2019). Autologous and allogeneic stem cells are currently in clinical trials for Alzheimer’s disease (Hope Biosciences; Nature Cell Co; Medipost Co; CHA Biotech Co; Stemedica Cell Technologies; Longeveron; and University of Miami). However, elevated pulse pressure chronically induces NF-κB, inflammation, and reactive oxygen species production that can limit the regenerative potential of stem and progenitor cells (Yao et al., 2006; Shao et al., 2011; Lin et al., 2013; Josephson et al., 2019). Accordingly, reduction of elevated pulse pressure may be necessary to enhance stem and progenitor cell efficacy.



PULSE PRESSURE AS A THERAPEUTIC TARGET FOR DEMENTIA

As discussed above, elevated pulse pressure may initiate a cascade of oxidation, inflammation, amyloidogenesis, blood–brain barrier damage, and neurodegeneration. Therefore, novel therapeutics could be developed to target pulse pressure as a potential preventative solution or treatment for certain dementias. A relevant approach currently under investigation is the repurposing of blood pressure medications. In the SPRINT-MIND study of 9361 individuals, aggressive antihypertensive therapy was shown to significantly reduce the risk of cognitive decline (Williamson et al., 2019) but was also linked to serious adverse events, such as hypotension and acute kidney failure (Group, 2015). Currently, Losartan and Telmisartan are in phase III (University of Texas Southwestern) and phase I (Emory University) trials for Alzheimer’s disease, respectively. Both are angiotensin II receptor antagonists that induce blood vessel dilation to lower blood pressure, which may reduce the incidence, progression, and pathology of Alzheimer’s disease (Li et al., 2010, 2012). However, Losartan, Telmisartan, and the antihypertensive drugs in the SRPINT-MIND study lower both systolic and diastolic blood pressure. Lowering diastolic blood pressure is potentially dangerous in dementia patients if cerebral autoregulation fails in the elderly (Toth et al., 2017; Zhou et al., 2019) since this may result in decreased blood flow, which can exacerbate cognitive decline (Benedictus et al., 2017; Leijenaar et al., 2017). Considering the safety profiles and effect on diastolic blood pressure, these drugs may be difficult to apply in practice for treating older patients with stiff vessels.

When developing new technologies to restore healthier pulse pressure, minimizing adverse events will be paramount due to the elderly patient population in dementia. Accordingly, an appealing therapy would lower systolic but not diastolic blood pressure. If feasible, therapeutic targeting of the brain, instead of the whole systemic circulation, may further benefit safety. For example, reducing pulse wave intensity at and distal to the carotid artery may be particularly useful for alleviating pulse pressure impacts on the brain specifically. A technology that safely lowers elevated pulse pressure could also improve efficacy of potentially synergistic therapies when used in combination. Future therapeutic development could explore reducing carotid/cerebral artery stiffness, restoring carotid/cerebral artery elasticity, or reducing peripheral wave reflection. These approaches may produce a novel drug or device to prevent or treat cognitive decline in certain dementias.
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Objective: To evaluate amyloid-β deposition with 18F-florbetaben (FBB) PET imaging against 11C-PIB PET in cognitive normal controls (NC), mild cognitive impairment (MCI), and Alzheimer’s disease (AD) patients.

Methods: We recruited 45 subjects (15 in each group of NC, MCI, and mild/moderate AD) who had undergone dynamic 18F-FBB amyloid PET imaging. For comparison study, 17 participants, including six NC, five MCI, and six AD patients, also underwent 11C-PIB PET imaging on separate days. Standardized uptake value ratios (SUVR) were calculated using the cerebellar cortex as the reference region with regions of interest (ROI) manually defined on co-registered CT. Quantitative analysis of mean cortical uptake was calculated using global SUVR. Spearman correlation analysis between MMSE scores and SUVR of 18F-FBB and 11C-PIB images were calculated.

Results: One (7%) of the 15 NC participants, nine (60%) of 15 MCI patients, and 12 (80%) of 15 AD patients had amyloid-positive lesions on 18F-FBB PET images. In AD patients, global SUVR was significantly higher than those of MCI patients (1.73 ± 0.62 vs. 1.55 ± 0.11, P < 0.001) and NC subjects (1.73 ± 0.62 vs. 1.13 ± 0.43, P < 0.001). In the comparison study, one NC participant, five MCI patients, and five AD patients had amyloid-positive lesions on 11C-PIB PET images. There was a significant linear correlation (r2 = 0.81, P < 0.001) between 18F-FBB and PIB global SUVR values. MMSE scores had negative correlations with SUVR on 11C-PIB PET (r1 = –0.650, P = 0.005) or SUVR on 18F-FBB PET (r2 = –0.754, P < 0.0001).

Conclusion: Our study suggests that 18F-FBB is a useful tracer for the evaluation of amyloid-β deposition in vivo and that global SUVR of 18F-FBB PET might be a reliable tool in the diagnosis of AD.

Keywords: Alzheimer’s disease, amyloid imaging, florbetaben, PET, amyloid beta


INTRODUCTION

Alzheimer’s disease (AD) is the most common form and the most common cause of dementia in elderly. China has the largest population of patients with AD in the world, accounting for approximately 25% of the entire population with AD worldwide (Jia et al., 2019). Extracellular β-amyloid (Aβ) plaques and intracellular neurofibrillary tangles (NFTs) have been used as AD neuropathologic hallmarks. The regional evolution of AD pathology in terms of Aβ and NFTs has been described in postmortem brain tissue (Braak and Braak, 1991). Aβ load can be quantified using 11C-labeled Pittsburgh compound-B (PIB) PET. Neuropathological studies reported that the initial plaques are located in the temporal and orbitofrontal cortices, extending later to the cingulate, frontal, and parietal cortices (Braak and Braak, 1997). In 2011, the National Institute on Aging and Alzheimer’s Association (NIA-AA) created diagnostic guidelines for the preclinical, mild cognitive impairment (MCI), and dementia stages of AD and supported the use of imaging and biomarkers (McKhann et al., 2011). In 2018, NIA-AA updated and unified the new research framework for observational and interventional research of AD. In this research framework, AD is defined by its underlying pathologic processes that can be documented in vivo by biomarkers (Jack et al., 2018). Aβ imaging in vivo with PET not only allows assessment of Aβ deposition in the brain but also provides an important new tool for the evaluation of the causes, diagnosis, and treatment of dementia (Rowe and Villemagne, 2011).

The most widely used PET Aβ ligand, 11C-PIB, was a major breakthrough that provided the first non-invasive in vivo detection of cortical deposition and had shown extensive cortical binding in almost all AD patients, indicating that Aβ imaging may help in distinguishing AD patients from healthy elderly controls (Rowe et al., 2007) and differential diagnosis of the dementias (Rabinovici et al., 2007; Rowe et al., 2007). However, the 20-min radioactive half-life of 11C limits the use of 11C-PIB in research and clinic. To overcome its limitation, a fluorine-18 [18F]-labeled molecule with a radioactive half-life of 110 min is more suitable, which allows widespread distribution from a production facility to multiple sites for research and clinical use. Three 18F-labeled Aβ PET tracers have been granted by the US Food and Drug Administration (FDA) and the European Medicines Association (EMA): florbetapir (Amyvid, Eli Lilly), florbetaben (FBB, Neuraceq, Piramal Imaging Ltd.), and flutemetamol (GE Healthcare). The three FDA-approved tracers exhibited different kinetic behaviors and varying levels of specificity with amyloid-β and off-target white matter binding (Landau et al., 2014).

Among the three 18F-labeled Aβ PET tracers, 18F-FBB was proved to have high in vitro affinity and specificity to amyloid-β, which brought our strong interest. The first human experimental study with FBB for its potential to assess amyloid-β plaques in mild AD patients was carried out in Australia by Rowe et al. (2008). In this study, 15 mild AD patients, 15 healthy elderly controls, and five patients with frontotemporal lobar degeneration (FTLD) underwent 18F-FBB PET imaging. Images were analyzed both by visual interpretation (all patients with FTLD and 13 of the 15 HCs as Aβ negative) and by simple semi-quantitative measurement (compared to HCs or FTLD patients, higher neocortical SUVR was observed in AD patients). The results showed a robust separation of patients with AD from healthy elderly controls and FTLD patients (Rowe et al., 2008). In a pivotal histopathology phase 3 study, which validated 18F-FBB by comparing in vivo PET imaging with postmortem histopathology, the results showed high sensitivity (97.9%) and specificity (88.9%) and high predictive values for the detection of histopathology-confirmed neuritic amyloid-β plaques (Sabri et al., 2015). Results from previous studies (Villemagne et al., 2012; Becker et al., 2013) also support the value of 18F-FBB PET as a diagnostic marker.

In China, to the best of our knowledge, such validation of 18F-FBB has not been achieved to date, especially for differentiation diagnosis of cognitive normal controls (NC), MCI patients, and AD patients, although 11C-PIB and 18F-florbetapir were relatively widely used. In our study, the aim was to evaluate and validate brain Aβ deposition in NC and MCI and AD patients using amyloid PET imaging with 18F-FBB and in the comparative study using 11C-PIB.



MATERIALS AND METHODS


Participants

A total of 45 subjects (15 in each group of NC, MCI, and mild/moderate AD) aged 55–86 years were enrolled in this study. Recruitment and evaluation of NC, MCI, and AD patients were performed at the Department of Neurologic Medicine, Chinese PLA General Hospital. Participants underwent a comprehensive clinical examination including medical history, neurological assessment, routine blood analysis, electrocardiography, psychometric examination, and amyloid PET imaging using 18F-FBB and 11C-PIB. All participants were given the Mini-Mental State Examination (MMSE) and the Clinical Dementia Rating (CDR) score to evaluate the cognitive status. Of these participants, all NC participants had no impairment in cognition and subjective complaint of memory decline with an MMSE score range of 28 or more and a CDR scale of 0. 15 patients with MCI had objective cognitive impairment and had no disability in their daily lives. The MMSE score was 24–28 and a CDR score of at least 0.5; 15 AD patients met the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association Alzheimer’s criteria for probable AD and the Diagnostic and Statistical Manual of Mental Disorders-IV criteria for dementia of Alzheimer’s type. Varying from moderate to mild, AD patients were reported with an MMSE score ranging from 18 to 25 and a CDR scale of 0.5 to 2. All participants had completed at least 9 years of education.

All participants underwent structural MRI examinations on a 3T Siemens MRI scanner (MAGNETOM Skyra, Siemens Medical Solutions, Erlangen, Germany). Participants with cerebral infarctions, history of significant head trauma, or brain diseases as well as participants with psychiatric disorders including serious depression and schizophrenia were excluded. Current or recent drug or chronic alcohol dependence or use or any significant other systemic disease or unstable medical conditions were also excluded. The study was approved by the Chinese PLA General Hospital Human Ethics Committee (S2018-166-01). Written informed consent was obtained from all participants or their caregivers before participation. Safety monitoring consisted of clinical symptom observation and intermittent measurement of vital signs. Adverse events and side effects were evaluated 24 h, 48 h, and 2 weeks after injection.



Tracer Synthesis

18F-FBB and 11C-PIB were labeled and produced in the Department of Nuclear Medicine, Chinese PLA General Hospital. Xiantong International Pharmaceuticals, Inc. (Beijing, China) supplied the precursor and cold standard for production of 18F-FBB. In brief, 18F-FBB was synthesized by a PET-MF-2V-IT-I homemade fluoride module. The total synthesis time is about 38 min. The final product had an average specific activity of 337.5 GBq/μmol (222–453 GBq/μmol). The radiochemical purity is over 95%. 11C-PIB was synthesized from its corresponding precursors as described elsewhere (Philippe et al., 2011). It was synthesized by 11CH3-triflate and 6-OH-BTA-0, then purified by semi-preparative HPLC, and reformulated with a radiochemical purity of >95%.



PET/CT Imaging

All participants underwent 18F-FBB PET/CT in a random order within 6 months after comprehensive clinical examination. PET/CT was performed using a 3D imaging consisting of a PET scanner and a multislice CT (μMl 510, United lmaging, China) in the Department of Nuclear Medicine. A spiral CT for the brain was acquired with CT parameters of 120 kV, 110 mAs, and slice thickness 3.00 mm, equal to those of PET. A vacuum cushion was used to minimize head movement during the scanning.

Participants underwent a dynamic PET emission scan in the three-dimensional mode. Dynamic brain PET images were collected continuously for 20 min. 11C-PIB PET/CT images were obtained at 40–70 min after intravenous injection (3.7–5.5 MBq/kg), while 18F-FBB PET/CT images were acquired at 90–110 min after injection (3.7–5.5 MBq/kg). Data obtained from the CT scans were used to correct the attenuation for PET emission data.

In a dual-tracer study, 18F-FBB and 11C-PIB were used in six NC participants and five patients with MCI and six with AD. 18F-FBB and 11C-PIB PET/CT were performed in all participants on separate days, independently.



Image Analysis

Regions of interest (ROI) analysis was performed on individual PET images and the co-registered CT images. The standardized uptake value ratio (SUVR) was calculated using the cerebellar cortex as a reference region, due to lack of amyloid plaque. To obtain quantitative regional SUVR values of 18F-FBB and 11C-PIB PET, circular ROI with a diameter of 1–1.5 cm was placed on eight bilateral cortical regions of the PET images corresponding to anatomic CT scans. The eight bilateral cortical regions were as follows: precuneus cortex (Pre), parietal cortex (PC), anterior cingulate gyrus (ACG), posterior cingulate gyrus (PCG), frontal cortex (FC), temporal cortex (TC), occipital cortex (OC), and cerebellar cortex. Global SUVR was defined as the arithmetic mean of the PC, ACG, PCG, FC, OC, and TC SUVR (Barthel et al., 2011).

For visual analysis of 18F-FBB and 11C-PIB PET, blind to clinical diagnosis and other clinical data, two independent nuclear medicine physicians with experience in interpretation of 18F-FBB and 11C-PIB PET images classified the 18F-FBB and 11C-PIB images as “amyloid positive” or “amyloid negative.” A scan was read as positive if the tracer deposited was visible in one cortical region. A “negative scan” was defined when there was no increased tracer uptake in any cortical region (Marchant et al., 2011). 18F-FBB images were generated from the 90–110-min data for visual inspection on a MedEx workstation and displayed with a rainbow color scale. Reading 18F-FBB images starting at the cerebellum, scrolling upward to the TC and FC, then to the PCG and Pre, and finally to the PC (Sabri et al., 2015).



Statistical Analysis

All the data analyses were performed using SPSS (version 25.0; IBM). The normality of the distributions for all continuous variables was tested using the Shapiro–Wilk test. Continuous data for the three groups were evaluated using one-way ANOVA for normally distributed values. For comparisons of SUVR among NC participants, AD and MCI patients were performed using independent-sample t-tests. Spearman correlation coefficients and significance levels were used to evaluate correlations between SUVR values of 18F-FBB PET vs. 11C-PIB PET and MMSE. The effect size was calculated with Cohen d. Statistics were considered significant at p < 0.05. Data were presented as means ± standard deviations (SDs).



RESULTS


Cognitive Function

Fifteen NC, 15 MCI, and 15 AD patients were enrolled in our clinical study between May and October 2019. All the participants completed the study and were included in the final analysis. The participants’ demographic characteristics are summarized in Table 1. There was no significant difference in gender among the NC, MCI, and AD groups. MCI and AD patients were significantly older than NC participants. MMSE and CDR scores were statistically significant among the three groups (Table 1). Remarkably lower MMSE scores (20.80 ± 2.62) and higher CDR scores (1.01 ± 0.42) were observed in AD patients compared with NC participants or MCI patients, while MCI patients showed notably lower mean MMSE scores (25.93 ± 1.28) and higher CDR scores (0.47 ± 0.13) than NC participants.


TABLE 1. Demographic information of study participants.
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Safety Analysis

No serious adverse reaction related to the study drug were observed and reported after the 18F-FBB and PIB PET/CT scan and during at least the 2-week follow-up period.



Visual Analysis

The 18F-FBB uptake was more extensive in Pre, PC, ACG, PCG, FC, TC, and OC (Table 2). A lot of the MCI patients also exhibited extensive Aβ deposition, especially in PCG, FC, and PC. The typical images in AD, positive (and negative) MCI, and NC patients are shown in Figure 1. Compared to the 11C-PIB images, higher non-specific binding in the white matter was seen in the 18F-FBB images (Figure 1).


TABLE 2. Regional and global 18F-FBB SUVR and effect size in MCI and AD patients and NC participants.

[image: Table 2]
[image: image]

FIGURE 1. Comparison of brain axial PET images of 18F-FBB and 11C-PIB in NC, MCI, and AD for example. (a) NC participant (75-years-old, male, MMSE = 28). (b) MCI patient (73-years-old, male, MMSE = 27). (c) MCI patient (67-years-old, female, MMSE = 24). (d) Early stage AD patient (78-years-old, male, MMSE = 24). Both 18F-FBB PET/CT and 11C-PIB PET/CT images showed no amyloid deposition (a,c). Amyloid deposition in widespread cortical was almost identical in 18F-FBB PET/CT and 11C-PIB PET/CT (b,d).


Fourteen of the 15 NC participants were amyloid-negative and clearly distinguishable from patients with AD. One NC participant, a 75-year-old man, with no family history of dementia and no subjective or objective memory decline complaints, with mild positive 18F-FBB PET signal, showed increased uptakes in the orbitofrontal cortex and lateral TC as observed in positive 11C-PIB PET images. Of the 15 MCI patients, nine (60.0%) had positive scans on 18F-FBB PET. Seven of the nine amyloid-positive MCI patients had typical positive scans. The remaining two patients showed focal positive scans: one patient was amyloid-positive in PC, FC, and TC, while the other was amyloid-positive in FC and PC. Among the nine MCI patients, five MCI patients underwent a dual-tracer (18F-FBB and 11C-PIB) study producing amyloid-positive images in both PET scans. Twelve of the 15 AD patients showed widespread cortical 18F-FBB deposition; the proportion of patients with negative scans is consistent with previous clinical samples in AD (Villemagne et al., 2012). Six patients that underwent 11C-PIB PET showed an almost identical cortical distribution compared to 18F-FBB images. Both 11C-PIB and 18F-FBB-positive PET images showed highly increased uptakes in CG, FC, TC, PC, and OC, with no appreciable binding in the cerebellar cortex. In three AD patients, a 68-year-old man, a 69-year-old man, and a 72-year-old man, no amyloid plaques deposits were found.



Quantitative Analysis

The mean values of 18F-FBB SUVR and effect size by brain regions for the three groups are summarized in Table 2. For 18F-FBB PET, the SUVR was significantly higher in AD patients in all cortical regions as well as the global cortex (1.73 ± 0.62; P < 0.001) than those of NC participants. There was a significant difference between the global SUVR of MCI patients and NC participants (Figure 2 and Table 2). In 18F-FBB PET, MCI patients yielded a slightly higher effect size than did AD patients (d = 1.34 and 1.12 for MCI and AD, respectively; Table 2).
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FIGURE 2. Global SUVR of 18F-FBB analyses in NC participants and patients with MCI and AD. Global SUVR of AD patients (1.73 ± 0.62) were significantly higher than those of MCI patients (1.55 ± 0.11) and NC (1.13 ± 0.43) participants.


Comparisons of characteristics in each group are illustrated in Table 3. Seventeen subjects underwent both 18F-FBB and 11C-PIB PET/CT studies on separate days, respectively. The final diagnosis was as follows: NC: n = 6, MCI: n = 5; early AD: n = 5; moderate AD: n = 1. Global SUVRs in the 18F-FBB and 11C-PIB PET/CT studies were similar (1.46 ± 0.32 vs. 1.47 ± 0.41, respectively), while 18F-FBB SD was slightly wider (Figure 3A). Figure 3A shows between SUVR of 18F-FBB PET and global SUVR of PIB PET. A strong positive linear correlation (r2 = 0.81, P < 0.001) of global SUVR between 18F-FBB and 11C-PIB was observed. Spearman correlation analysis was performed between MMSE scores and SUVR of 18F-FBB and 11C-PIB images. We found that MMSE scores had negative correlations with SUVR on 11C-PIB PET (r1 = −0.650, P = 0.005) or SUVR on 18F-FBB PET (r2 = −0.754, P < 0.0001). That is, the higher the MMSE scores were, the smaller the SUVR on 11C-PIB PET or 18F-FBB PET was. Furthermore, the correlation of the MMSE score with SUVR on 18F-FBB PET was detected larger than that with SUVR on 11C-PIB PET (| r2| >| r1|) (Figure 3B).


TABLE 3. Characteristics of 17 participants examined by 18F-FBB and by 11C-PIB.
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FIGURE 3. Correlation between 18F-FBB and 11C-PIB global SUVR from six AD and five MCI patients and six NC participants. (A) Excellent linear correlation was observed (r2 = 0.81, P < 0.0001). (B) MMSE scores had a negative correlation with SUVR of PIB PET (r1 = 0.650, P < 0.005) and SUVR of 18F-FBB PET (r2 = 0.754, P < 0.0001).




DISCUSSION

The aim of this study was to evaluate amyloid positivity by visual analysis and quantitative analysis of 18F-FBB SUVR in the NC participants and MCI and AD patients as well as comparing its correlation with 11C-PIB PET. As expected, we demonstrated that 18F-FBB is a useful amyloid PET tracer with excellent linear correlation in the detectability of amyloid deposition, compared to 11C-PIB.

In our study, the AD patients and amyloid-positive MCI patients showed higher cortical uptake than amyloid-negative MCI patients and NC participants in 18F-FBB PET/CT. It is important to note in this study that one NC participant was deemed to be amyloid-positive. In addition, the proportion of amyloid-positive patients is lower than in some previous studies (Villemagne et al., 2012; Landau et al., 2014). The prevalence of scans positive of 18F-FBB and PIB reported in our study is slightly lower than that of positive scans in NC participants in the previous study (Villemagne et al., 2012). This may be related to the younger age of the participants in the NC group.

In the dual-tracer study, 18F-FBB and 11C-PIB images were similar to the progression of Aβ deposition categorized by Braak staging (Braak and Braak, 1991, 1997). In the AD spectrum (both MCI and AD), Aβ deposition was seen in FC, ACG, PCG, PC, Pre, and TC in the majority of patients; dual-tracer images may correspond to Braak C stages. There was no significant Aβ deposition in nine patients, which may correspond to Braak stage 0. Visual analysis proved the diagnostic ability of 18F-FBB to be comparable to other amyloid PET tracers (Figure 1). The quantification comparison between 18F-FBB and 11C-PIB exhibited an excellent linear correlation, which further illustrated the diagnostic value of 18F-FBB (Figure 3A). Moreover, we found that the threshold of global SUVR was about 1.4 in 18F-FBB, which closely corresponded to a global SUVR of 1.5 in 11C-PIB. We also found that there was a negative correlation between MMSE score and SUVR values of 18F-FBB PET vs. 11C-PIB PET in three groups, indicating that the severity of the disease is associated with the significance of cognitive decline.

18F-FBB images (Figure 1) showed an excellent differentiation diagnosis possibility in NC, MCI, and AD. The results convince us to believe that this radiotracer provided a robust separation of AD patients from MCI and NC participants. SUVR comparison between three groups verified our hypothesis (Figure 2). This separation was performed by visual image analysis and a quantitative measure derived from a short PET scan. In visual analysis, cortical uptake and global SUVR of 18F-FBB were slightly higher in MCI patients than in NC participants in PET scans. The threshold value of global SUVR 1.4 could clearly distinguish between MCI and NC participants. However, several patients with MCI showed amyloid-negative deposition and one patient with amyloid deposition was found in the NC group. It is reported that about 10–30% of healthy aged persons showed high amyloid deposition (Cohen et al., 2012). So, this is reasonable to have an amyloid-positive patient in 15 NC participants. Moreover, for the MCI group, 60% of 18F-FBB scans are positive, consistent with the previous study (Anna et al., 2018). Follow-up studies have reported that 70% of amyloid-positive MCI patients will progress to dementia due to AD over 3 years (Okello et al., 2009; Villemagne et al., 2011). Further deep research is needed. As we mentioned above, our clinical diagnosis of AD was not confirmed with pathology due to the unavailability of autopsy.

For visual diagnosis, as shown in Figure 1, a distinct feature was the higher degree of non-specific binding of 18F-FBB to white matter, which is a common feature of 18F-florbetapir and 18F-flutemetamol (Vandenberghe et al., 2010; Wong et al., 2010). Due to the higher non-specific binding in white matter, the visual readouts of 18F-FBB and all the other novel 18F-labeled amyloid radiotracers seem to be challenging in clinical application. The spillover effect of white matter might result in higher measurement of cortical uptake than its actual value. In NC participants, white matter uptake of 18F-FBB was significantly higher than that of 11C-PIB. 11C-PIB PET images usually show deposition in gray matter in excess of that in white matter in AD. While the 18F-labeled amyloid radiotracers all show a distinctive white matter pattern in those with no or low Aβ deposition, in AD patients, these 18F-labeled novel tracers frequently show loss of the gray–white matter demarcation with a consequent loss of the normal white matter pattern as the predominant evidence of cortical Aβ deposition (Rowe and Villemagne, 2011). However, each of the FDA-approved agents provides a nearly identical qualitative evaluation of the presence of cortical Aβ deposition and diagnostic abilities (Vandenberghe et al., 2010; Wong et al., 2010; Sabri et al., 2015). Despite this, both radiotracers provided a robust separation of AD patients from MCI-negative patients and NC participants. White matter hyperintensities (WMHs or leukoareosis) are commonly seen in AD patients, and MRI often shows focal hyperintensities in the deep and subcortical white matter. Pietroboni et al. reported that WM damage represents a crucial feature in AD pathogenesis. Moreover, the correlation between CSF Aβ levels and WM-lesion load suggests a confirmed link between Aβ pathology and WM macrostructural and microstructural damage. A further limitation of this study is the lack of structural MRI data, which would allow us to evaluate WM macrostructural and microstructural damage and adjust for volume loss. Besides, SUVR in amyloid PET was calculated using the cerebellum as a reference region in most studies (Barthel et al., 2011; Villemagne et al., 2012; Hatashita et al., 2014) which is known to have very little accumulation of Aβ (Svedberg et al., 2009) leading to a higher SUVR. There was a significant correlation between 18F-FBB and 11C-PIB in the global SUVR. The slope of the linear correlation was 0.43. This slope is similar to or lower than other 18F-labeled Aβ radiopharmaceuticals, such as 18F-flutemetamol (slope of 0.81) (Landau et al., 2014), 18F-florbetapir (slopes ranging from 0.33 to 0.64) (Wolk et al., 2012; Landau et al., 2013), and 18F-FC119S (slope of 0.41) (Byun et al., 2017).

For 18F-FBB, PET images are obtained 90 min after injection, similar to 18F-flutemetamol (90 min after injection) (Byun et al., 2017) or longer than other 18F-labeled Aβ radiopharmaceuticals, such as 18F-FC119S (30 min after injection) (Byun et al., 2017) and 18F-florbetapir (30–50 min after injection) (Wolk et al., 2012; Landau et al., 2013). Anyway, the total time spent for PET imaging after injection of 18F-FBB (110 min) is similar to other 18F-labeled Aβ radiopharmaceuticals (40–150 min).

Furthermore, research efforts that have more broadly measured amyloid burden antemortem with amyloid PET imaging might have the potential to be helpful for differential diagnosis in neurodegenerative dementia, including dementia with Lewy bodies (DLB), Parkinson disease with dementia (PDD), and vascular dementia (VaD). Despite these dementias being similar and the overlapping clinical, neuropsychological, and neuropathological features, DLB, VaD, PD, and PDD could be differentiated by their degree of cortical deposition of amyloid and cognitive ability (Rik et al., 2015; Donaghy et al., 2018; Melzer et al., 2019). Some studies found Aβ to be consistently higher among Down’s syndrome (DS); however, the association between Aβ1-40 and Aβ1-42 concentrations among DS and AD dementia was inconsistent (Iulita et al., 2016; Lee et al., 2016; Fortea et al., 2018; O’Bryant et al., 2018). This was the initial study on 18F-FBB in China. With little experience for differential diagnosis in neurodegeneration, our future work will explore the role amyloid PET and blood-based biomarkers play in AD and other neurodegeneration dementias during the process of the study and literatures review.

Our study has several certain limitations that should be noted. First, the relatively small number of our study population and the use of correlation instead of regression analysis to interpret data cannot indicate causality between variables, leading to a limited statistical power. Our results should be interpreted with caution. Second, the clinical diagnosis of patients with AD was performed before PET study by certified physicians in a comprehensive diagnosis applying DSM-IV and the NINCDS-ADRDA criteria. No autopsy or histopathological confirmation of amyloid plaque accumulation or biomarkers in cerebrospinal fluids [such as Aβ40, Aβ42, and phosphorylated Tau (pTau)] was performed. Finally, we have not evaluated MCI potential progression to AD. It is possible that several amyloid-positive patients will develop AD in future. Future studies and follow-up study would be required.



CONCLUSION

Our clinical study demonstrated that 18F-FBB could reliably detect Aβ deposition in vivo and discriminating NC and AD patients, which is significantly correlated with 11C-PIB. Although 18F-FBB showed higher non-specific binding to white matter in participants, we could obtain images similar to 11C-PIB PET. The total time spent for 18F-FBB imaging is similar to other 18F-labeled Aβ radiotracers. In addition, all of these results suggest 18F-FBB to be a useful and suitable tool for Aβ deposition imaging in vivo. We would like to expand the utilization of this tracer further in various fields of research and clinical practice.
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Controlling the proinflammatory response of microglia by targeting chemokines (C-C motif) receptor 2 (CCR2) could be an important therapeutic approach for Japanese encephalitis virus (JEV) infection. Here, through JEV infection to BV2 microglia and young BALB/c mice, we investigated that CCR2 is highly upregulated after JEV infection and plays a key role in determining microglia activation phenotype and associated with neurotoxic proinflammatory mediators of TNF-α and IFNγ. In addition, we found JEV infection to BV2 microglia causes an increase in microglial proliferation and cell body area at day 1 and day 3. Using the agonist molecule of CCR2 inhibition; RS102895, significantly reduces microglia reactive phenotype and nitric oxide production. Further, to define the role of CCR2 in functional responses of microglia and their activation phenotype, we performed in vitro cell scratch functional assay and ImageJ analysis. When compared with control, microglia cells showed a significant increase in elongated or rod-like activated phenotype in JEV-infected cells at 24 h post-infection and CCR2 inhibition significantly reduced the elongated activation phenotype induced by JEV infection, suggesting that CCR2 acts as a critical regulator for microglia activation phenotype after JEV infection. We found that JEV-infected mice treated with RS102895 had less microglia activation and reduced mRNA expression of CCR2 and proinflammatory mediators such as IFN-γ in cortical tissue. Collectively, our data indicate that CCR2 drives reactive phenotype of microglia and its inhibition reduces microglia activation and neurotoxic proinflammatory mediators after JEV infection.

Keywords: japanese encephalitis virus infection, microglia activation, proinflammatory markers, CCR2 chemokine receptor, CCR2 chemokine receptor inhibition


INTRODUCTION

Recently, both experimental and clinical studies demonstrated that uncontrolled neuroinflammatory responses of central nervous system in Japanese encephalitis virus (JEV) infection is a major contributor to cell death and neurological dysfunction (Chen et al., 2012). JEV infection induced a neuroinflammatory response including microglia activation that further found engaged in release of proinflammatory mediators (e.g., TNF-α, IFN-γ) along with production of reactive oxygen species that contribute to neuronal cell death in bystander fashion (Das et al., 2008; Thongtan et al., 2010; Chen et al., 2012). However, the underlying molecular mechanism of dysregulated proinflammatory responses of microglia after JEV infection is not well understood. Though, in some studies, of microglia migration dynamics, alteration in their morphology including activation from resting phenotype, and adaptation of phagocytic morphologies are observed in association with their neuroinflammatory responses and neuronal cell death after JEV infection (Kreutzberg, 1996; Ghoshal et al., 2007; Kettenmann et al., 2011; Sips et al., 2012).

Chemokines are found to play an important role in recruitment of leukocytes and other immune cells in the specific area of the JEV-infected brain. For instance, chemokines (C-C motif) ligand-2 (CCL-2) and its receptor chemokines (C-C motif) 2 (CCR2) were found upregulated in brain cortex, striatum, thalamus, hippocampus, sub-ventricular zone, and midbrain area in JEV infection (Swarup et al., 2008; Das et al., 2011; Srivastava et al., 2012; Han et al., 2014) and associated with infiltration of monocytes, T-lymphocytes, and natural killer cells in inflamed brain areas (Rollins, 1991; Getts et al., 2008; Semple et al., 2010). CCR2 expression was also found to be significantly increased in resident immune cells of human microglia followed by JEV infection (Lannes et al., 2017), suggesting that CCR2 plays a key role in the regulation of microglia function and JEV pathogenesis. In recent study, it is also elucidated that CCR2 inhibition attenuates microglia activation and proinflammatory response to kainic acid (KA)-induced injury and reduces microglia-mediated neuronal cell death pathways (Tian et al., 2017). But, CCR2-dependent changes in microglia phenotype and their response followed by JEV infection need to be elucidated further. Here, we set out to investigate the cellular mechanism that drives proinflammatory response of microglia after JEV infection and to establish the role of CCR2 in JEV pathogenesis. The aims of the current study are: (1) to test the hypothesis that CCR2 activation is associated with proinflammatory response of microglia, and (2) to determine that systemic administration of CCR2 antagonist molecule RS102895 reduces proinflammatory response of microglia in JEV-infected mice.



MATERIALS AND METHODS


Virus

An Indian neurovirulent, GP78 (GP 78668A) strain of JEV was used in the study. Virus was propagated in 2–3 weeks old suckling mice brain. A total of 25 μl from stock was inoculated intracerebrally in 2–3 weeks old suckling mice. After 4 days of infection; the mice were deeply anesthetized with chloroform, sacrificed, and brain tissue was homogenized in sterile phosphate-buffered saline (PBS) and virus titer was determined by the standard plaque assay (Yang et al., 2004).



Animal

BALB/c mice 2–3 weeks old were used throughout the study. Mice were procured and housed at the animal care facility of SGPGIMS, Lucknow. Mice were fed with protein-rich diet and water ad libitum. The animals were maintained in an air-conditioned room (25 ± 2°C) with 12 h light (7:00–19:00) and dark cycle. All the experiments were performed during the daylight cycle.



JEV Inoculation

BALB/c mice were inoculated with 3 × 106 plaque-forming units (PFU) resuspended in 20 μl of PBS by using stereotaxic intracerebral injection with bregma and lambda on the same horizontal plane as described before Shukla et al. (2016). Control mice were inoculated with sterile 1× PBS (Sigma, USA). Mice were monitored daily and were sacrificed at days 3 and 7 post-inoculation. The brains were excised aseptically and were processed for biochemical analysis.


Study 1

Sham and JEV-infected mice (n = 4/group) were used for immunohistochemistry studies. At 7 days post-infection, mice were transcardially perfused with ice-cold 0.9% saline (100 ml), followed by 300 ml of 4% paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde overnight, and cryoprotected in 30% sucrose and were processed for microglia analysis.



Study 2

Sham and JEV-infected (n = 7/time point/group) mice were transcardially perfused with ice-cold 0.9% saline (100 ml) at 3 and 7 days post-infection. Ipsilateral cortical tissue was rapidly dissected and snap-frozen on liquid nitrogen for RNA extraction and western blotting.



Study 3

A CCR2 antagonist, RS102895, was intraperitoneally (i.p.) injected by giving a dose of 5 mg/kg at 72 h before JEV infection (n = 6) or control (n = 6) and once daily for the following 5 days. Mice were transcardially perfused with ice-cold 0.9% saline (100 ml), and ipsilateral cortical tissue was rapidly dissected and processed for snap-freezing on liquid nitrogen for RNA extraction and western blot analysis.


BV2 Microglia Cell Culture, Cell Body Area, and Proliferation Analysis

BV2 microglia (murine microglial cell line) were grown on poly-L-lysine (Sigma–Aldrich) coated with or without coverslips in a 24-well plate and were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal equine serum (HyClone, Logan, UT, USA) and 1% penicillin and streptomycin (Invitrogen) at 37°C with 5% CO2. Mock or JEV (at a multiplicity of infection of 10 TCID50/cell) infections were introduced for various time periods and cell body area, and proliferation analysis was performed as described before (Flora et al., 2019; Verdonk et al., 2016). Briefly, bright-field high-magnification images were acquired at constant light intensity and exposure. Images were exported to ImageJ software, where cell body area was analyzed using selection drawing tools. Similarly, for cell proliferation assay, BV2 microglia cells were treated with mock or JEV infection at 37°C with 5% CO2 for the time period of 3, 24, and 72 h. Cells were trypsinized and were incubated with equal mixture of trypan blue and viable cells were counted using a hemocytometer.



RS102895 Treatment and Scratch Analysis

For CCR2 inhibitor treatment, cells were pre-treated with CCR2 antagonist, RS102895 (100 ng/ml), for 4 h before mock or JEV infection for various time periods and were processed for mRNA analysis and scratch experiment for the phenotypic and functional characterization. For the functional experiment, a cross-pattern scratch was introduced into the microglia cell culture and the activated number of microglia cells within the scratch area was counted at twelve fields per well. All experiments were repeated three times.



Cell Viability Assay

Cell viability was determined using a tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Millipore Sigma) colorimetric assay. BV2 microglia cells were incubated in 96-well plates in DMEM containing 10% fetal calf serum and 1% penicillin and streptomycin (40 U/ml and 40 mg/ml, respectively). Ten microliters of MTT at a final concentration of 0.5 mg/ml was added to each well. After 3 h incubation in 5% CO2 at 37°C, media was discarded and formazan crystals were dissolved by adding 100 ml of DMSO to each well. The absorbance was measured at 540 nm using an absorbance microplate reader and cell viability was expressed as a percentage of surviving cells compared with the control cells.



Nitric Oxide Assay

Nitric oxide (NO) release into BV2 microglia condition media was assayed using a Greiss reagent assay (Invitrogen; G7921), as per the manufacturer’s instructions. NO concentration was calculated using standard curves generated from a nitrite stock, and results were expressed in micromoles.



Real-Time PCR

Total RNA was extracted from snap-frozen samples using an RNeasy isolation kit (Qiagen, Valencia, CA, USA) with on-column DNase treatment (Qiagen). cDNA synthesis was performed on 1 μg of total RNA using a Verso cDNA RT kit (Thermo Scientific, Pittsburg, PA, USA); the protocols used were according to the manufacturer’s instructions. Real-time PCR was performed using an ABI 7500 Sequence Detection System (Applied Biosystems) in the presence of SYBR Green. Standard PCR conditions were used as prescribed in SYBR Green I core reagent protocol. PCR was performed using nucleotide primers of CD11b, CCR2, TNF-α, and IFNγ (obtained from Integrated DNA Technology, Coralville, IA, USA). Gene expression was calculated relative to the endogenous control sample (GAPDH) to determine relative expression values, using the 2−ΔΔCt method (where Ct is the threshold cycle). All experiments were repeated three times.



Quantification of Virus

Quantification of viral RNA from brain tissue homogenate was performed by using Geno Sen real-time RT-PCR kit for JEV (Genome Diagnostics). Analysis was performed on an ABI 7500 real-time PCR system (Applied Biosystems). Virus copy number in the samples were determined by using pre-quantified JEV-specific RNA standards with known copy numbers, provided with the kit.



Western Blotting

Proteins from ipsilateral cortical tissue were extracted using RIPA buffer, equalized, and loaded onto 5–20% gradient gels for SDS-PAGE (Bio-Rad, Hercules, CA, USA). Proteins were transferred onto nitrocellulose membranes and then blocked overnight in 5% milk in 1× TBS containing 0.05% Tween-20 (TBS-T). The membrane was incubated in rabbit anti-IBA1 (1:1,000; BD Transduction Laboratories), mouse anti-caspase 12 (1:1,000; Cell Signaling Technology), mouse anti-ubiquitin (1:1,000; Cell Signaling Technology), mouse anti-phospho-H2AX (1:1,000; Cell Signaling Technology), and rabbit anti-GAPDH (1:2,000; Sigma) overnight at 4°C, then washed three times in TBS-T and incubated in appropriate HRP-conjugated secondary antibodies for 2 h at room temperature. Membranes were washed three times in TBS-T, and proteins were visualized using Super Signal West Dura Extended Duration Substrate (Thermo Scientific, Rockford, IL, USA). Chemiluminescence was captured using ChemiDoc XRS + System (Bio-Rad), and protein bands were quantified by densitometric analysis using Bio-Rad Molecular Imaging Software. The data are normalized with endogenous control of GAPDH and expressed in arbitrary units. All experiments were repeated three times.



Lipid Peroxidation Assay

Lipid peroxidation (LPO) was measured in tissue homogenate by assaying the level of thiobarbituric acid reactive substances as an index of peroxidation of lipids by using the method of Ohkawa et al. (1979).



Immunohistochemistry

Twenty-micrometer coronal brain sections were selected, and standard immunostaining techniques were employed as described before (Kumar et al., 2016). Briefly, sections were incubated primary antibody rabbit anti-IBA1 (1:1,000; BD Transduction Laboratories) overnight at 4°C, then washed three times in 1× PBS and incubated with biotinylated anti-rabbit IgG antibody (Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature and avidin–biotin–horseradish peroxidase solution (Vectastain elite ABC kit; Vector Laboratories) for 1 h and then reacted with 3,30-diaminobenzidine (Vector Laboratories) for color development. Images were acquired using a fluorescent Nikon Ti-E inverted microscope, at ×10 (Plan APO 10× NA 0.45) or ×20 (Plan APO 20× NA 0.75) magnification. Exposure times were kept constant for all sections in each experiment. All experiments were repeated three times.



Statistical Analysis

Quantitative data were expressed as mean standard errors of the mean (SEM). RT-PCR relative expression, nitric oxide production, activated microglia cell number, microglia cell body area, and proliferation were analyzed by one-way analysis of variance (ANOVA), followed by post hoc adjustments using Student–Newman–Keuls test. Remaining data were analyzed using Student’s t-test. Statistical tests were performed using GraphPad Prism program V.5 for Windows (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered statistically significant.






RESULTS


JEV Infection Induces Microglia Activation, CCR2 Expression, and Classical Proinflammatory Mediators of TNF-α and IFNγ

Consistent with previous finding (Wang and Deubel, 2011), we also noted that mRNA copy of JE viral infection significantly increases over time (1.4 × 105, 4 × 105, and 6 × 105 copies/ml at 1, 3, and 7 days, respectively), which suggested that JE viral infection progresses over time. Moreover, increased microglia cell activation has been reported in the JEV-infected brain and found associated with neurological dysfunction and increased neurodegeneration (Chen et al., 2010). In the current study, we set out to investigate the mechanism that drives proinflammatory response of microglia activation after JEV infection and to establish the role of CCR2 in JEV pathology. For this, JEV infection was introduced into mice and cortical tissue was isolated at 3 and 7 days for mRNA, western blot, and immunohistochemistry analysis (Figure 1A). Our western blot analysis revealed that JEV infection robustly induced Iba1 protein expression in JEV-infected animals compared with control, suggesting that microglia activation significantly increases in JEV-infected cortical tissue (Figure 1Bi). On the basis of cell morphological analysis (as we have described in a previous publication Kumar et al., 2013), we further noted that hypertrophy-activated microglia, which is characterized by larger cell body area with thicker, shorter, and highly branched processes, significantly increases at day 7 in JEV-infected cortical tissue compared with control animals cortical tissue (Figure 1Bii). Next, our mRNA gene expression analysis of CCR2, CD11b, and classical proinflammatory markers of TNF-α and IFNγ suggests that JEV infection significantly increased mRNA level of CCR2 receptor, CD11b, TNF-α, and IFNγ when compared with control animals [p < 0.05 (TNF-α, CCR2 at 3 days), p < 0.01 (IFNγ at 3 days), p < 0.001 (CD11b at 7 days and CCR2 at 7 days); Figures 1Biii–E].
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FIGURE 1. Microglia activation and its proinflammatory mediators significantly increases in cortex after Japanese encephalitis virus (JEV) infection. (A) JEV infection was intracerebrally (ICV) injected and tissue cortex were collected for mRNA, western blot, and immunohistochemistry analysis. (Bi) IBA1 protein expression at 7 days post-infection in the cortex tissue samples followed by JEV infection compared with control. (ii) Representative images for immunohistochemistry of Iba1 positive microglia cell at 7 days post-infection in cortex of JEV-infected tissue compared with control animals. Scale bars = 50 μm. (iii) qPCR analysis of microglia gene CD11b in the cortex of control and JEV-infected mice at 7 days post-infection. (C–E) JEV infection–induced expression of CCR2 and proinflammatory genes, TNF-α, and IFNγ in JEV-infected mice compared with control animals. One-way ANOVA; data = mean ± SEM; n = 3–7/group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. control group.





JEV Infection Alters Microglia Phenotype, Increases Microglia Cell Body Area and Proliferation in vitro

The cell number and morphological analysis were performed using a hemocytometer and ImageJ software at different cell culture times of 3, 24, and 72 h in BV2 microglia after JEV infection and control cells. There was an increase in microglia cell body area [*p < 0.05 (when compared with 24 h control), ∧p < 0.05 (when compared with 72 h control); Figures 2A,B] and microglia cell number [*p < 0.05, **p < 0.01 (when compared with 3 h control); Figure 2C], suggesting that JEV infection increased activated microglia cellular phenotype and proliferation when compared with control microglia cells.


[image: image]

FIGURE 2. Microglia proliferation and cell body area increases after JEV infection compared with control cells. BV2 microglia cells were infected with JEV and microglia morphology was observed at different times of 24 and 72 h. (A–C) Microscopic morphometric analysis and microglia cell number analysis showed that microglia cell body area and proliferation significantly increases after JEV infection compared with control microglia cells. Data are expressed as mean ± SEM; n = 3–4/group; *p < 0.05, ∧p < 0.05 vs. control group at 72 h for microglia cell body area (B) and *p < 0.05 and **p < 0.01 vs. control group at 24 and 72 h for microglia proliferation (C). One-way ANOVA.





CCR2 Inhibition Reduces Microglia Activation and Nitric Oxide Production in Microglia Cell Culture After JEV Infection

CCR2 regulation was thought to regulate redox signaling and neuroinflammatory responses in CNS (Brune et al., 2013). Therefore, in the current study, we hypothesized that CCR2 drives neurotoxic microglia neuroinflammatory response after JEV infection. To test this hypothesis, we inhibited CCR2 by using CCR2 inhibitor, RS102895, in microglia cell culture of both JEV-infected microglia cell and control microglia cells, and analyzed nitric oxide production using a spectrophotometer and microglia activation phenotype. Note that in vitro study experiments, we used 100 ng/ml concentration of RS102895 after determining 100% of cell viability level for CCR2 and JEV infection to microglia cells. JEV infection significantly increases CCR2 expression and nitric oxide production in JEV-infected microglia cells when compared with levels in control microglia [**p < 0.01 (CCR2), **p < 0.01 (nitric oxide) vs. control microglia cells; Figures 3A,B]. In contrast, CCR2 treatment in JEV infection group resulted in a significant reduction of CCR2 expression and nitric oxide production [∧∧p < 0.01 (CCR2), ∧∧p < 0.01 (nitric oxide) vs. control microglia cells; Figures 3A,B], indicative of a reduced neurotoxic response of microglia in CCR2-treated JEV microglia when compared with control microglia cells. We then expanded our analysis to functional response of microglia and their activation phenotype analysis by performing in vitro scratch functional assay and ImageJ analysis as described before (Figure 3C). When compared with control microglia cells, there was a significant increase in elongated or rod-like activated phenotype of microglia in JEV-infected microglia cells at 24 h post-infection (p < 0.001 vs. control microglia cells; Figures 3D,E). Notably, CCR2 treatment significantly reduced the elongated activation phenotype induced by JEV infection (p < 0.01 vs. JEV-infected microglia cells; Figure 3E).
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FIGURE 3. Chemokines (C-C motif) receptor 2 (CCR2) inhibition, by using molecular inhibitor RS102895, to BV2 microglia cell culture after JEV infection alters function response and reduces microglia activation phenotype. (A) Consistent with our JEV infection into mice model study, we further found that JEV infection–induced expression of CCR2 into BV2 microglia cell culture compared with control cells and RS102895 treatment significantly reduces its expression. (B) Similarly, nitric oxide (NO) analysis was also performed in supernatant of control, JEV-infected, and RS102895-treated JEV-infected microglia cells, and reduction in NO response was observed. Data are expressed as mean ± SEM; n = 3–5/group; **p < 0.01 vs. control and ∧∧p < 0.01 vs. JEV-infected microglia cells at 24 h. One-way ANOVA. (C) Further for the functional assays, microglia cells were seeded and cross-pattern scratch was performed after JEV infection and CCR2 treatment and migration analysis was performed. (D,E) After 24 h, images were acquired and were analyzed for their phenotypic analysis. At the scratch area, we observed that the elongated phenotype of microglia (activated) significantly reduces after CCR2 treatment compared with JEV-infected microglia cells and control microglia cells. Data are expressed as mean ± SEM; n = 3/group; ***p < 0.001 vs. control and ∧∧p < 0.01 vs. JEV-infected microglia cells at 24 h. One-way ANOVA.





CCR2 Inhibition Reduces Proinflammatory-Neurotoxic Mediators of Microglia After JEV Infection

To investigate the effect of CCR2 inhibition in JEV infection, we used CCR2 inhibitor RS102895 in JEV mice model as shown in Figure 4A. We assessed mRNA expression of CCR2, microglial CD11b expression, proinflammatory mediators of TNF-α, IFNγ, and neuronal cell death markers of LPO, poly-ubiquitin, H2AX, and caspase 12 in cortical tissue at day 5 in JEV-infected, RS102895-treated JEV-infected animals, and respective control animals to establish the effect of CCR2 on microglia activation and neuronal cell death pathways. As predicted, JEV infection significantly increases CCR2, CD11b, TNF-α, IFNγ, LPO, and poly-ubiquitin in JEV-infected cortical tissue when compared with levels in control tissue [**p < 0.01 (CCR2), **p < 0.01 (CD11b), *p < 0.05 (TNF-α), *p < 0.05 (IFNγ), *p < 0.05 (LPO); Figures 4B–E, Supplementary Figures S2A,B]. In contrast, CCR2 treatment in JEV-infected animals resulted in significantly reduced CCR2 and microglial CD11b mRNA expression along with proinflammatory marker of IFNγ expression at day 5 post-JEV infection, indicating reduced expression of CCR2 associated with reduced expression of proinflammatory neurotoxic mediators of microglia in the cortex of CCR2-treated JEV-infected mice when compared with JEV-infected mice alone [p < 0.01 (CCR2), p < 0.05 (CD11b, IFNγ); Figures 4B–E].
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FIGURE 4. CCR2 inhibitor treatment reduces neuroinflammation and cell death markers after JEV infection. (A) RS102895 was intraperitoneally (i.p.) injected by giving a dose of 5 mg/kg at 72 h before JEV infection and once daily for the following 5 days. (B–E) mRNA and (Ci) protein western blot analyses were performed at 5 days post-JEV infection in JEV-infected and RS102895-treated JEV-infected animals. Data are expressed as mean ± SEM; n = 3–6/group; *p < 0.05 and **p < 0.01 vs. control group and ∧p < 0.05, ∧∧p < 0.01 vs. JEV-infected animals. One-way ANOVA. (F) Graphical abstract summarizing interaction of CCR2 with neuroinflammation after JEV infection.






DISCUSSION

In the current study, we delineated the role of CCR2 in determining morphology of microglia and neuroinflammatory response in JEV pathogenesis. We found that post-JEV infection, CCR2 expression is significantly increased and associated with reactive phenotype of microglia and subsequent production of proinflammatory mediators of TNF-α and IFNγ. Furthermore, our results demonstrated that CCR2 inhibition is an important target for controlling reactive microglia morphology and neuroinflammatory response of JEV infection.

A number of preclinical and clinical human studies suggest that exaggerated neuroinflammatory response of microglia contributes to JEV pathologies (Ghoshal et al., 2007; Sips et al., 2012). However, limited information is available for the alteration of microglial morphological features after JEV infection. Under normal physiological conditions, microglia exist in resting phenotype (inactivated) and continuously screen the CNS microenvironment for the maintenance of homeostatic condition. In immune challenge condition of viral infection or injury to CNS, these microglia cells rapidly transform into an activated state, proliferate, migrate to challenge site, and participate in the presentation of antigens, phagocytosis, and promote the resolution process (Hanisch and Kettenmann, 2007; Ransohoff and Perry, 2009). However, in case of larger extent of immune challenge, microglia cell body transforms to amoeboid cell body which is characterized by lesser processes and large cell body, and adopt a very similar morphology to bloodborne macrophages (Hanisch and Kettenmann, 2007). Similarly, in our JEV study, we observed that microglia morphology transformed into a highly reactive phenotype and cell body area; proliferation largely increases after JEV infection compared with control microglia cells (Ghoshal et al., 2007). Moreover, by performing in vitro functional scratch analysis, we observed that microglia adopted elongated/rod-like morphology after JEV at scratch area compared with control microglia cells. We observed that these rod microglia cells have few and polar processes that is entirely polarized and have a narrow cell soma. Similarly, these changes have also been noted and found associated with infection such as typhus, syphilis, and sleeping sickness (Spielmeyer, 1922; Ziebell et al., 2012; Au and Ma, 2017). Along with this, we noted that CCR2 inhibitor treatment causes a decrease in activated/elongated morphology of microglia, suggesting that CCR2 chemokine signaling plays a key role in microglia morphology transformation and JEV-mediated pathogenesis. To determine the further role of this unique morphology in inflammatory response, we also evaluated the production of nitric oxide and found that CCR2 inhibition significantly decreases nitric oxide production in CCR2 inhibitor-treated JEV-infected microglia cells. The following findings are consistent with previous findings in which changes in microglia morphologies after viral infection are noted, and with treatment of anti-inflammatory molecules such as minocycline, activation morphology of microglia was found decreased (Mishra and Basu, 2008; Quick et al., 2017). However, the role and morphological attribute of elongated microglia by using a specific antibody, which discriminates these morphologies in JEV pathogenesis, needs to be explored further. Nevertheless, our findings represent that alteration in elongated microglia morphology is a general response rather than JE specific, although these findings highlight the fact that the following understanding about key pathologies can be helpful in controlling the immunopathological response against JEV.

In phagocytic cells such as microglia, CCR2 is a G protein-coupled seven-transmembrane spanning receptor (GPCR). CCR2 signals through these GPCRs, specifically Gi to activate extracellular signal-regulated kinase ERK1/2 signal pathways (Jimenez-Sainz et al., 2003). The increased expression of CCR2 is associated with increased infiltration of inflammatory monocytes NK and T cells at sites of inflammation, which are key components of proinflammatory cascade after JEV infection (Liu et al., 2018; Zhang et al., 2019). Microglia is a key player in neuroinflammation, and proinflammatory cytokine production responsible for progressive neuron damage and CCR2 on microglia has been implicated as a key player for proinflammatory response in many neurodegenerative diseases and thus important in regulating microglia-mediated neurotoxicity (Ghoshal et al., 2007; Terry et al., 2012; Kim et al., 2016; Chauhan et al., 2017; Käufer et al., 2018; Zhang et al., 2019). In the present study, we provide evidence that CCR2 plays a key role in strong inflammatory response and disease pathogenesis after JEV infection (Ghoshal et al., 2007). Furthermore, we used CCR2 antagonist molecule RS102895 to inhibit CCR2 expression during JEV infection both in vivo and in vitro and observed the key disease outcome measures so that JEV-induced brain pathologies can be understood. RS102895 has been previously used to interfere with CCR2 signaling in the brain (Hung et al., 2013) and also highlighted the block of enhancement of phosphorylation of NFkappaB (NF-kB/p65), and involved in modulation of LPS-mediated inflammation-induced pathologies (Cerri et al., 2016).

Increased level of CCR2 expression in our study is consistent with a previous finding in which upregulation of CCR2 level is reported in JEV infection (Chowdhury and Khan, 2017). Moreover, there is a direct relationship between increased CCR2 expression and proinflammatory response after JEV infection (Liu et al., 2018). We show increased CCR2 expression and classical proinflammatory markers of TNF-α and IFNγ in cortical tissue of JEV-infected animals. When we blocked CCR2 expression by using CCR2 inhibitor, proinflammatory markers such as IFNγ reduced (He et al., 2016), but there was no significant change observed in TNF-α compared with JEV-infected animals. In a previous study, it has been shown that mice deficient in CCL2 can only block 40–50% monocyte movement from bone marrow (Jia et al., 2008). This could be one of the reasons why CCR2 inhibitor treatment cannot do complete inhibition of inflammation during JEV infection. However further study for trafficking of CCR2+ inflammatory immune cells such as monocytes from bone marrow to the CNS, their interaction with microglia cells, functional response toward either protective or pathological role, and their inhibition by genetic knockdown such as by using siRNA needs to be explored further.

Finally, in our study, we aim to assess if CCR2 inhibitor treatment could be a potential target for reduction of JEV-induced cell death pathways. We investigated the impact of RS102895 on neuronal cell death after JEV infection. Surprisingly, we did not observe any significant reduction in neuronal cell death pathways upon RS102895 treatment except for a trend in decrease of cell death markers of lipid peroxidation (LPO) and poly-ubiquitin (Supplementary Figure S2A). The following results suggest that JEV infection triggers CCR2-independent neuronal cell death pathways, associated with bystander direct virus-mediated injury (Figure 4F). A potential caveat to the interpretation of the present neuronal cell death data is the lack of observation of cell death–related marker changes beyond 7 days as JE disease progressed to severity and the mice death rate significantly increased after JEV infection. Moreover, in our study, we could not include JE viral load analysis followed by CCR2 inhibitor treatment because of disease severity; however, a previous study had demonstrated that CCR2 deficiency in mice leads to decreased susceptibility against lethal infection of JEV, but there is no difference in viral load in the brain (Kim et al., 2016). However, we did perform key outcome measures such as changes in body weight and survival rate after JEV infection (data not shown) to ascertain the level of disease severity and determine whether CCR2 inhibitor treatment reduces the effect of post-JEV infection. We found that there is no change in body weight and survival rate in CCR2-treated JEV-infected brain at 7 days. On the contrary, a previous study of Liu et al. (2018), in which JEV infection was introduced through intraperitoneal injection, demonstrated that mice treated with CCR2 antagonists had a higher survival rate (about 60%); this also suggests that treatment of CCR2 inhibitor and disease outcome is also dependent on the loss of integrity of blood–brain barrier and severity of JEV infection.

Overall, the following study confirms the role of CCR2 in JEV pathogenesis. We have demonstrated that JEV infection causes an increase in the level of CCR2 and key neuroinflammatory mediators such as TNF-α and IFNγ, which reflects a deleterious effect and skewed microglia activation phenotype toward a more reactive phenotype. These observations highlighted the role of JEV-induced CCR2 activation in neuroinflammation. Nevertheless, further studies are required to affirm the biochemical mechanisms involved in the inflammatory regulation of CCR2 pathways as it is also possible that JEV infection could upregulate the CCR2 expression in astrocytes, infiltrating other immune cells such as neutrophils and leukocytes, and initiate the downstream cross-talk signaling cascades.
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Increasing evidence indicates Chronic Periodontitis (CP) is a comorbidity of Alzheimer’s disease (AD), which is the most common form of age-related dementia, and for the latter, effective diagnostic and treatment strategies are lacking. Although inflammation is present in both diseases, the exact mechanisms and cross-links between CP and AD are poorly understood; and a direct association between the two has not been reported. This study aimed to identify a direct serum proteins link between AD and CP. Two-dimensional differential in-gel electrophoresis was employed to analyze serum samples from 12 CP patients and 12 age-matched controls. Furthermore, to determine the molecular link between CP and AD, neuroblastoma SK-N-SH APPwt cells were treated with 1 μg/ml of lipopolysaccharide from Porphyromonas gingivalis (P.g-LPS). Ten differentially expressed proteins were identified in CP patients. Among them, nine proteins were up-regulated, and one protein was down-regulated. Of the 10 differentially expressed proteins, five proteins were reportedly involved in the pathology of AD: Cofilin-2, Cathepsin B, Clusterin, Triosephosphate isomerase, and inter-alpha-trypsin inhibitor heavy chain H4 (ITI-H4). Western blotting indicated significantly higher expression of Cofilin-2, Cathepsin B, and Clusterin and lower expression of ITI-H4 in the CP group than in the Control group. The serum concentration of Cathepsin B has a good correlation with MMSE scores. Moreover, the protein level of Cathepsin B (but not that of ADAM10 and BACE1) increased significantly along with a prominent increase in Aβ1–40 and Aβ1–42 in the cell lysates of P.g-LPS-treated SK-N-SH APPwt cells. Cathepsin B inhibition resulted in a sharp decrease in Aβ1–40 and Aβ1–42 in the cell lysates. Furthermore, TNF-α was one of the most important inflammatory cytokines for the P.g-LPS-induced Cathepsin B upregulation in SK-N-SH APPwt cells. These results show that CP and AD share an association, while Cathepsin B could be a key link between the two diseases. The discovery of the identical serum proteins provides a potential mechanism underlying the increased risk of AD in CP patients, which could be critical for elucidating the pathophysiology of AD.

Keywords: chronic periodontitis, Alzheimer’s disease, two-dimensional differential in-gel electrophoresis, biomarker, Cathepsin B


INTRODUCTION

Alzheimer’s disease (AD) is one of the most common forms of dementia among elderly people and is pathologically characterized by senile plaques and neuro-fibrillary tangles and clinically characterized by progressive deterioration of episodic memory and cognitive decline (Hardy and Higgins, 1992). The acknowledged history of AD spans almost a century, starting with its first description by Alois Alzheimer in 1907 (Alzheimer et al., 1995). During recent decades, the sequential events that occur in the development and pathology of AD have been extensively studied, yet the precise etiology of the disease remains elusive, and current preventative and curative strategies are largely unsuccessful (Rong et al., 2017; Rasmussen and Langerman, 2019). Considering the complexity of AD pathology, it is apparent that other risk factors also exist besides those known, such as gender, education, smoking, dietary habit, depression, hypertension, diabetes mellitus, obesity, and head injury (Shinohara et al., 2014; Dursun et al., 2016; Badea et al., 2019; Jackson et al., 2019; Tapiainen et al., 2020).

Chronic Periodontitis (CP) is an oral chronic infection/inflammatory disease that affects a considerable worldwide population (López and Baelum, 2015). CP comprises both gingivitis and periodontitis; for the latter, inflammation is localized in the gingival tissues or the inflammatory process reaches deeper connective and bone tissue, causing bone and attachment loss that may ultimately lead to tooth loss (Lang et al., 2009). This local inflammatory process may induce a systemic inflammatory state via mechanisms including dissemination of pro-inflammatory cytokines or bacteria or both from oral to extra-oral sites or even to blood circulation, which may contribute to the exacerbation of several diseases (Martins et al., 2016).

The following two findings support that comorbidity exists between CP and AD: first, AD patients have greater impairment of oral health because of their progressive cognitive impairment, which affects their oral hygiene habits; second, chronic CP can trigger or exacerbate the neuro-inflammatory process observed in AD (Kamer et al., 2015; Pazos et al., 2018). However, interventional studies reporting a direct association between CP and AD are still lacking (Teixeira et al., 2017; Olsen and Singhrao, 2020).

The vascular channel is reported to be the primary link between oral bacteria or pro-inflammatory molecules and the brain (Balan et al., 2011; Maurer et al., 2018). Accordingly, the serum is the preferred specimen for the study of comorbidity of the two diseases. Approximately 500 ml of cerebrospinal fluid is absorbed into the blood daily; thus, the serum may offer a rich source of brain-related disease biomarkers (Asgari et al., 2015). As an improvement of 2D-PAGE, two-dimensional differential in-gel electrophoresis (2D-DIGE) provides a novel opportunity to identify biomarkers or therapeutic targets (Murphy and Dowling, 2018). DIGE incorporates three types of fluorescent molecules (CyDyes), which are used to pre-label samples before separation by 2-DIGE. Proteins of interest are identified by tandem mass spectrometry [liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS); Pasquali et al., 2017].

In this study, we aimed to: (i) identify and validate differentially expressed proteins in CP patients and controls (n = 23 for CP patients; n = 45 for age-matched healthy controls); and (ii) explore the molecular mechanism of Cathepsin B as a link between CP and AD in vitro.



MATERIALS AND METHODS


Human Serum Sample Collection

The study was approved by the Medical Ethics Committee of Shenzhen Baoan Women’s and Children’s Hospital and all subjects signed informed consent before enrolment in the study. Detailed demographic information of CP patients and age-matched controls are presented in Table 1. A serum sample from 23 CP patients and 45 age-matched controls were collected. Blood samples were collected into evacuated collection tubes with no anticoagulant and were allowed to clot for 2 h on ice before centrifugation at 3,000 g for 10 min and 4°C. Serum was collected and stored in Eppendorf tubes at −80°C until utilized for the study.

TABLE 1. Characteristics of Chronic Periodontal disease (CP) patients and control subjects.
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Serum Pre-fractionation

The process of depletion and desalination was performed according to the protocol described previously. The Agilent Human 14 Multiple Affinity Removal Column (Hu-14, 4.6 × 50 mm) was used to remove the most abundant proteins from the serum, which include IgG, IgA, IgM, albumin, antitrypsin, transthyretin, haptoglobin, transferrin, fibrinogen, alpha1-acid glycoprotein, alpha2-macroglobulin, apolipoproteinAII, apolipoprotein AI and complement C3. After depletion, the centrifugal concentrators (YM-3, MWCO3 kDa, Millipore) were used to desalt and concentrate the samples (Lu et al., 2014).



2D-DIGE Analysis and Image Analysis

The standard of 2D-DIGE analysis was performed according to the protocol described previously (Dowling and Ohlendieck, 2018). Most importantly, to reduce the variation of signal in gels, the photomultiplier tube (PMT) was set to ensure maximum pixel intensity values for all gel images within a range of 40,000–60,000 pixels. DeCyder 7.0 (GE Healthcare) was used to analyze the images. In the DIA module, each spot was detected, matched, and normalized; in the BVA module, spot statistics were reviewed. The spots with an average ratio of more than +1.5 or less than −1.5 and with a statistical difference (p < 0.05) were isolated for further investigation.



Identification of Candidate Protein Biomarkers by LC-MS/MS

The standard LC-MS/MS and database searching were performed according to the protocol described previously (Sun et al., 2015). Briefly, LC-MS analysis was carried out using a Surveyor MS Pump Plus HPLC system coupled to a Thermo Fisher Finnigan LTQ linear ion trap mass spectrometer (Thermo Fisher Corporation, San Jose, CA, USA) using nano-electrospray ionization. Tryptic peptides were loaded onto a trap column (300SB-C18, 5 × 0.3 mm, 5 μm particle size; Agilent Technologies, Santa Clara, CA, USA) connected through a zero dead volume union to the self-packed analytical column (C18, 100 × 0.1 mm, 3 μm particle size; SunChrom, Germany). The peptides were then separated by linear gradient elution involving 0–45% B over 55 min followed by 45–100% B over 10 min (B is 80% acetonitrile, 0.1% formic acid) at a flow rate of 500 nL/min. MS data were analyzed using SEQUEST against the National Center for Biotechnology Information (NCBI) human protein database and the results filtered, sorted, and displayed using Bioworks 3.2. Returned protein lists were filtered using the parameters: Peptide Xcorr value >1.90 (for +1 charge), >2.75 (for +2 charge), >3.75 (for +3 charge); peptide Delt CN >0.1; protein probabilities <0.001. At least two unique peptides were required for each identified protein.



Western Blot Analysis

Western blot was performed as described before (Sun et al., 2015). Briefly, the PVDF membranes were incubated with anti-Cofilin-2 (Santa Cruz, sc-166985), anti-Cathepsin B (Cell Signal Technology, 31718), anti-Triosephosphate isomerase (Abcam, ab28760), anti-Clusterin (CST, 34642), anti-ITI-H4 (Santa Cruz, sc-515353), anti-APP (Cell Signal Technology, 29765), Anti-sAPPα (IBL, 11088), Anti-sAPPβ (IBL, 18957) Anti-BACE1 (Abcam, ab2077), anti-ADAM10 (Cell Signal Technology, 14194) and anti-β-actin (Cell Signal Technology, 3700) overnight at 4°C. After washed with TBST, HRP-conjugated secondary antibodies (1:10,000) were applied at room temperature for 1 h. The signals were detected by a ChemiDoc MP system (Bio-Rad) and analyzed by ImageJ software.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed according to the instruction of each kit: Human Amyloid beta (aa1–40) ELISA Kit (DAB140B, R&D Systems), Human Amyloid beta (aa1–42) ELISA Kit (DAB142, R&D Systems) and Human Cathepsin B ELISA Kit (ab119584, Abcam). Each sample was performed in duplicate. Briefly, Serum (or diluted serum) at 100 μl was added to the plate and incubated for 2 h at 2–8°C. After a total of four washes, Conjugate was added and incubated for another 2 h at 2–8°C. After another four washes, Substrate Solution was added to each well and incubated for 30 min at room temperature. For signal detection, each well was determined using 450 nm as a primary wavelength and 630 nm as a reference wavelength.



Cell Culture

Human neuroblastoma SK-N-SH cells overexpressing wild-type APP695 (SK-N-SH APPwt) were a gift from Dr. Dennis Selkoe (Boston, MA, USA). SK-N-SH APPwt cells were grown in DMEM, plus10% fetal bovine serum (Hyclone, Los Angeles, CA, USA), 100 U/ml penicillin/streptomycin. Also, cells were supplemented with 200 μg/ml G418. Cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO2 and passed every 2–4 days based on 85% confluence. P.g-LPS was obtained from Invivo Gen (San Diego, CA, USA), and applied to the supernatant of SK-N-SH APPwt cells with the final concentration 1 μg/ml for a total of 7 days to mimic CP in vitro (P.g-LPS was incubated for 4 days initially. At confluence, SK-N-SH APPwt cells were passaged and new P.g-LPS were applied to the supernatant immediately and incubated for another 3 days). For Cathepsin B inhibition, a final concentration of 75 μM CA-074 methyl ester (Sigma-Aldrich, USA) was applied to the supernatant of SK-N-SH APPwt cells 1 h before P.g-LPS. For Cathepsin B activation, IL-6 (10 ng/ml, Genscript, Z03134), IL-1β(100 pg/ml, Genscript, Z02978), TNF-α (10 ng/ml, Genscript, Z01001) and recombinant Human CRP protein (1 mg/L, Abcam ab171471) were applied to SK-N-SH APPwt cells for 24 h. For TNF-α inhibition, pomalidomide (2 μM, Selleck, S1567) was applied to P.g-LPS treated SK-N-SH APPwt cells 24 h before cell harvest.



Statistical Analysis

For the 2D-DIGE experiment study, DeCyder 7.0 (GE Healthcare) was used to analysis data from DIGE (DIA and BVA model). Spots with p < 0.05 and variation ratio >1.5-fold between groups were considered as the differential spots. For Western blot data, comparison between the groups was made using a two-tailed unpaired Student’s t-test. The Control group was normalized to 100%. All data were shown as mean ± SD, and prism software (GraphPad Prism5, La Jolla, CA, USA) was used to create the graphs. A value of p < 0.05 was considered to be statistically significant. The correlation between Cathepsin B level and MMSE scores were performed with the Spearman correlation coefficient.




RESULTS


Clinical Data

The clinical data from each subject are summarized in Table 1. No significant differences were found in age, sex, and education between the two groups in either the 2-DIGE study or the validation study (p > 0.05).



Serum Aβ Measurements in the Clinical Cohort

Whole serum from the CP group and Control group were analyzed to determine the concentration of Aβ1–40 and Aβ1–42. The serum levels of Aβ1–40 and Aβ1–42 did not differ significantly between the groups, with observed serum levels of 216.9 ± 44.0 and 237.0 ± 66.6 pg/ml for Aβ1–40 in the CP and Control groups, respectively (p = 0.142) and 22.5 ± 6.0 and 19.8 ± 4.8 pg/ml for Aβ1–42 in the CP group and Control group, respectively (p = 0.065). However, the Aβ1–42/Aβ1–40 ratio was notably lower (p = 0.009) in the CP group than in the Control group, with serum levels of 0.1057 ± 0.0258 and 0.0889 ± 0.0271 pg/ml, respectively (Figure 1).
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FIGURE 1. Comparison of Aβ1–40, Aβ1–42 and Aβ1–42/Aβ1–40 between Chronic Periodontitis (CP) group and Control group. (A) The concentration of Aβ1–40 between CP group and Control group. (B) The concentration of between CP group and Control group. (C) The concentration of Aβ1–42/Aβ1–40 between CP group and Control group. No significant difference between the CP group and Control group in Aβ1–40 (p = 0.142), Aβ1–42 (p = 0.065) were observed. Aβ1–42/Aβ1–40 was significantly decreased in the CP group compared to the Control group (p = 0.009).





Identification of Differentially Expressed Proteins in CP Patients Using 2D-DIGE

In the differential in-gel analysis (DIA) workspace, approximately500 spots were detected in each gel by the Decyder software. In the Biological variation analysis (BVA) module, the Cy2 image from gel number five was selected as the master gel, as it had the maximum number of spots. Overall, 10 spots were found to be differentially expressed with the criteria (Figure 2B). The 10 spots of interest were manually excised from colloidal Coomassie-stained preparative gels of the pooled CP patients’ and age-matched controls’ depleted serum for in-gel trypsin proteolysis and subsequent LC-MS/MS (LTQ) analysis (Table 2). All 10 differentially expressed protein spots corresponded to 10 different proteins; Cofilin-2 (118 spots), Heat shock protein beta-1 (147 spots), Retinol-binding protein 4 (196 spots), Triosephosphate isomerase (209 spots), Cathepsin B (263 spots), Haptoglobin (313 spots), Alpha-1-antitrypsin (332 spots), Clusterin(375 spots), Complement factor B (406 spots), and inter-alpha-trypsin inhibitor heavy chain H4 (ITI-H4; 453 spots). These proteins were consistent with the theoretical molecular weights and pI ranges based on the positions of the spots on the gel.
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FIGURE 2. Identification of differentially expressed spots by using two-dimensional differential in-gel electrophoresis (2D-DIGE). Abundant protein depleted serum was subjected to 2D-DIGE quantitative analysis to identify proteins with differing abundance between the CP group and Control group. (A) Over-lay of cy2-marked loading control, cy3-marked, and cy5-marked serum sample from CP patient and age-matched controls (n = 12). (B) Distribution of differentially expressed protein spots. The samples were separated using IPG gel (pH 4–7, 18 cm) in the first phase and 12.5% SDS-PAGE; 150 ug of protein was used in each gel. The spots showing significant differences between CP patients and controls (see Table 2) were labeled in a 2D-DIGE gel.



TABLE 2. Differentially expressed serum proteins in CP patients as compared with controls.
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Protein Validation of the Differential Proteins Using Whole Serum

Whole serum was used in the validation study by western blot analysis, in line with clinical practice. In the validation study, five differential proteins were selected for validation by western blot analysis because of their well-established relationship with AD (Figure 3A). In line with the 2D-DIGE study, the expression of Cofilin-2, Cathepsin B, and Clusterin was respectively increased by 58.3, 42.6, and 27.5% (Figures 3B,E,F), whereas the expression of ITI-H4 was reduced by 60.8% (Figure 3C) in whole serum from the CP group. In contrast to the 2D-DIGE results, the expression of Triosephosphate isomerase remained unchanged (Figure 3D). Cathepsin B was selected for further validation by ELISA. The results showed a huge increase of Cathepsin B serum concentration in CP patients (39.7 ± 2.5) as compared to controls (15.2 ± 1.2; Figure 3G). The serum concentration of Cathepsin B correlated well with MMSE scores (r = −0.874, p < 0.001; Figure 3H).
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FIGURE 3. The expression of Clusterin, ITI-H4, Triosephosphate isomerase, Cathepsin B, and Cofilin-2 between Control subjects and CP patients. (A) A representative panel of Western blots of Clusterin, ITI-H4, Triosephosphate isomerase, Cathepsin B and Cofilin-2. (B) Quantitative comparison of the Western blot of Clusterin. (C) Quantitative comparison of the Western blot of ITI-H4. (D) Quantitative comparison of the Western blot of Triosephosphate isomerase. (E) Quantitative comparison of the Western blot of Cathepsin B. (F) Quantitative comparison of the Western blot of Cofilin-2. (G) The serum concentration of Cathepsin B for each individual was measured by ELISA. (H) The correlation between serum Cathepsin B and MMSE score. Data represent mean ± SEM for 16 individual subjects per group. *p < 0.05 compared with the Control group, **p < 0.01 compared with the Control group, ***p < 0.001 compared with Control group, student’s t-test.





Cathepsin B in SK-N-SH APPwt Cells

To determine the molecular link between CP and AD, neuroblastoma SK-N-SH APPwt cells were treated with 1 μg/ml of P.g-LPS for 7 days. Results show that P.g-LPS treatment significantly increased both the Aβ1–40 (p < 0.01) and Aβ1–42 (p < 0.05) levels in the cell lysates of SK-N-SH APPwt cells (Figures 4A–C). To identify the underlying mechanism, we investigated the effect of P.g-LPS on the APP-processing enzymes ADAM10, BACE1, and Cathepsin B and APP cleavage fragments using western blotting. P.g-LPS treatment significantly increased the protein level of sAPPβ (p < 0.01) and Cathepsin B (p < 0.01), with a considerable decrease of sAPPα (p < 0.01; Figures 4D,E). To further verify our results, a specific Cathepsin B inhibitor CA074Me was applied to assess Cathepsin B inhibition on the Aβ1–40 and Aβ1–42 levels in SK-N-SH APPwt cells. The results indicated a robust decrease in the Aβ1–40 (p < 0.05) and Aβ1–42 levels in P.g-LPS-treated-SK-N-SH APPwt cells after Cathepsin B inhibition (Figures 4G–I).


[image: image]

FIGURE 4. Cathepsin B inhibition could decrease the concentration of Aβ1–40 and Aβ1–42 in P.g-LPS-treated SK-N-SH APPwt cells. (A–C) Aβ1–40, Aβ1–42, Aβ1–42/Aβ1–40 concentration in SK-N-SH APPwt cells and P.g-LPS-treated SK-N-SH APPwt cells. (D,E) Representative panel and Quantitative comparison of the Western blot of APP, sAPPα, sAPPβ, BACE1, ADAM10, and Cathepsin B in the cell lysates of SK-N-SH APPwt cells and P.g-LPS-treated SK-N-SH APPwt cells. (F) A representative panel of the Western blot of Cathepsin B in the cell lysates of P.g-LPS-treated SK-N-SH APPwt cells after CA-074Me application. (G–I) Aβ1–40, Aβ1–42 and Aβ1–42/Aβ1–40 concentration after Cathepsin B inhibition in P.g-LPS-treated SK-N-SH APPwt cells.  *p < 0.05 compared with Control group, **p < 0.01 compared with Control group, student’s t-test.





Inflammatory Cytokines in P.g-LPS Treated SK-N-SH APPwt Cells

To elucidate the underlying mechanism of P.g-LPS-induced Cathepsin B up-regulation in SK-N-SH APPwt cells, the well-known inflammatory cytokines in CP including IL-6, IL-1β, and TNF-α, and CRP were applied to the supernatant of SK-N-SH APPwt cells. Only TNF-α treatment could significantly raise the protein level of Cathepsin B (p < 0.01; Figures 5A,B). Furthermore, pomalidomide, a specific TNF-α inhibitor was applied. The results showed in the context of TNF-α inhibition, P.g-LPS could not up-regulate the protein expression of Cathepsin B, which confirmed it was TNF-α which was responsible for P.g-LPS induced Cathepsin B up-regulation in SK-N-SH APPwt cells (Figures 5C,D).
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FIGURE 5. TNF-α is responsible for the increase of Cathepsin B in P.g-LPS-treated SK-N-SH APPwt cells. (A,B) Representative panel and quantitative comparison of the Western blot of Cathepsin B in IL-6-treated group, IL-1β-treated group, TNF-α-treated group, and recombinant Human CRP-treated group and Control group. (C,D) Representative panel and quantitative comparison of the Western blot of cathepsin B in Control group, P.g-LPS-treated group, and P.g-LPS plus pomalidomide-treated group. #p < 0.05 compared to P.g-LPS group, **p < 0.01 compared with Control group, student’s t-test.






DISCUSSION

Several studies have indicated that patients with AD have poorer dental health than age-matched controls, while other studies have also confirmed that patients with CP have cognitive defects and even dementia (Pritchard et al., 2017; Dominy et al., 2019). However, the mechanism underlying the relationship between periodontitis and cognitive decline remains unclear (Gaur and Agnihotri, 2015; Chen et al., 2017). In this study, for the first time, we examined the correlation between CP and AD, regarding proteomics.

Approximately 500 protein spots were successfully matched between the two groups on each gel, and 10 proteins that underwent significant changes (nine up-regulated and one down-regulated) were identified (Table 2). Of the 10 proteins, three have been previously reported to play a positive role in the inflammatory process: Haptoglobin, Alpha-1-antitrypsin, and Complement factor B, which supports our findings (Chou et al., 2012; Ostvik et al., 2014; Yang et al., 2017; Cholette et al., 2018; Balbi et al., 2019; Reeves et al., 2019). It is proposed that inflammation, originated from CP, might add to the inflammatory pool in the serum by contributing several pro-inflammatory mediators, such as C-reactive protein, interleukin (IL)-1, IL-6, and TNF-α, which cause cell apoptosis, tumor genesis, neuro-inflammation, and a systemic immune response (Rapone et al., 2019; Wang et al., 2019).

Recently, an association between CP and AD was hypothesized. It was suggested that CP worsened the inflammatory processes of AD in the brain. This was mainly attributed to increased levels of pro-inflammatory mediators, which activate the already primed microglial cells within the central nervous system and hasten the neuro-degeneration process (Wu and Nakanishi, 2015; Gil Montoya et al., 2020). In this study, of the 10 differentially expressed proteins, five have been extensively studied concerning the pathology of AD: Cofilin-2, Triosephosphate isomerase, Cathepsin B, Clusterin, and ITI-H4, which strengthens the possibility of an association between the two diseases. To further validate our results, these five proteins were analyzed by western blot. Cofilin-2, Cathepsin B, and Clusterin levels were increased and ITI-H4 levels were robustly reduced in the whole serum from CP patients. Although Triosephosphate isomerase was observed to be altered on 2D-DIGE, western blot detected no significant alteration. Of the five AD-related proteins above, Cathepsin B was chosen for further study with the highest correlation with the MMSE score (r = −0.874, p < 0.001).

Nowadays, as there is still no effective treatment or curable drugs for AD, early and accurate diagnosis has become a prime requirement for the management of AD. CSF diagnosis (by invasive means) may not always be feasible, and better non-invasive diagnostic techniques are needed. This is especially important since many AD patients are elder people, whose body is relatively poor and cannot bear the impact of spinal puncture. A large part of CSF proteins is draining out of the brain, which makes serum as a protein pool at the forefront for diagnosis. For Cathepsin B, our future study was to check if their quantity varies during aging and/or as periodontitis diagnosis timeline increases. Usually, it takes 10 years from diagnosis of periodontitis to become a risk factor for AD, so there could be a steady increase in Cathepsin B overtime after the initial diagnosis of periodontal disease. Cathepsin B could be a potential biomarker to make stronger associations with periodontitis and AD.

Evidence also indicates that Cathepsin B has β-secretase activity, participating in APP-processing and cutting to Aβ (Perlenfein and Murphy, 2017; Batkulwar et al., 2018; Sun et al., 2018). Therefore, the molecular mechanism of Cathepsin B in the pathology of AD is interesting. There are two sources of serum Cathepsin B, peripheral organs leaking and brain penetration. It has been reported that macrophages-produced Cathepsin B involves in peripheral Aβ production both in vitro and in vivo. Cathepsin B but not BACE1 could cut the wild-type β-secretase site effectively and further into Aβ1–42 and Aβ3–42 (Nie et al., 2019). In the central nervous system, Cathepsin B is mainly secreted by microglia and packaged into neuronal secretory vesicles with its signal peptide, which will either be captured by neurons or circulate into the CSF. Upon BBB damage, Cathepsin B is absorbed into the serum. Our results also showed at least part of the serum Cathepsin B comes from brain penetration (data not shown). Cathepsin B has been also confirmed to promote mature IL-lβ processing and secretion via activated microglia. Our results demonstrated that the protein level of Cathepsin B was significantly increased along with drastic augmentation in both Aβ1–40 and Aβ1–42 levels in SK-N-SH APPwt cells treated with 1 μg/ml P.g-LPS for 7 days. Furthermore, inhibition of Cathepsin B could result in a significant reduction in both the Aβ1–40 and the Aβ1–42 levels (Figures 4G,H). This is important because, despite evidence indicating the comorbidity of CP and AD, no studies demonstrate the causal link between CP and AD (Harding et al., 2017). Our study, for the first time, demonstrated that Cathepsin B might be a key link between the two diseases.

Clarified by several other studies, the pathology of CP is accompanied with the outbreak of inflammatory mediators, especially pro-inflammatory cytokines such as IL-6, IL-1β, TNF-α, Human NF-κB p65, and CRP (Singhrao et al., 2015; Teixeira et al., 2017; Ranjan et al., 2018; Singhrao and Olsen, 2018, 2019). Wu et al. (2017) found IL-1β, which was produced by microglia, could increase the level of Cathepsin B APP through IL-1R signaling in primary neurons after P.g-LPS treatment. IL-1β was the key inflammatory mediators that link CP and AD (Wu et al., 2017). Nevertheless, our results showed that only TNF-α treatment could significantly upregulate the protein level of Cathepsin B. TNF-α could be an intermediate between P.g-LPS treatment and the production of Cathepsin B and APP. These different results were probably due to the source of inflammatory mediators: microglia-derived IL-1β and exogenous TNF-α. Future microglia and primary neuron co-culture systems are needed to confirm the results of this study.

There are also arguments for this work. Our clinical serum study showed Aβ1–42/Aβ1–40 ratio was notably lower (p = 0.009) in the CP group, which is different from the previous report. Elevated plasma Aβ1–42/Aβ1–40 ratio was observed in severe periodontitis group than in other groups (moderate/mild/absent; Gil-Montoya et al., 2017). Those differences were most likely attributed to the source and degree of patients. Because after we separated the participants into severe, moderate, mild, and control, we also got similar results as what Gil-Montoya et al. (2017) have reported. However, only three CP patients were detected as severe periodontitis, which made the results of subgroup unreliable (date not shown). Anyway, it is well-known that lower serum Aβ1–42 level and Aβ1–42/Aβ1–40 ratio could be found in AD patients as compared to age-matched normal controls, which strongly supports our findings.

In conclusion, in our exploration study, 10 differential expressed proteins were identified between CP and Control groups, while, in the validation study, Cofilin-2, Cathepsin B, Clusterin, and ITI-H4 exhibited a significant alteration in the whole serum samples. Also, Cathepsin B might be a link between CP and AD. Our study represents a new hope for therapeutic interventions that could prevent the progression and worsening of AD.
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Neurodegenerative diseases are characterized by the loss of neurons and/or myelin sheath, which deteriorate over time and cause dysfunction. Interleukin 17A is the signature cytokine of a subset of CD4+ helper T cells known as Th17 cells, and the IL-17 cytokine family contains six cytokines and five receptors. Recently, several studies have suggested a pivotal role for the interleukin-17A (IL-17A) cytokine family in human inflammatory or autoimmune diseases and neurodegenerative diseases, including psoriasis, rheumatoid arthritis (RA), Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), and glaucoma. Studies in recent years have shown that the mechanism of action of IL-17A is more subtle than simply causing inflammation. Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted now that IL-17A causes diseases by activating glial cells. In this review article, we will focus on the function of IL-17A, in particular the proposed roles of IL-17A, in the pathogenesis of neurodegenerative diseases.
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INTRODUCTION

Interleukin-17A (IL-17A) is the signature cytokine of a subset of CD4+ helper T cells known as Th17 cells (McGeachy et al., 2019). The feature of Th17 cells is the expression of the RAR-related orphan receptor γ (RORγt) transcription factor (Ivanov et al., 2006). Initially termed CTLA8, IL-17A was cloned firstly in 1993 from a cDNA library of subtractive rodents and the IL-17-binding receptor was first reported in 1995 (Rouvier et al., 1993; Gaffen, 2011a). Researchers were interested because the sequences of the receptor and ligand of this molecule are different from those of other known cytokines in mammals (McGeachy et al., 2019). In human inflammatory or autoimmune diseases and neurodegenerative diseases, the IL-17A cytokine family has been reported to play a crucial function (Infante-Duarte et al., 2000; Luzza et al., 2000). IL-17A is produced by Th17 cells and other variable sources. In different conditions, the sources may be immune cells, including CD8+(Tc17) cells, “natural” Th17 cells, group 3 innate lymphoid cells (LC3s) and natural killer T (NKT) cells, or resident cells of the central nervous system (CNS), such as microglia (Cua and Tato, 2010).

Neurodegenerative diseases are characterized by progressive loss of selectively vulnerable populations of neurons, which progressively worsens over time and eventually leads to dysfunction (Hammond et al., 2019). There is a convincing body of evidence that protein aggregation, neuronal loss, and immune pathway dysregulation are common features of neurodegeneration (Hammond et al., 2019). These diseases include AD, PD, dementia with Lewy Bodies (DLB), multiple sclerosis (MS), and glaucoma. Glaucoma is characterized by visual field loss and progressive damage to the optic nerve axon and retinal ganglion cells (RGCs; Tian et al., 2015). The elevated intraocular pressure (IOP) is thought to be a major risk factor (Quigley and Broman, 2006; Wei and Cho, 2019). Studies have shown that IL-17A is involved in the pathogenesis of CNS neurodegenerative diseases. Levels of IL-17A in cerebrospinal fluid (CSF) and plasma are significantly increased in patients with MS, AD, and PD, and the expression levels are related to the severity and progress of diseases (Gu et al., 2013; Zhang et al., 2013; Kostic et al., 2014). Although the function of IL-17A in CNS neurodegenerative diseases is less understood and remains somewhat controversial, IL-17A is described to induce the occurrence and development of diseases by activating glial cells (especially microglia; Gu et al., 2013; Kolbinger et al., 2016). Therefore, for this review article, we mainly focused on recent studies on IL-17A and its role in neurodegenerative diseases.



IL-17A AND IL-17 FAMILY CYTOKINES

There are six cytokines and five receptors in the IL-17 family (Gaffen, 2011b). The cytokines include IL-17A to IL-17F, and the receptors included IL-17RA to IL-17RE. These cytokines are dimer molecules, and they contain 163–202 amino acids with molecular weights ranging from 23 to 36 kDa (Gaffen, 2011b). The structures of these cytokines are similar to those of platelet-derived growth factor (PDGF) and nerve growth factor (NGF), which involve a special cystine knot fold architecture (Hymowitz et al., 2001). In the IL-17 family, IL-17A is the most studied cytokine, and it has the 57% sequence homology with the open reading frame 13 (ORF13) of Herpesvirus saimiri, a T cell tropic-herpesvirus that causes a lymphoproliferative syndrome (Gaffen, 2011b). Although they have a similar ORF13 sequence, the 3′ UTR of IL-17A has an adenylate-uridylate-rich (AU-rich) instability sequence, a common characteristic of growth factor and cytokine genes, and IL-17A can induce cytokine secretion in certain cells (Gaffen, 2011b). Thus, IL-17A is considered a cytokine (McGeachy et al., 2019). It has been shown that IL-17A exerts functions in the process of immune inflammation, neovascularization, and tumor development (Zhu et al., 2016; Kuwabara et al., 2017).

IL-17B through IL-17F was discovered when researchers screened for the homologous genes of IL-17A. IL-17B has been reported to play an important role in cancer and inflammation. The proliferation and migration of gastric carcinoma cells are facilitated by IL-17B through activating mesenchymal stem cells in vitro (Bie et al., 2017b). The resistance to the treatment of paclitaxel in breast cancer is promoted by IL-17B through activation of the extracellular regulated protein kinases 1/2 (ERK1/2) pathway (Laprevotte et al., 2017). IL-17B exerts a dual function in the development and progression of inflammation. In mucosal inflammation, IL-17B plays an anti-inflammation role (Reynolds et al., 2015). In rat models with indomethacin-induced intestinal inflammation, however, IL-17RB levels are increased, and intraperitoneal injection of IL-17B promotes the migration of neutrophils in normal mice, indicating that IL-17B has a pro-inflammatory function (Shi et al., 2000; Bie et al., 2017a). The source of IL-17C is different from IL-17A as IL-17C is produced by different cells, such as epithelial cells (Ramirez-Carrozzi et al., 2011). A recent study has shown that the peripheral nerve neurons are protected by IL-17C, which acts as a neurotrophic cytokine, during Herpes simplex virus reactivation (Peng et al., 2017). Also, through the expression of antimicrobial peptides, chemokines, and pro-inflammatory cytokines, epithelial inflammatory responses are stimulated by IL-17C. Although IL-17C plays a proinflammatory role in a skin inflammation model induced by imiquimod, it has a protective function in colitis elicited by dextran sodium sulfate (Ramirez-Carrozzi et al., 2011). IL-17D is preferentially expressed in some tissues, such as adipose tissue and skeletal muscle, as well as some organs, including lung, heart, and pancreas (Starnes et al., 2002). IL-17D has some effect during inflammation, tumors, and viral infection. Stimulation of endothelial cells with IL-17D induces a classic pro-inflammatory cytokine response, including granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, and IL-8 and the increased expression of IL-8 is dependent on nuclear factor B (NF-κB)-dependent (Starnes et al., 2002). Compared to wild-type animals, IL-17D(−/−) mice showed a higher incidence of cancer and exacerbated viral infections, indicating that the expression of IL-17D after viral infection and tumors is essential for the protection of the host (Saddawi-Konefka et al., 2016). Moreover, IL-17D plays a role in tumors and virus surveillance mediated by NK-cells (Saddawi-Konefka et al., 2016). There are some differences between IL-17E (now called IL-25) and other family members of IL-17. IL-25 is associated with type 2 immune response marked by increased serum Immunoglobin E (IgE), IgG, and IgA levels as well as pathological changes in the gastrointestinal tract and lungs. In the digestive tract, IL-25 limits chronic inflammation and regulates type 2 immune response (Owyang et al., 2006). IL-25 induces IL-4, IL-5, and IL-13 gene expression (Fort et al., 2001). An early study indicated that IL-25 exerts an opposite function in the pathogenesis of organ-specific autoimmunity compared to IL-17A (Kleinschek et al., 2007). IL-17F and IL-17A are similar in terms of function and source. These two cytokines are not only the result of gene replication, as they are located next to each other on the same chromosome, but are also co-produced by Th17 cells (Waisman et al., 2015). Similar to IL-17A, IL-17F contributes to inflammatory responses and barrier surface protection (Puel et al., 2011).



RECEPTORS AND SIGNALING PATHWAYS OF IL-17

There are five receptors (IL-17RA to IL-17RE) in the IL-17 receptor family and these receptors are composed of two chains (Waisman et al., 2015). Among these receptors, IL-17A and IL-17F bind to the same receptor, which is a heterodimer composed of IL-17RA and IL-17RC (Ely et al., 2009; Hu Y. et al., 2010). The heterodimeric receptor composed of IL-17RA and IL-17RC is express in CNS resident cells, such as microglia and astrocytes, as well as CNS endothelial cells (Kebir et al., 2007; Das Sarma et al., 2009). However, the expression of the IL-17 receptor expresses on neurons remains controversial. Early studies have shown that rat dorsal root ganglion neurons and mouse neural stem cells express IL-17 receptors (Li et al., 2013; Segond von Banchet et al., 2013). Recently, human PD- induced pluripotent stem cell (iPSC)-derived midbrain neurons (MBNs) have been described to express IL-17 receptors (Kawanokuchi et al., 2008; Sommer et al., 2018).

The IL-17 receptor family has one thing in common, namely, it shares a cytoplasmic motif termed “SEFIR” (SEF/IL-17 receptor; Novatchkova et al., 2003). After contact with IL-17 family cytokines and the IL-17R complex, Act1) an adaptor protein) is recruited to the SEFIR domain of the receptor complex (Qian et al., 2007; Liu et al., 2011; Waisman et al., 2015). The intracellular SEFIR domain then interacts with a corresponding SEFIR motif on the Act1 adaptor. Act1 then rapidly ubiquitinates another E3 ubiquitin ligase, namely TNF-receptor associated factor 6 (TRAF6; Schwandner et al., 2000; Qian et al., 2007). Ultimately, IL-17 signaling triggers the activation of the canonical NF-κB cascade response (Qian et al., 2007). Collectively, transcriptional induction of target genes is triggered by these factors (McGeachy et al., 2019; Figure 1). When the NF-κB cascade response is activated, IL-17- NF-κB signaling induces several positive and negative feedback circuits to control related physiological function. NF-κB upregulates the expression of B cell lymphoma 3-encoded protein (Bcl3) and then, in turn, facilitates the expression of multiple IL-17-NF-κB-driven anti-microbial and proinflammatory genes (Ruddy et al., 2004; Karlsen et al., 2010). However, IL-17- NF-κB signaling induces several negative feedback circuits to restrain the activation of NF-κB, such as deubiquitination (Garg et al., 2013; Cruz et al., 2017). Among the above signaling pathways, Act1 is an essential activator. The absence of the Act1 gene has been shown to cause complete failure in the response of cells to IL-17 (Qian et al., 2007; Liu et al., 2011).
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FIGURE 1. Signaling pathway of Interleukin-17A (IL-17A). The heterodimer receptor consists of two subunits, IL-17RA and IL-17RF, which bind to IL-17A, IL-17F, and IL-17AF ligands. The intracellular SEF/IL-17 receptor (SEFIR) domains interact with a corresponding SEFIR motif on the Act1 adaptor (Novatchkova et al., 2003). TNF-receptor associated factor 6 (TRAF6) and TRAF2/5 proteins bind to the TRAF-binding site in Act1. After binding to Act1, TRAF6 mediates the activation of the classical nuclear factor-κB (NF-KB) pathway of MAPK:AP-1. Collectively, these pathways trigger the transcriptional induction of target genes (Qian et al., 2007). In the IL-17 signaling pathway, a pathway of post-transcriptional mRNA stabilization is promoted through the recruitment of TRAF2 and TRAF5 by Act1 (Schwandner et al., 2000). This physiological process is achieved by controlling multiple RNA-binding proteins, such as HuR and Arid5a.





FUNCTION OF IL-17A

Induction of the expression of chemokines, such as chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL2, and CXCL8, is an important function of IL-17A. These chemokines can attract myeloid cells to injured or infected tissues (Onishi and Gaffen, 2010). IL-17A also induces the expression of IL-6 and granulocyte colony-stimulating factor (G-CSF), which promotes myeloid-driven innate inflammation (Gaffen et al., 2014). When encountering acute microbial invasion, IL-17A induces responses to protect the host. Overwhelming data suggest that IL-17A has a specific function in the prevention of Candida albicans. Antifungal immunity is regulated by IL-17A through upregulating antimicrobial peptides (e.g., defensins) and proinflammatory cytokines (e.g., CXCL1 and CXCL5; Conti and Gaffen, 2015; Drummond and Lionakis, 2019). The increased expression of proinflammatory cytokines and antimicrobial peptides has a synergistic effect on limiting fungal overgrowth (Conti and Gaffen, 2015; Drummond and Lionakis, 2019).

In injured psoriatic skin tissue, dysregulated IL-17 signaling promotes pathogenic inflammation. A phase 2 clinical trial has shown that inhibitory treatment of IL-17A is effective, indicating the pathogenic role of IL-17A in mediating important inflammatory pathways in psoriasis (Chiricozzi and Krueger, 2013). In ankylosing spondylitis (AS), another autoimmune disease, IL-17A has been shown to contribute to pathogenic inflammation. Two double-blinded phase-3 trials have reported that the use of secukinumab (an anti-IL-17A monoclonal antibody) to treat AS is effective (Baeten et al., 2015). However, researchers have failed to identify evidence of meaningful clinical efficacy with brodalumab (a human anti-IL-17A monoclonal antibody) treatment in rheumatoid arthritis (RA) at least when compared to treatment with methotrexate (Pavelka et al., 2015). Taken together, these data indicate that further studies are required to clearly understand the role of IL-17A in the pathogenesis of autoimmune diseases.

In healthy skin, commensal microflora induces the production of IL-17A, which provides anti-fungal protection (McGeachy et al., 2019). When injury destroys the epithelial barrier of the skin, IL-17A promotes epithelial-cell proliferation and can clear the pathogenic agents (Naik et al., 2015). Production of IL-17A from the local epithelium is driven by the microbiota, resulting in the anti-microbial function. Colonization with the segmented filamentous bacterium (SFB), a single commensal microbe, is sufficient to induce the production of IL-17A in the lamina propria of the small intestine of mice. SFB and Th17 cells mediate the protection from pathogenic microorganisms (Ivanov et al., 2009). A previous study has suggested that IL-17A is beneficial in controlling dysbiosis and maintaining a homeostatic balance in the gut. The predisposition to neuroinflammation is enhanced by abolishing the intestinal IL-17RA pathway, thus confirming the crucial role of the IL-17R pathway in mediating the protection of epithelial surface and interaction of host and microbiome (Ivanov et al., 2009; Kumar et al., 2016).

IL-17A promotes the repair of tissue. A crucial part of wound repair is the proliferation of epithelial keratinocytes. In keratinocytes, the expression of regenerating islet-derived protein 3-alpha (REG3A), an intestinal anti-microbial protein, is increased during psoriasis. IL-17A induces keratinocytes to express REG3A, and this process promotes the proliferation of keratinocytes after injury in psoriasis (Lai et al., 2012).

IL-17A and transcription factors that regulate adipocyte differentiation have been reported to act in concert to contribute to the suppression of adipogenesis (Ahmed and Gaffen, 2013). Mice with deficiency of both IL-17A and IL-17RA gain increased fat with age, and IL-17A suppresses the maturation of cells with adipogenic potential, indicating that IL-17A inhibits adipogenesis (Ahmed and Gaffen, 2013). In a healthy state, IL-17A directly influences the metabolic function of adipocytes. IL-17A produced by γδT cells controls the homeostasis of regulatory T cells and adaptive thermogenesis in adipose tissue (Kohlgruber et al., 2018).

These abovementioned findings show that IL-17A is not just an inflammatory factor. IL-17A usually protects the body during the acute injury, but when a wound takes a long time to heal and turns to a chronic injury, the effect of IL-17A may turn into erosion or hyperproliferation of the wound, ultimately leading to the loss of function (McGeachy et al., 2019).



ROLE OF IL-17A IN NEURODEGENERATIVE DISEASES

There are several divergent and shared pathological and clinical features of age-related CNS neurodegenerative diseases, such as diverse protein aggregation and selective vulnerability of the brain that impact the clinical presentation and immune responses of diseases (Hammond et al., 2019). Neurodegenerative diseases lead to impairments of a person’s memory and cognitive ability, and some of these diseases affect patients’ ability to speak, move, and breathe. Neurodegenerative disease is a multifactorial disease that included aging, mitochondrial defects, dysfunctions in autophagic lysosomal pathways, neurovascular toxicity, synaptic toxicity, accumulation of misfolded proteins, and liquid-phase transitions in pathological protein aggregation (Focus on Neurodegenerative Disease, 2018).

Neuroinflammation contributes, in part, to the occurrence of neurodegenerative diseases. Neuroinflammation in diseases, such as PD, AD, and ALS, is characterized by a reactive morphology of glial cells and increased levels of inflammatory mediators in the parenchyma (Ransohoff, 2016). To date, most pieces of evidence point to a pathogenic role for IL-17A in the CNS neurodegenerative diseases. IL-17A acts on multiple CNS resident cells to potentiate inflammation (Qian et al., 2007; Stromnes et al., 2008; Kang et al., 2010; Ji et al., 2013; Kang Z. et al., 2013; Liu et al., 2015; Rodgers et al., 2015; Liu Z. et al., 2019; Figure 2). It has been reported that IL-17A plays a regulatory factor in the induced cytokine network rather than as a direct role to mediate tissue damage during neuroinflammation (Zimmermann et al., 2013). Also, several studies have been reported the impact of medicinal plants on the level of IL-17A in neurodegenerative diseases (Table 1).
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FIGURE 2. The way of glial cells respond to IL-17A. In central nervous system (CNS) neurodegenerative diseases, IL-17A binds to the receptor on the surface of microglia and activates microglia. Activated microglia secrete cytokines, exacerbating dopaminergic neurons loss. Astrocytes respond to IL-17A through generating chemokines to promote the recruitment of inflammatory cells, such as macrophages and neutrophils. IL-17A reduces the ability of astrocytes to absorb and transform glutamate as well as enhance the excitotoxicity of glutamate. IL-17A inhibits the maturation of oligodendrocyte lineage cells (OPCs) and exacerbates the TNF-α-induced oligodendrocyte apoptosis (Qian et al., 2007; Stromnes et al., 2008; Kang et al., 2010; Ji et al., 2013; Kang Z. et al., 2013; Liu et al., 2015; Rodgers et al., 2015; Liu Z. et al., 2019).



TABLE 1. The impact of medicinal plants on the level of interleukin-17A (IL-17A) in neurodegenerative diseases.
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AD is the most common type of late-onset dementia, and it is a complex molecular and genetic disease. The features of AD are neuronal and extensive synaptic loss, which leads to brain volume loss. Subsequently, the pathological changes of brain structure lead to a decline in patients’ memory and cognitive function that results in an inability to take care of themselves in daily life (Hammond et al., 2019). In recent years, the understanding of the pathological mechanism of AD has been constantly improved. The important pathological features of AD include intracellular neurofibrillary tangles resulting from the aggregation of hyperphosphorylated tau and deposition of extracellular neurotoxic plaques primarily composed of amyloid-β (Aβ; Holtzman et al., 2011). The aggregation of amyloid and tau eventually impacts the hippocampal, entorhinal cortex, and neocortical regions (Montine et al., 2012). Furthermore, Bussian et al. (2018) found that senescent microglia and astroglia influence neurofibrillary tangle formation and intraneuronal tau phosphorylation.

IL-17A may play a significant role in the pathogenesis of AD. In terms of clinical manifestations, elevated levels of IL-17A in plasma and CSF have been reported in patients with AD. For example, Chen et al. (2014) showed that IL-17A level in serum is increased in Chinese patients, and Hu W. T. et al. (2010) reported that the CSF level of IL-17A increases in patients. Also, Behairi et al. (2015) found that the baseline level of IL-17A is markedly higher in AD patients compared to controls. At the cellular and genetic level, there is also evidence of the correlation between IL-17A and the pathogenesis of AD. It has been reported that TH17 cell differentiation and activation as well as associated transcription factors are increased in patients with AD (Saresella et al., 2011). The induction and expression of IL-17A may be due to the polymorphism of Th17-related genes (Zota et al., 2009). BACE1 is a transmembrane asparty1 protease that plays a role in forming plaques in AD (Vassar, 2004). BACE1-deficient T cells have reduced IL-17A expression under Th17 conditions in AD mouse models (Hernandez-Mir et al., 2019). However, the effect of IL-17A on the pathogenesis of AD is controversial. Yang generated an AD mouse model with IL-17A overexpression and Yang et al. (2017) reported that IL-17A does not exacerbate neuroinflammation, and Yang also demonstrated that IL-17A overexpression decreases the level of soluble Aβ in the CSF and hippocampus as well as improves the metabolism of glucose (Yang et al., 2017). Two distinct human cohort studies have reported that the IL-17A level is decreased in AD patients compared to healthy controls (Doecke et al., 2012; Hu et al., 2013).

PD is the second most frequent form of neurodegenerative disease. PD is characterized by motor symptoms, including tremor, rigidity, and bradykinesia (Moustafa et al., 2016). A key pathological finding in PD is the aggregation of hallmark proteins (known as Lewy bodies), primarily composed of protein α-synuclein (Hamilton, 2000). There are certain routes for degeneration and aggregation of proteins generally spreading from the brain stem to the substantia nigra and other midbrain regions and then to the neocortex (Braak et al., 2004). Before the onset of symptoms, there is a massive loss of dopamine-producing neurons in the substantia nigra (Cheng et al., 2010). Recently, Sommer et al. (2018) have reported that T lymphocytes increase cell death in PD. iPSC-derived MBNs are mediated by IL-17A, indicating that IL-17A may be involved in PD pathogenesis. Liu et al. (2017) have demonstrated that Th17 cells infiltrated into the brain parenchyma through the disrupted blood-brain barrier (BBB) in PD. It has also been confirmed in animal experiments that IL-17A plays a role in the development of PD. Dopaminergic neurodegeneration, motor impairment, and BBB disruption are alleviated in mice with a deficiency of IL-17A (Liu Z. et al., 2019). However, the decreased plasma level of IL-17A is found in PD patients compared to controls (Rocha et al., 2018).

MS is an inflammatory demyelinating disorder of the CNS (Kostic et al., 2014), and susceptible genes and environmental factors are involved in disease pathogenesis. MS is characterized by the onset of recurring clinical symptoms followed by partial or total recovery. After 10–15 years of the disease, progressive deterioration is observed in up to 50% of untreated patients (Kolbinger et al., 2016). In approximately 15% of MS patients, the disease deteriorates from its onset (Gold et al., 2010). At present, the pathophysiology of MS has not been elucidated. MS may be primarily a neurodegenerative disease in which inflammation occurs as a secondary response that amplifies the state of progression (Kassmann et al., 2007). Compared to other neurodegenerative diseases, IL-17A has been mostly studied in MS. A possible pathogenic function of IL-17A in the pathogenesis of MS has been suggested. Kostic et al. (2014) demonstrated that the IL-17A level is increased in MS patients. In human MS brain tissue, the IL-17A-producing cells have been found but not in noninflamed brain tissue or normal white matter (Tzartos et al., 2008). In human MS plaques samples, an increase of IL-17A mRNA has been detected (Lock et al., 2002), and it has been reported that IL-17A content is related to BBB disruption and neutrophil expansion in CSF (Kostic et al., 2017). In terms of pathogenesis, Th17 cells may utilize the excitotoxicity of glutamate as an effector mechanism in MS. In MS, IL-17A is directly related to glutamate levels and may stimulate the Ca2+-dependent release of glutamate (Kostic et al., 2017). In the experimental autoimmune encephalomyelitis (an animal model of MS, EAE), IL-17RA expression is significantly increased in the CNS (Das Sarma et al., 2009). After binding to the IL-17RA complex in the CNS, IL-17A participates in the pathogenesis of EAE by promoting CD4 cell migration and secreting chemokines (Liu G. et al., 2014).

Amyotrophic lateral sclerosis (ALS) is another chronic neurodegenerative diseases of the CNS. The feature of ALS is the loss of upper and lower motor neurons, leading to motor and extra-motor symptoms. The neuropathological feature of this disease is the aggregation and accumulation of ubiquitylated proteinaceous inclusions in the motor neurons. In most subtypes of ALS, TAR DNA-binding protein 43 (TDP43) is the main component of these inclusions, but other abnormal protein aggregates are also present, including neurofilamentous hyaline conglomerate and misfolded superoxide dismutase (SOD1; Hardiman et al., 2017). The potential culprits of this disease may be the high-molecular-weight complexes that appear before protein aggregation, and the high-molecular-weight protein might contribute to the cell-to-cell spread of disease (Marino et al., 2015). Microglia have some impact on ALS disease. In the SOD1 mouse model of ALS, microglia have been found to contribute to the severity and progression of the disease. In contrast, microglial plays a neuroprotective role in the TDP43-dependent mouse model of ALS (Spiller et al., 2018). Together, these data indicate that microglial may exert different roles depending on the specific animal model and stimulus in ALS. In ALS, the IL-17A-mediated pathway may play a critical role. It has been reported that IL-17A serum concentrations in sporadic ALS and familial ALS patients are significantly higher than control subjects without autoimmune disorders (Fiala et al., 2010; Rentzos et al., 2010).

Glaucoma is also known as a neurodegenerative disorder characterized by RGCs death and axonal damage of the optic nerve, and ultimately leading to irreversible blindness (Levin et al., 2017). Glaucoma is considered as a disease caused by multiple factors, including high IOP mechanical injury, neurotrophic factor deprivation, ischemia/reperfusion injury, oxidative stress injury, excitatory glutamate toxicity, and abnormal immune-inflammatory response (Burgoyne, 2011; Rieck, 2013; Križaj et al., 2014). Studies have shown that immune dysfunctions, such as changes in cytokine signaling, immune cell proliferation, migration, and phagocytosis, as well as reactive gliosis, are common features of neurodegenerative diseases (Hammond et al., 2019). Autoimmunity is related to the pathogenesis of glaucoma as evidenced by large amounts of serum autoantibodies in glaucoma patients and animal models (Wax et al., 2008; Bell et al., 2013). In glaucoma, the elevated IOP is thought to be a major risk factor (Wei and Cho, 2019). However, increasing pieces of evidence have shown that the immune response plays a part in the pathogenesis of glaucoma. In recent years, some researchers have studied the IL-17A levels in patients with glaucoma. Yang et al. (2019) reported that the plasma levels of IL-17A are comparable in glaucoma patients and healthy people, and they demonstrated that the average frequencies of Th17 cells in patients with glaucoma is not significantly higher than that in the control group. In another study, however, researchers have demonstrated that the frequency of IL-17A-secreting cells and IL-17A+ CD4 T cells is significantly higher in patients with glaucoma than in controls (Ren et al., 2019). Using a retinal ischemia-reperfusion (IR) mouse model caused by acute elevated IOP, researchers have reported that elevated IOP increases the expression of IL-17A (Li et al., 2018). Because these studies measured IL-17A in peripheral blood in human patients and glaucoma is a complex disease whose pathogenesis has not been fully understood, further studies are needed to understand the role of IL-17A in glaucoma.



THE ROLE OF IL-17A IN A DIFFERENT MODEL SYSTEM OF NEURODEGENERATIVE DISEASES

Some animal models are used for the research of neurodegenerative diseases. In APP/PS1 mice, a transgenic mouse model of AD that overexpresses amyloid precursor protein (APP) with the Swedish mutation and exon-9-deleted presenilin 1, IL-17A is reported to play a key role in the induction and development of AD (Browne et al., 2013). IL-17A-producing T cell infiltrates in the brains of APP/PS1 mice which enhances the activation of glial cells and exacerbates neurodegeneration (McManus et al., 2014; Ahuja et al., 2017). IL-17A overexpression in this transgenic mouse model reduces soluble Aβ levels, decreases cerebral amyloid angiopathy, and improves glucose metabolism (Yang et al., 2017). IL-17A does not exacerbate neuroinflammation and significantly improves learning and anxiety deficits in this IL-17A overexpressing APP/PS1 mice (Yang et al., 2017). In 5XFAD mice, another animal model of AD, the production of IL-17A is decreased in the gut-residing immune cells (Saksida et al., 2018). In another animal models of AD including hAPP mice, 3xTg-AD mice, Mo/Hu APPswe PS1dE9 mice and Aβ1–42-Induced AD rat model, the level of IL-17A shows a significant upregulation compared with wild type mice (Jin et al., 2008; Zhang et al., 2013; Zhang Y. et al., 2015; Chen et al., 2015, 2019; Yang et al., 2015; St-Amour et al., 2019). In MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) treaded mouse and MPP+ (1-methyl-4-phenylpyridinium) treated rats (animal models of PD), the levels of IL-17A are upregulated in the substantia nigra, spleen, serum, and mesenteric lymph nodes. Furthermore, IL-17A promotes neurodegeneration in PD depending on microglial activation and partly TNF-α release (Huang et al., 2014; Dutta et al., 2019; Liu Z. et al., 2019). The pathological role of IL-17A in EAE, an animal model of MS, has been demonstrated. A monoclonal anti-IL-17A Ab (MM17F3) autovaccination is reported to prevent histological and clinical manifestations of EAE (Uyttenhove et al., 2007). In the EAE mouse model with TnC−/−, the reduced ability of Th17 cells to produce IL-17 is observed in spleens (Momčilović et al., 2017). Also, IL-17A mRNA and protein levels increase in the cup-induced mouse model of MS (Sanadgol et al., 2017). For ALS, the SOD1G93A mice model is established and in this model, IL-17A is found to gradually increase with aging (Noh et al., 2014).



THE RELATIONSHIP BETWEEN IL-17A AND GLIAL CELLS IN NEURODEGENERATIVE DISEASES

Microglial cells are an important part of the glial population of the CNS, and they account for approximately 10% of the total number of cells and are the largest number of mononuclear phagocytes in the CNS (Colonna and Butovsky, 2017). Microglial cells play a key role in CNS development and maintenance of CNS homeostasis. During CNS injury, microglial cells play a neuroprotective role by morphologically changing, proliferating, and migrating to the damaged site to phagocytose and eliminate microbes, protein aggregates, and dead cells (Colonna and Butovsky, 2017). Also, microglial cells secrete many soluble factors, such as neurotrophic factors and neurotrophic factors, which are involved in the immune response of the CNS. Aberrations in the normal phenotype or functions of microglial cells may lead to excessive synapse loss, contributing to the pathogenic mechanism of neurodegenerative diseases of the CNS. For example, microglial cells are induced to engulf neurons by recognizing phosphatidylserine exposed on tau-laden neurons, produce nitric oxide, and release of the MFGE8 opsonin. MFGE8 is required for engulfment and uptake of neurons (Brelstaff et al., 2018). Molecules expressed on the surface of microglial cells, such as LRRC33 and TREM2, affect relevant cellular pathways by binding to specific proteins (Qin et al., 2018; Li et al., 2019). These biological processes play a role in the pathogenesis of neurodegenerative diseases.

Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted that IL-17A causes diseases by activating glial cells (especially microglia). In a PD model, IL-17A activates microglia in vitro and accelerates the death of dopamine neurons through activating microglial cells (Liu Z. et al., 2019). Consistently, the IL-17A effect is abrogated after inhibition of the IL-17RA signaling pathway in microglia (Liu Z. et al., 2019), confirming the pathogenic relevance of microglial cells in mediating neurodegeneration in PD. Compared to controls, the expression of IL-17RA is increased in microglial cells of the CNS in EAE mice, which may be due to Toll-like receptors (TLR) signaling inducing IL-17RA expression in neuroglial cells (Liu G. et al., 2014). In EAE, IL-17A treatment induces the upregulation of chemokine secretion by microglial cells (Das Sarma et al., 2009). In aged rats, IL-17A participates in the process of neuroinflammation and cognitive impairment induced by lipopolysaccharide (LPS) through microglia activation (Sun et al., 2015). In acute glaucoma mouse models, inhibition of microglial activation reduces the secretion of IL-17A (Li et al., 2018). However, the relationship between IL-17A and microglia in neurodegenerative diseases has not been elucidated. Yang et al. (2017) reported that IL-17A overexpression in the mouse brain does not promote activation of microglia in AD mouse models. The evidence above suggests that further studies are needed.

Astrocytes play a central role in maintaining homeostasis of CNS, including regulation of synapse formation and maintenance, preserving neurological function, supplying energy to neurons, and maintaining the function of BBB (Pellerin and Magistretti, 2004; Molofsky and Deneen, 2015; Almad and Maragakis, 2018). Astrocytes are not homogeneous but can be specialized according to different regions of the CNS in which they reside (Pekny and Pekna, 2016). These glial cells of the CNS affect the structure and function of surrounding neurons. In the tripartite synapse, astrocytes can modulate synaptic activity by gliotransmission (Haydon, 2016). In the CNS, astrocytes communicate with surrounding neurons, microglia, and oligodendrocytes through hemichannels, which act in concert to maintain the normal function of CNS (Almad and Maragakis, 2018). During the disease course of the CNS, phenotypic conversion of microglial cells is induced by signals from astrocytes (Locatelli et al., 2018). An astrocyte that loses its function (termed A1 astrocyte) is induced by activated neuroinflammatory microglia (Liddelow et al., 2017). Taken together these data highlight the crucial role of astrocyte-microglia communication in neurodegenerative diseases of CNS.

Astrocytes and IL-17A have been mainly studied in MS. One of the pathological features of MS is increased astrogliosis-associated neuroinflammation. Astrogliosis is a process by which astrocytes activate, proliferate, and upregulate the expression of the glial fibrillary acidic protein, and it is the main cause of MS plaque formation (Yi et al., 2014). By reducing the ability of astrocytes to absorb and transform glutamate, IL-17A enhances the excitotoxicity of glutamate (Kostic et al., 2017). Thus, astrocytes may act as a potential target for the neuroprotective effect of MS. In the CNS of EAE mice, the expression of IL-17RA is increased in astrocytes (Das Sarma et al., 2009; Colombo et al., 2014). Macrophage inflammatory protein-α (MIP-1α) is the β-chemokine that induces the directed migration of eosinophils, T lymphocytes and monoctyes, and it contributes to the pathogenesis of EAE. In primary astrocytes, IL-17A induces the expression of MIP-1α (Yi et al., 2014). Furthermore, miRNAs are involved in the pathogenesis mediated by IL-17A-expressing astrocytes in EAE (Liu X. et al., 2014, 2019; Shan et al., 2017). Under IL-17A stimulation, miRNAs participate in inflammatory cytokine production in astrocytes and, in turn, aggravate EAE development. Collectively, these findings suggest that the pathogenic role of the IL-17A-miRNA-astrocytes axis in EAE and may indicate a therapeutic target for treating MS. IL-17A blockade by Act1 ablation in astrocytes inhibits the induction of EAE and has a therapeutic effect (Kang et al., 2010; Yan et al., 2012). Also, in a mouse model of MS, proinflammatory gene expression induced by IL-17A is diminished through the abrogation of p38α in astrocytes (Huang et al., 2015; Figure 3). In vitro studies have shown that IL-17A secreted by activated astrocytes plays a neuroprotective role in acute neuroinflammation (Hu et al., 2014).
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FIGURE 3. The relationship between IL-17A and astrocytes. In astrocytes, IL-17A induces expression of macrophage inflammatory protein-α (MIP-1α) through Src/MAPK/PI3K/NF-KB pathways (Yi et al., 2014). IL-17A enhances the excitotoxicity of glutamate by reducing the ability of astrocyte to absorb and transform glutamate (Kostic et al., 2017). In EAE mice, IL-17A triggers the downregulation of miR-497, thereby upregulating the hypoxia-inducible factor-1α (HIF-1α) transcription factor in astrocytes as well as IL-1β and IL-6 secretion by astrocytes. MiR-409-3p and MiR-1896 are involved in the process of IL-17A-mediated secretion of inflammatory cytokines by astrocytes by targeting the SOCS3/STAT3 signaling pathway in EAE mice. Under IL-17A stimulation, miR-873 participates in inflammatory cytokine production in astrocytes through the A20/NF-KB pathway in EAE mice (Liu X. et al., 2014; Shan et al., 2017; Liu X. et al., 2019). In EAE mice, proinflammatory gene expression induced by IL-17A is diminished through the abrogation of p38α in astrocytes, which was via the defective activation of MAPK-activated protein kinase 2 (Huang et al., 2015).



Oligodendrocytes are a group of glial cells in the CNS and have a supporting role for neuron migration, terminal differentiation, axon wrapping, axon recognition, myelin production, and myelin maintenance (Cai and Xiao, 2016). The main function of oligodendrocytes is the formation of myelin, which benefits nerve repair by maintaining myelin restoration (Bradl and Lassmann, 2010). Oligodendrocytes perform their physiological functions by communicating with neighboring astrocytes and neurons (Orthmann-Murphy et al., 2007). The loss or dysfunction of oligodendrocytes contributes to the vulnerability of the human brain to neurodegenerative diseases. For example, in AD and Huntington’s disease (HD), disturbances of myelin integrity are exacerbated compared to normal controls (Bartzokis et al., 2004, 2007). Increased numbers of oligodendrocyte progenitor cells (OPCs) are observed in ALS patients, indicating the failure of myelin regeneration (Kang S. H. et al., 2013). Recently, it has been reported that oligodendrocyte heterogeneity in human MS brain tissue may contribute to the disease progression (Jäkel et al., 2019). IL-17A plays a role in the development of oligodendrocyte lineage cells. IL-17A inhibits the maturation of oligodendrocyte lineage cells in vitro (Kang Z. et al., 2013) and it exacerbates the TNF-α-induced oligodendrocyte apoptosis (Paintlia et al., 2011). In EAE, mature oligodendrocytes and OPCs have different effects on the progression of the disease. Kang Z. et al. (2013) reported that the deletion of Act1, the adaptor protein required for IL-17 signaling, from mature oligodendrocytes does not affect the course of EAE. However, elimination of IL-17A signaling in OPCs (referred to as NG2 glia) reduces EAE severity.



CONCLUSION

IL-17A is a signature of a key T helper cell population and evidence suggests a crucial role for IL-17A in the pathogenesis of autoimmune diseases and neurodegenerative diseases. The function of IL-17A has been proven to be varied as it not only contributes to pathogenic inflammation but also induces innate-like acute immune defenses. Thus, IL-17A is not simply an inflammatory factor. Although the specific mechanism of IL-17A in neurodegenerative diseases is still controversial, it is generally accepted that IL-17A causes diseases by activating glial cells. The functions of IL-17A have proven to be more adaptable and diverse than initially discovered. IL-17A may also play a key role in tissue damage. Our understanding of these processes is still lacking, particularly in the role of IL-17A in the pathogenesis of glaucoma. Also, we are still in the early stages of understandin how IL-17A interacts with different cytokines and how IL-17A signals are transmitted in response to microbial stimuli. Understanding how IL-17A interacts with different cells and cytokines is important. Uncovering the molecular pathways may allow the identification of better targets to modulate these cellular processes. Novel therapeutic strategies may be discovered by such studies.
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Alzheimer’s disease (AD) represents an enormous public health challenge currently and with increasing urgency in the coming decades. Our understanding of the etiology and pathogenesis of AD is rather incomplete, which is manifested in stagnated therapeutic developments. Apart from the well-established Amyloid Hypothesis of AD, gaining traction in recent years is the Pathogen Hypothesis, which postulates a causal role of infectious agents in the development of AD. Particularly, infection by viruses, among a diverse range of microorganisms, has been implicated. Recently, we described a prominent antiviral immune response in human AD brains as well as murine amyloid beta models, which has consequential effects on neuropathology. Such findings expectedly allude to the question about viral infections and AD. In this Perspective, we would like to discuss the molecular mechanism underlying the antiviral immune response, highlight how such pathway directly promotes AD pathogenesis, and depict a multilayered connection between antiviral immune response and other agents and factors relevant to AD. By tying together these threads of evidence, we provide a cohesive perspective on the uprising of antiviral immune response in AD.
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INTRODUCTION

Hallmarked by the deposition of β-amyloid plaques and accumulation of neurofibrillary tangles, Alzheimer’s disease (AD) manifests with complex pathophysiology and its etiology remains elusive. Among the many viewpoints for the underlying mechanisms, the Pathogen Hypothesis was proposed initially based on the clinical discoveries of Herpes Simplex Virus-1 (HSV-1) in association with AD, further expanded to include other microbes, and gained experimental support in recent years (Itzhaki et al., 1997, 2016; Itzhaki, 2018). In particular, Aβ has been shown to function as an antimicrobial peptide and, under experimental conditions, protect against microbial infection while seeding Aβ deposition (Kumar et al., 2016; Eimer et al., 2018). Separately, pathogenic involvement of proinflammatory responses in AD is also increasingly being appreciated (Heneka et al., 2015; Ransohoff, 2016). Because of the intimate association between infections and inflammation, the Pathogen Hypothesis putatively links to the neuroinflammation phenomenon in many aspects; however, the precise molecular correlation between these two processes in AD has yet to be established. Here, we intend to make the connections from multiple angles.



MOLECULAR MECHANISM UNDERLYING THE ANTIVIRAL IMMUNE RESPONSE IN AD

Mammalian antiviral innate immune defense mechanism utilize an array of nucleic acid innate immune sensors to detect viral genomes or their replication products, which activate a cascade of signaling events to induce rapid gene expression (Barrat et al., 2016). Among them, the type I IFN (IFN) cytokines, which include multiple IFNα subtypes, IFNβ, IFNε IFNκ, and IFNϖ, instruct the frontline antiviral response (Capobianchi et al., 2015; McNab et al., 2015). All IFN species signal through a common receptor complex and drive the transcription of a large panel of IFN-stimulated genes (ISGs) (Schreiber and Piehler, 2015). ISGs operate in concert to interfere with viral replication through viral genome degradation and blockade of gene expression, protein synthesis and virion assembly, thus conveying protection.

Although normally non-immunogenic, host self-derived nucleic acids can provoke IFN response under pathological conditions such as autoimmune diseases. In systemic lupus erythematosus, immune complexes comprised of a patient’s DNA or RNA and associated autoantibodies activate plasmacytoid dendritic cells (pDCs), a subset of innate immune cells, to stimulate IFN production and flares of systemic inflammation (Gilliet et al., 2008). In psoriasis, antimicrobial peptide cathelicidin LL-37 complexes with nucleic acids and similarly induces aberrant IFN production from pDCs (Lande et al., 2007). In both cases, nucleic acid-containing complexes gain immunogenicity by delivering nucleic acids to the intracellular innate immune sensors in pDCs to activate the signaling cascade for IFN production.

LL-37 and other antimicrobial peptides oligomerize and form pore structures on biological membranes (Arnusch et al., 2007; Xhindoli et al., 2014) (Figure 1). Similarly, oligomerization of Aβ exerts neuronal toxicity as well as antimicrobial function (Kayed et al., 2003; Soscia et al., 2010). By studying oligomers made from various proteins, we not only confirmed this fascinating gain-of-function but also discovered another intrinsic property of protein oligomers – affinity toward negatively charged molecules (Di Domizio et al., 2012b). Complexing soluble oligomers with nucleic acids or glycosaminoglycan, both negatively charged, expedite the formation of amyloid fibrils in vitro. More strikingly, nucleic acid-containing amyloid fibrils are potent inducers of IFN response from pDCs in vitro and in vivo (Di Domizio et al., 2012a). In short, Aβ and LL-37 share several characteristics: oligomerization, cytotoxicity to host and microbe cells, and binding to cofactors, the latter conveys interferongenicity (Figure 1). Not surprisingly then, amyloid-DNA composites present in bacterial biofilm stimulate an IFN response and promote autoimmunity (Gallo et al., 2015). To immune cells, these protein-nucleic acid complexes are indiscriminately sensed as virions to trigger an antiviral immune response.
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FIGURE 1. Multiple actions of Aβ oligomers leading to neuropathogenesis in Alzheimer’s disease.


Microglia, the brain resident immune cells, fulfill important functions in trophic support, cell debris removal and tissue surveillance under homeostatic conditions (Li and Barres, 2018; Prinz et al., 2019). However, microglial dysfunction can be a primary cause to neurological disorders, thus disease-associated microglia have received intense attention in recent years. Mouse primary microglia elicited a rapid IFN response to nucleic acid-containing amyloid fibrils in vitro, in a manner similar to that from peripheral immune cells (Roy et al., 2020). Activated microglia expressing Clec7a not only selectively surrounded the amyloid β plaques with sequestered DNA and RNA but also upregulated a large panel of ISGs, indicating profound IFN pathway activation in mouse models of amyloidosis. Thus, IFN constitutes a pivotal element within the neuroinflammatory network of AD. Most recently, the early and persistent IFN and antiviral response was confirmed by an analysis of microglial proteomes from Aβ models (Monasor et al., 2020).



ANTIVIRAL IMMUNE RESPONSE IN PROMOTING AD PATHOGENESIS

Microglia recruited to amyloid β plaques adopt a disease-associated phenotype, where they acquire a unique molecular state by downregulating homeostatic markers, upregulating immune effector molecules, and express a panel of genes that have been associated with increased risk for AD and other neurodegenerative disorders (Butovsky and Weiner, 2018; Hammond et al., 2018; Wang and Colonna, 2019). IFN was shown to be required for sustaining microglial activation since suppression of IFN signaling significantly reduced the levels of CD68 and Clec7a, markers for microglial activation, and shifted the morphology of microglia toward homeostatic form (Roy et al., 2020). Intriguingly, polymorphisms of ISGs, including OAS1, ITGAM, LAPTM5, and LILRB4, were conjointly identified as a significant risk factor for AD, implicating IFN pathway as a genetic modifier (Salih et al., 2019).

In AD tissue, ISG-expressing microglia preferentially associate with nucleic acid+ neuritic plaques (Roy et al., 2020). Furthermore, the IFN activation signature was correlated with amyloid load and disease severity across a large study cohort represented in the Mt. Sinai Brain Bank. These findings are in line with earlier reports of neuritic plaques sequestering self nucleic acids and microglia expressing IFNα in AD brains (Yamada et al., 1994; Ginsberg et al., 1997). Therefore, a prototypical antiviral immune response is manifested in both pre-clinic models and clinic AD cases. Interestingly, AD patients with rare TREM2 R47H variant, an AD risk factor, have increased presentation of proinflammatory microglia subsets including those enriched with IFN response (Sayed et al., 2020).

Although normal brain lacks detectable IFN expression, transient IFN production in CNS protects against opportunistic viral infections (Nallar and Kalvakolanu, 2014). However, chronic and dysregulated IFN expression is a major driver for type I interferonopathy, a group of hereditary CNS disorders (Hofer and Campbell, 2013; Rodero and Crow, 2016; Schwabenland et al., 2019). Separately, patients receiving systemic IFN treatment or with HIV-induced dementia display increased brain IFN activation, which is associated with cognitive and psychiatric dysfunctions (Gray et al., 1996; Hayley et al., 2013; Dipasquale et al., 2016; Wachholz et al., 2016). These observations collectively suggest a toxic influence of IFN on the brain. When delivered to the brain, IFNβ directly activates microglia, initiates neuroinflammation, and leads to microglia-mediated synapse loss (Roy et al., 2020). Conversely, suppression of IFN signaling in Aβ models rescued the synapse loss in the brain, supporting a direct role of IFN in synapse modification. Interestingly, IFN receptor ablation was previously shown to improve cognitive performance while altering glial phenotypes in APPSWE/PS1ΔE9 mice (Minter et al., 2016).

Complement has been implicated in synaptic pathologies in diverse neurological and neuropsychiatric diseases, in particular neurodegeneration (Hong et al., 2016; Morgan, 2018; Tenner et al., 2018; Wu et al., 2019). Intriguingly, not only do a number of complement genes represent bona fide ISGs, but IFN-stimulated synapse elimination depends on the function of complement C3 (Roy et al., 2020). Not coincidently, synapse loss and memory impairment in mice recovered from West Nile Virus (WNV) infection was shown mediated by persistent microglial activation and the functional involvement of complement C3 (Vasek et al., 2016). Moreover, IFN pathway is robustly correlated with complement cascade in human AD (Roy et al., 2020). Given that synapse loss is clinically associated with cognitive decline (DeKosky and Scheff, 1990; Scheff et al., 1990; Terry et al., 1991), these findings highlight a pathogenic role of antiviral immune response in conjunction with complement cascade in modifying synapses in AD (Figure 1).



CONTRIBUTING FACTORS TO ANTIVIRAL IMMUNE RESPONSE IN AD

The central nervous system (CNS) is protected by a highly complex barrier structure, but is by no means invincible to infections. Many neurotropic viruses can gain access to the brain through blood circulation or peripheral nerves (Swanson and McGavern, 2015). Acute viral infection in the CNS often triggers inflammatory response, where the IFN pathway plays a crucial role in the defense against a wide range of viral pathogens (Paul et al., 2007). However, strong immune reaction also leads to acute meningitis, encephalitis and myelitis, which manifest with behavioral and cognitive disruptions (Swanson and McGavern, 2015). In humans, WNV, HIV-1, Zika virus, and HSV-1 are the most common causes for viral encephalitis. Of note, the elderly population is susceptible to reactivation of latent varicella zoster virus (VZV), which results in shingles (Gilden et al., 2009). VZV is normally controlled by peripheral IFN response, but occasionally it can spread to CNS to cause encephalitis (Gilden et al., 2009; Kim et al., 2017). Fortunately, many people recover from these acute episodes; yet, a significant portion suffer from long term neurological sequelae (Swanson and McGavern, 2015; Klein et al., 2017). Rather than the irreversible damage caused by the pathogens, recent studies suggested a role of chronic inflammation that underlie neurological impairments, including conditions post WNV infection as mentioned earlier (Vasek et al., 2016). Therefore, prior exposure to CNS infections may have long-lasting neurocognitive consequences (Figure 2).
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FIGURE 2. Contributing factors to antiviral immune response in AD.


Although responsible for a common form of acute viral encephalitis, herpes simplex virus mostly carries out latent infection in the general population. Itzhaki et al. (1997) first detected HSV-1 DNA in the brain of 60% cases of apolipoprotein E gene (APOE-ε4) carriers and subsequently postulated the viral concept of AD: HSV-1 likely travels to the brain in middle age, where it remains in a latent state, and accumulation of damage from intermittent reactivation – direct viral action and major inflammatory effects – leads eventually to the development of AD (Itzhaki, 2018). Although the causal relationship between HSV-1 reactivation and AD is extremely difficult to prove in humans, the proposal is consistent with the concept of pathogenic chronic inflammation in CNS, as mentioned above. The IFN signaling, as a result of the cGAS-STING pathway activation in microglia, is indispensable for controlling HSV-1 infection in humans (Dupuis et al., 2003; Reinert et al., 2016). Therefore, IFN response required for resolving periodic HSV-1 activation may conceivably be a contributing factor in AD (Figure 2). Over the years, other viral pathogens have been detected in AD specimens and implicated in AD risk, among which noticeably are members of Herpesviridae. Increased human herpesvirus subtypes (HHV-6 and HHV-7) were independently identified from a multi-scale gene expression network analysis of late-onset AD (Readhead et al., 2018), though the study was later challenged (Jeong and Liu, 2019; Allnutt et al., 2020). On the other hand, while acute HSV-1 infection induced Aβ production in human induced neural stem cells (Cairns et al., 2020), Aβ was shown to play a protective role in brain against experimental infections by Herpesviridae, including HSV-1, and HHV-6 (Eimer et al., 2018). The interaction between Aβ and different types of microbes involves surface carbohydrate recognition, which rapidly seeds amyloid fibrils (Kumar et al., 2016; Eimer et al., 2018; Figure 1). In lieu of immune reaction, it remains to be shown if Aβ-entrapped viruses can be recognized by microglia and elicit effective IFN response.

Under pathological conditions, self-derived molecules can potently trigger inflammatory response in the absence of an infection. As discussed earlier, extracellular amyloid plaques with sequestered nucleic acids are recognized by microglia and elicit an antiviral response analogous to that during viral infection (Figure 1). Of note, sequence analysis of RNA isolated from AD neuritic plaques identified transcripts from cortical neurons, marking a self origin of plaque-associated nucleic acids (Ginsberg et al., 1999). Conceivably, such intrinsic IFN response would deter opportunistic viral infection or reactivation in AD brain, a point that awaits further investigation (Figure 1). On the other hand, dysregulated nucleic acid catabolism also results in aberrant IFN production. For example, mutations of deoxyribonuclease TREX1 or ribonuclease RNASEH2 lead to the accumulation of aberrant cytosolic nucleic acid species, IFN production, and encephalopathy in Aicardi-Goutieres syndrome (Rodero and Crow, 2016). Under neurodegenerative conditions, dead brain cells may release nucleic acids and other alarmin molecules thus stimulating an inflammation response. Although peripheral immune cells discern immunogenic vs. non-immunogenic cell death (Green et al., 2009), how microglia innately respond to different forms of CNS cell death is not known at this time. It is thus important to examine if additional endogenous agents stimulate innate IFN response in AD besides amyloid plaques.

It’s well known that age is the most important risk factor for late-onset AD (LOAD). In normal aging brain, heightened IFN signaling from microglia inside the parenchyma and choroid plexus, an epithelial tissue located within the ventricles, has been shown to be detrimental to neurogenesis and cognitive function (Baruch et al., 2014; Deczkowska et al., 2017). On the other hand, LOAD is a polygenic disease, where a number of risk polymorphism and rare variants exert their functions from microglia and/or involved in immunity (Zhang et al., 2013; Huang et al., 2017; Kunkle et al., 2019). The implication of ISGs as risk factor of AD (Salih et al., 2019) together with IFN upregulation in aging brain suggest that IFN pathway may have a profound influence on AD pathogenesis (Figure 2).

Adult Down syndrome (DS) patients, who mostly carry trisomy 21 in their genome, unanimously develop the neuropathological changes of AD (Lott and Head, 2019). Besides amyloid precursor protein gene, four of the six IFN receptors, IFNAR1, IFNAR2, IFNGR2, and IL10RB, are encoded in the extra chromosome 21, which results in profound peripheral IFN response and autoinflammation in DS patients (Kola and Hertzog, 1997; Sullivan et al., 2016, 2017). Interestingly, mice bearing trisomy 16, which contains many orthologs from human trisomy 21, benefited from receiving antibodies blocking type I IFN (IFNα/β) and type II IFN (IFNγ) at development stage in vivo, whereas blocking IFNγ signaling rescued the premature death of trisomy 16 cortical neurons in vitro (Maroun, 1995; Hallam and Maroun, 1998; Hallam et al., 2000). By contrast, IFNγ blockade did not affect microglial activation nor synapse loss in amyloid β model (Roy et al., 2020). Since both type I and type II IFNs activate an overlapping JAK/STAT pathway to convey antiviral protection (Liu et al., 2012), these findings imply DS as a disease likely more affected by interferon activation.

In summary, we have described the IFN pathway activation, a prototypic antiviral immune response, as a major component of CNS neuroinflammatory network in AD and connected IFN response to various endogenous, pathological, infectious and genetic risk factors that have been implicated in AD pathogenesis. The discussion here is largely focused on the molecular events originated within CNS, but peripheral IFN, manifested as a result of viral infection, autoimmune condition or drug administration, nevertheless affects brain functions (Blank et al., 2016). Therefore, many important questions remain to be investigated to advance our fundamental understanding of AD more in the future.
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Stroke is a major cause of death and long-term disability affecting seven million adults in the United States each year. Recently, it has been demonstrated that neurological diseases, associated pathology, and susceptibility changes correlated with changes in the gut microbiota. However, changes in the microbial community in stroke has not been well characterized. The acute stage of stroke is a critical period for assessing injury severity, therapeutic intervention, and clinical prognosis. We investigated the changes in the gut microbiota composition and diversity using a middle cerebral artery (MCA) occlusion ischemic stroke pig model. Ischemic stroke was induced by cauterization of the MCA in pigs. Blood samples were collected prestroke and 4 h, 12 h, 1 day, and 5 days poststroke to evaluate circulating proinflammatory cytokines. Fecal samples were collected prestroke and 1, 3, and 5 days poststroke to assess gut microbiome changes. Results showed elevated systemic inflammation with increased plasma levels of tumor necrosis factor alpha at 4 h and interleukin-6 at 12 h poststroke, relative to prestroke. Microbial diversity and evenness were reduced at 1 day poststroke compared to prestroke. Microbial diversity at 3 days poststroke was negatively correlated with lesion volume. Moreover, beta-diversity analysis revealed trending overall differences over time, with the most significant changes in microbial patterns observed between prestroke and 3 days poststroke. Abundance of the Proteobacteria was significantly increased, while Firmicutes decreased at 3 days poststroke, compared to prestroke populations. Abundance of the lactic acid bacteria Lactobacillus was reduced at 3 days poststroke. By day 5, the microbial pattern returned to similar values as prestroke, suggesting the plasticity of gut microbiome in an acute period of stroke in a pig model. These findings provide a basis for characterizing gut microbial changes during the acute stage of stroke, which can be used to assess stroke pathology and the potential development of therapeutic targets.
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INTRODUCTION

An estimated seven million adults in the United States suffer from stroke each year, making it the fifth leading cause of death and the first leading cause of long-term disability (Benjamin et al., 2019). The immune response and inflammation are major stroke components effecting severity, as they can significantly exacerbate the primary stroke injury and cause further cell death in the brain (Deb et al., 2010; Borgens and Liu-Snyder, 2012). High levels of systemic inflammation are closely associated with poor stroke outcomes in stroke animal models and patients (Di Napoli et al., 2001; Audebert Heinrich et al., 2004; Elkind et al., 2004; McColl et al., 2007, 2008). Interestingly, it has recently been demonstrated that the gut microbiome changes in response to stroke (Swidsinski et al., 2012; Yin et al., 2015; Durgan et al., 2019) and that modulating the gut microbiome can alter the poststroke inflammatory response, leading to improved recovery in rodent models (Benakis et al., 2016; Singh et al., 2016; Yamashiro et al., 2017; Spychala et al., 2018). Few studies have assessed the changes in the microbial populations during the acute stage of stroke, making it critically important to better characterize these microbial alterations to identify potential biomarkers for injury severity, recovery, and therapeutic targets.

It has been demonstrated that adjustments in the gut microbiome influence ischemic brain injury by altering immune homeostasis (Benakis et al., 2016; Singh et al., 2016) and neuroprotective cytokine production (Benakis et al., 2016). This suggests that the gut microbiome is another potential therapeutic target for stroke (Benakis et al., 2016; Singh et al., 2016, 2018; Winek et al., 2016; Benakis et al., 2020). Studies of gut microbiome changes in stroke have demonstrated decreases in both commensal and beneficial genera, increases in pathogenic genera in human patients (Swidsinski et al., 2012; Yin et al., 2015), and substantial changes in the phylum Firmicutes, Bacteroidetes, and Actinobacteria in stroke mice (Singh et al., 2016). Imbalances of the intestinal microbiota can lead to gut barrier dysfunction and impairment of stroke outcomes. In a mouse middle cerebral artery occlusion (MCAO) ischemic stroke model, the stroke mouse exhibited an imbalance in microbial communities, resulting in a reduction in intestinal motility and increased protein leakage in the gut (Singh et al., 2016). These changes correlated with increased brain invasion of proinflammatory T cells from the gut and significantly increased brain infarction (Benakis et al., 2016). These findings in a rodent stroke model indicate that the gut microbiome is drastically affected by stroke and plays a pivotal role in stroke severity. However, recent failures to translate findings in rodent stroke models have led to the desire to study stroke pathophysiology and therapeutic targets in more translational large animal models such as the pig (Fisher et al., 2009; Saver et al., 2009; Albers et al., 2011).

Pigs are a robust translational animal model for biomedical research, especially gut and brain research, due to the myriad of similarities to humans in physiology, anatomy, pathology, and eating behavior (Watanabe et al., 2001; Lind et al., 2007; Swindle et al., 2012; Kaiser and West, 2020). They are omnivorous and have similar intestinal size and length in proportion to humans, contributing comparable transit time to humans (Clouard et al., 2012; Heinritz et al., 2013). The gut bacterial diversity of pigs are similar to that of humans showing higher richness and lower evenness than other animals (Lamendella et al., 2011), and 96% of the functional genes found in the human gut metagenome was present in the pig gut metagenome (Xiao et al., 2016), suggesting that the complexity of the pig microbiota is comparable to that of humans. Moreover, pigs have similar brain size, gray and white matter composition, and cytoarchitecture having a gyrencephalic brain like humans and unlike rodents (Baker et al., 2017). These similarities in the brain are predicted to lead to more human-like stroke pathology in the brain and brain–gut interactions. Due to gut homology between humans and pigs, a number of experiments have been conducted in pigs to study the interplay between the gut microbiome and the immune system (Foster et al., 2003; Scharek et al., 2005; Wilson et al., 2005; Zhang et al., 2013), yet never in a stroke pig.

In the current study, we investigated the changes in gut microbial diversity and composition in a MCAO stroke pig model developed by our research team (Duberstein et al., 2014; Platt et al., 2014; Baker et al., 2017). The results of this study conducted in a translational large animal model will help characterize patterns of bacterial changes during the acute stage of stroke, potentially providing future insight into stroke severity, recovery, and therapeutic targets.



MATERIALS AND METHODS


Stroke Induction and Confirmation Utilizing Magnetic Resonance Imaging

All experimental procedures were approved by the University of Georgia Institutional Animal Care and Use Committee, and the study was conducted in accordance with the recommendations of the NIH’s guide for the Use and Care of Laboratory Animals (AUP approval number: A2017 07-019-Y2-A16). Seven castrated male Landrace pigs (5–6 months old, 48–56 kg) were individually housed in a room in which the temperature was kept at 27°C, with a 12-h light/dark cycle.

Ischemic stroke was induced in pigs by middle cerebral artery occlusion (MCAO) as previously described (Duberstein et al., 2014; Platt et al., 2014; Baker et al., 2017). Briefly, pigs were administered Excede [5 mg/kg intramuscularly and fentanyl patch (100 mcg/h transdermally)] 1 day prior to the stroke surgery to prevent infections and to manage pain. Midazolam (0.2 mg/kg) and xylazine (2 mg/kg) were administered intramuscularly for presurgery analgesia and sedation. For anesthesia, propofol was injected intravenously, and prophylactic lidocaine (1.0 ml of 2% lidocaine) was administered locally to the laryngeal folds to facilitate intubation. Anesthesia was maintained with 1.5% isoflurane in oxygen.

A curvilinear incision began from the superior right orbit and extended to the rostral aspect of the auricle. The temporalis muscle was retracted, and a craniectomy was performed at the exposed local dura mater. The middle cerebral artery located at the distal part of the Circle of Willis was permanently occluded using a bipolar electrocautery forceps. After postoperative recovery, pigs were returned to their respective pens and monitored every 4 h. To reduce postoperative pain and fever, Banamine (2.2 mg/kg intramuscularly) was administered every 12 h for the first 24 h and every 24 h for the following 3 days poststroke.

Magnetic resonance imaging (MRI) was conducted 1 day poststroke using a General Electric 3.0 T MRI system to confirm ischemic stroke. Pigs were anesthetized using the aforementioned anesthesia protocol and placed in a supine position using an 8-channel torso coil. T2 fluid-attenuated inversion recovery (T2-FLAIR) and diffusion-weighted imaging (DWI) sequences were used in conjunction with apparent diffusion coefficient (ADC) maps to confirm the presence of ischemic lesions.



Blood Collection and Proinflammatory Cytokine Analysis

Peripheral blood was collected prestroke and 4 h, 12 h, 1 day, and 5 days poststroke, and plasma was separated and stored at −80°C. Circulating tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) were quantified by ELISAs (R&D systems, Minneapolis, MN, United States) to determine changes in inflammatory response.



Fecal Collection and Microbial DNA Extraction

Fecal samples were collected prestroke and 1, 3, and 5 days poststroke. Samples were obtained directly from the rectum using sterilized plastic fecal loops (5 cm within the rectum). To prevent any contamination during fecal collection, all materials were sterilized prior to sample collection. Pig anus was stimulated with a sterilized loop for defecation, and the stool was collected into a sterilized sample tube without any contact to the floor or body. The fecal samples were immediately frozen on dry ice and stored at −80°C until further analysis.

Bacterial DNA was extracted from fecal samples using a previously validated approach described by Rothrock Jr., Hiett et al. (2014). In this method, 330 mg of fecal material is subjected to a combination of mechanical and enzymatic processes using a modified version of the FastDNA Spin Kit for Feces (MP Biomedicals, Solon, OH, United States) and the QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, CA, United States). DNA purification was carried out using the DNA Stool–Human Stool–Pathogen Detection Protocol of the QIAcube Robotic Workstation. Following purification, DNA concentrations were determined spectrophotometrically (Synergy H4 Hybrid Multimode Microplate Reader; BioTek, Winooski, VT, United States).



16S rRNA Gene Sequencing and Analysis

The extracted DNA samples were sent to the Georgia Genomics and Bioinformatics Core1 to sequence the 16s ribosomal RNA (rRNA) gene. The V3–V4 region was amplified using the S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTAATCC-3′) primer pair (Klindworth et al., 2013). Samples were sequenced using an Illumina MiSeq platform (Illumina, San Diego, CA, United States). Sequencing data were provided as FASTQ files, which were merged and converted into FASTA files, and further analyzed using the QIIME pipeline v1.9.1 (Caporaso et al., 2010). Sequences were clustered as operational taxonomic units (OTUs) at 97% similarity, and representative sequences were aligned to the Greengenes database (gg_13_8_otus). Singleton OTUs and OTUs whose representative sequences could not be aligned were excluded from the analysis. The computed alpha-diversity indexes are as follows: number of observed OTUs, Shannon index, and evenness. Beta-diversity was computed using the weighted UniFrac distance matrix. This metric was chosen because it accounts for the phylogenetic relationship when calculating beta-diversity.



Statistical Analysis

Data were analyzed using GraphPad Prism (Version 8.1.1; GraphPad Software, Inc., San Diego, CA, United States) and are shown as mean ± SEM. Paired t-tests were used to measure the contrasts between pre- and poststroke time points. Differences in beta-diversity were accessed by two-sample t-tests between each individual time point, and the non-parametric P-values generated by the Bonferroni’s multiple comparisons test were used for inferences. Regression analysis was performed to evaluate associations between microbiome changes and stroke severity. For all statistical tests, P ≤ 0.05 were considered significant, and trends were declared when 0.05 < P < 0.10.




RESULTS


Magnetic Resonance Imaging Confirmed Ischemic Lesions 1 Day Poststroke

Non-invasive MRI allows for real-time, longitudinal assessment of stroke pathophysiology and is a critical clinical tool commonly used to differentiate between stroke type and severity (González, 2012; Baker et al., 2017). We confirmed ischemic stroke 1 day poststroke in all animals in the study. Both T2-FLAIR and DWI sequences showed edematous lesions with bright hyperintense signal (Figures 1A,B), whereas ADC maps exhibited cytotoxic edema with dark hypointense regions due to restricted water diffusion (Figure 1C). Lesion volume, midline shift, and hemorrhage volume of the same cohort of pigs have been recently published (Kaiser et al., 2020). In brief, DWI sequences showed territorial hyperintense lesions at 1 day poststroke with an average volume of 9.9 ± 1.4 cm3. Analysis of T2-weighted (T2W) sequences revealed a significant (P < 0.01) increase in ipsilateral hemisphere volume indicative of cerebral swelling when compared to the contralateral hemisphere (26.0 ± 1.8 cm3 vs. 22.5 ± 1.4 cm3, respectively) and an associated midline shift of 2.5 ± 0.6 mm. Acute intracerebral hemorrhage was observed via T2Star sequences with a mean hemorrhage volume of 1.7 ± 0.1 cm3. Collectively, MRI results demonstrated that MCAO led to tissue-level damage including ischemic infarction, hemispheric swelling, pronounced midline shift, and intracerebral hemorrhage (Kaiser et al., 2020).


[image: image]

FIGURE 1. Magnetic resonance imaging (MRI) confirmed ischemic stroke in pigs. The hyperintense regions seen in (A) T2 fluid-attenuated inversion recovery (T2-FLAIR) and (B) diffusion-weighted imaging (DWI) sequences corresponded to (C) apparent diffusion coefficient (ADC) map hypointense regions thus confirming the presence of ischemic infarction 1 day post-middle cerebral artery occlusion (post-MCAO) surgery (n = 7). A scale bar is provided in each picture (6 mm), and the lesion area was outlined by yellow line.




Circulating TNF-α and IL-6 Levels Were Increased During the Acute Stage of Stroke in a MCAO Pig Model

Elevated systemic inflammation has been associated with gut microbiome dysbiosis and correlated with increased brain infarction (McColl et al., 2007, 2008). Elevated systemic inflammation results in poor clinical outcomes and increased mortality in stroke patients (Di Napoli et al., 2001; Elkind et al., 2004), making it a key biomarker in stroke (Di Napoli and Papa, 2006). In MCAO pigs, plasma TNF-α was increased ∼28% at 4 h poststroke relative to prestroke levels (79.75 ± 6.00 pg/ml vs. 61.62 ± 6.38 pg/ml, respectively, P = 0.003, Figure 2A). Comparatively, TNF-α levels rapidly dropped following this peak and reached the lowest level at 1 day poststroke (43.75 ± 4.38 pg/ml, P = 0.003). TNF-α levels returned to prestroke levels by 5 days poststroke (53.36 ± 5.57 pg/ml). Similar to TNF-α, plasma IL-6 levels were significantly increased ∼20% at 12 h poststroke compared to prestroke (52.46 ± 2.44 pg/ml vs. 44.01 ± 0.85 pg/ml, respectively, P = 0.01) and returned to prestroke levels by 5 days poststroke (44.94 ± 1.07 pg/ml, Figure 2B), confirming an elevated inflammatory response during the acute stage of stroke in the pig model.
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FIGURE 2. Plasma concentrations of proinflammatory cytokines were increased during the acute stage of ischemic stroke in pigs. Plasma concentration (pg/ml) of (A) tumor necrosis factor alpha (TNF-α) and (B) interleukin-6 (IL-6) were measured prestroke (PRE, n = 7), 4 h poststroke (4 hrPS, n = 7 and 6, respectively), 12 h poststroke (12 hrPS, n = 7), 1 day poststroke (1DPS, n = 7), and 5 days poststroke (5DPS, n = 5). P-value: paired t-test comparing the mean prestroke values vs. each time point poststroke.




Diversity of Fecal Microbiota Was Altered During the Acute Stage of Ischemic Stroke

Changes in diversity of gut microbiome are often an indicator of dysbiosis associated with disease pathology (Kriss et al., 2018). In MCAO pigs, microbial diversity and evenness were altered during the acute stage of stroke as shown in Table 1. The Shannon and evenness indices were reduced (P ≤ 0.05) at 1 day poststroke compared to prestroke but returned to prestroke levels at 3 days poststroke. However, the number of observed OTUs, which is an estimator of microbial richness, was not significantly affected (P ≥ 0.21) during the course of the study. Consequently, poststroke values were not significantly different from prestroke values (Table 1).


TABLE 1. Alpha-diversity was changed during the acute stage of ischemic stroke in a pig model.

[image: Table 1]
To further investigate the association between the dysbiosis and stroke severity, the correlations between microbial diversity and MRI results were assessed. The correlative analysis indicated that Shannon (r = −0.9715, P = 0.0012), Evenness (r = −0.9395, P = 0.0054), and Chao 1 (r = −0.8902, P = 0.0174) at day 3 poststroke was negatively associated with lesion volume measured by a high resolution of MRI (Figure 3), suggesting the lower microbial diversity poststroke was related to increased stroke severity at the acute stage of stroke.


[image: image]

FIGURE 3. Microbial diversity was negatively correlated with brain lesion volume. Brain lesion volume measured 1 day poststroke was negatively correlated with alpha-diversity indices including (A) Shannon, (B) Evenness, and (C) Chao1 at 3 days poststroke (n = 6). Regression analysis was performed to evaluate associations between microbial composition and stroke severity. Pearson correlation coefficient and P-values are shown.


Beta-diversity was assessed using the weighted UniFrac distance matrix to investigate the similarity of microbial patterns among groups. There was a trend (P = 0.07) for overall differences across all time points (Figure 4). The most distinct separation in the UniFrac distance was observed between 3 days post- and prestroke (Figure 4C). Taken together, the alpha-diversity was decreased at 1 day poststroke, and beta-diversity was most distinctly different 3 days poststroke compared to prestroke.


[image: image]

FIGURE 4. Beta-diversity (weighted UniFrac PCoA plots) showed trending differences between pre- and poststroke in middle cerebral artery occlusion (MCAO) pig model. (A) Beta-diversity changes during the acute stage of stroke were shown by PCoA plots. Different bacterial communities were compared between (B) prestroke (n = 7) vs. 1 day poststroke (n = 7), (C) prestroke vs. 3 days poststroke (n = 6), and (D) prestroke vs. 5 days poststroke (n = 4). Trending differences were observed between prestroke and 3 days poststroke (non-parametric P-values generated by the Bonferroni’s multiple comparisons test were used for inferences).




Stroke Altered Fecal Microbiome Composition

The composition changes in gut microbiota were evaluated at different taxonomic levels (phylum, family, and genus) during the acute stage of ischemic stroke (Figures 5–7). The most prevalent phyla prestroke were Firmicutes (89.94 ± 1.65%), followed by Bacteroidetes (3.45 ± 1.02%), Actinobacteria (1.83 ± 0.70%), and Proteobacteria (1.13 ± 0.65%, Figure 5). The composition of these four major phyla changed during the acute stage of stroke. At 3 days poststroke, the abundance of Firmicutes was decreased by 27% (66.08 ± 7.35% vs. 89.94 ± 1.65%, P = 0.01), while Proteobacteria significantly increased 19-fold relative to prestroke levels (20.96 ± 5.50% vs. 1.13 ± 0.65%, P = 0.01). At 5 days poststroke, both phyla returned to prestroke levels (Firmicutes, 86.86 ± 3.70% and Proteobacteria, 0.68 ± 0.19%). Similar to Proteobacteria, Actinobacteria reached their highest abundance 3 days poststroke (3.78 ± 0.85% vs. 1.83 ± 0.70%, P = 0.02 compared to prestroke) and showed comparable levels to prestroke at 5 days poststroke (2.20 ± 0.93%). The second most abundant phylum at prestroke, Bacteroidetes, tended to increase 3 days poststroke (7.63 ± 1.53% vs. 3.45 ± 1.02%, P = 0.06) compared to prestroke and remained consistent at 5 days poststroke (7.13 ± 2.58%, Figure 5B). The ratio of Firmicutes to Bacteroidetes was decreased ∼60% at 1 day poststroke compared to that of prestroke (17.33 ± 4.69% vs. 43.18 ± 12.59%, P = 0.04, Figure 5C) and returned to the levels observed prestroke at 3 days poststroke and remained stable, suggesting a significant microbial shift occurred at the acute stage of stroke. Other significant changes in bacterial phyla were observed in bacteria with relatively low abundance, including TM7, Cyanobacteria, and Fusobacteria, yet their abundance remained below 0.15% during the entire study (Figure 5B).
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FIGURE 5. Stroke resulted in phylum level perturbations in gut microbiota between pre- and poststroke in MCAO pig model. (A) Mean relative abundances of bacterial phylum prestroke (PRE, n = 7), 1 day poststroke (1 DPS, n = 7), 3 days poststroke (3 DPS, n = 6), and 5 days poststroke (5 DPS, n = 4) are shown. (B) Bacterial phyla showed changes in the abundance (P < 0.10) during acute stage of stroke. (C) The ratio of Firmicutes to Bacteroidetes (F/B) at 1 day poststroke (1 DPS) was lower than that at prestroke (PRE), 3 days poststroke (3 DPS), and 5 days poststroke (5 DPS). P-value: paired t-test comparing the mean prestroke values vs. each time point poststroke.


Consistent with phyla changes, a significant change in abundance was observed at the family level 3 days poststroke (Figure 6). The most abundant family prestroke was Lactobacillaceae, making up 33.13 ± 5.66% of the population. However, the population rapidly dropped to 10.63 ± 2.67% 3 days poststroke (P < 0.001) and increased to 20.19 ± 10.98% 5 days poststroke. The abundance of Enterobacteriaceae, Erysipelotrichaceae, Prevotellaceae, Coriobacteriaceae, Desulfovibrionaceae, Peptostreptococcaceae, and Enterococcaceae were increased up to 3 days poststroke and returned to prestroke levels at 5 days poststroke (Figure 6). Supplementary Figures 1, 2 show changes in the gut microbiome detected at the class and order levels, respectively.
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FIGURE 6. Stroke resulted in family level perturbations in gut microbiota between pre- and poststroke in MCAO pig model. Bacterial families showed changes in abundance (P ≤ 0.05) during the acute stage of stroke. P-value: Paired t-test comparing the mean prestroke values vs. each time point poststroke. Prestroke (PRE, n = 7), 1 day poststroke (1 DPS, n = 7), 3DPS (n = 6), and 5 DPS (n = 4).


Four bacterial genera were identified with relatively high abundance (>1%): Lactobacillus, Prevotella, Parabacteroides, and Collinsella (Figure 7). Lactobacillus had the greatest average abundance prestroke (33.13 ± 5.66%), and its presence reached the lowest point (10.63 ± 2.67%, P < 0.001) 3 days poststroke; however, it tended to return to prestroke levels at 5 days poststroke (20.19 ± 10.98%). Contrary to what was observed for Lactobacillus, the abundance of Collinsella (2.11 ± 0.59% vs. 0.79 ± 0.38%) and Prevotella (3.17 ± 0.81% vs. 0.84 ± 0.31%) were increased three to four times 3 days poststroke compared to prestroke levels (P ≤ 0.03). Parabacteroides was significantly increased at 1 day poststroke (0.48 ± 0.18%) compared to prestroke (0.08 ± 0.05%). Supplementary Figure 3 shows the 18 bacterial genera that were significantly altered during the acute stage of stroke in MCAO pigs. Stroke altered microbiota composition in MCAO pigs, with the majority of changes occurring 3 days poststroke as observed at the phylum, family, and genus levels.
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FIGURE 7. Stroke resulted in genus-level perturbations in gut microbiota between pre- and poststroke in middle cerebral artery occlusion (MCAO) pig model. The abundance of Lactobacillus, Prevotella, Parabacteroides, and Collinsella showed >1% relative abundance and demonstrated a significant change in abundance during acute stroke. P-value: Paired t-test comparing the mean prestroke values vs. each time point poststroke. Prestroke (PRE, n = 7), 1 day poststroke (1DPS, n = 7), 3 DPS (n = 6), and 5DPS (n = 4).


Regression analysis conducted to better understand the changes in microbial composition between prestroke and 3 days poststroke and stroke severity at the acute stage of stroke indicates that changes in abundance of phylum Bacteroidetes, Proteobacteria, and Fusobacteria were positively correlated with lesion volume, MLS, and hemorrhage volume, while Firmicutes was negatively correlated with the stroke severity (Table 2). Moreover, changes in abundance of Lactobacillaceae and Lactobacillus were negatively related to the stroke severity (Table 2), supporting that the changes in microbial composition at the acute stage of stroke is closely related to stroke severity.


TABLE 2. Changes in gut microbiota composition for 3 days poststroke were correlated with lesion volume, midline shift, and hemorrhage volume in ischemic stroke in a pig model (n = 6).

[image: Table 2]



DISCUSSION

In this study, we investigated alterations in microbial composition during the acute stroke phase in a MCAO pig ischemic stroke model. The fecal microbiome was dynamically changed during this stage, as follows: (1) stroke reduced species diversity and evenness 1 day poststroke and changed bacterial community patterns (beta-diversity) among groups 3 days poststroke; (2) the ratio of Firmicutes to Bacteroidetes was decreased 1 day poststroke; (3) high abundance of Proteobacteria and low abundance of the genus Lactobacillus were observed 3 days poststroke. These results showed a dynamic compositional change in bacteria following a stroke event, particularly 3 days poststroke, and that this was transient with most microbiome metrics returning to prestroke levels by 5 days poststroke. Interestingly, increases in the systemic inflammatory response measured by circulating TNF-α and IL-6 were observed along with changes in fecal microbiome at the acute stage of stroke. This initial study demonstrates the plasticity of the gut microbiome during the acute stage of stroke, which occurred concurrently with systemic inflammation.

Microbial dysbiosis of the gastrointestinal tract has been reported in a number of neurological injuries and diseases including stroke (Swidsinski et al., 2012; Yin et al., 2015; Benakis et al., 2016; Singh et al., 2016; Prehn-Kristensen et al., 2018; Nicholson et al., 2019). These compositional changes in the gut microflora can be assessed by using alpha- and beta-diversity indices (Wagner et al., 2018). Alpha-diversity, representing the richness and diversity of a community, has been shown to decrease in attention-deficit/hyperactivity disorder (Prehn-Kristensen et al., 2018), autism spectrum (Ma et al., 2019) as well as brain injury (Singh et al., 2016; Nicholson et al., 2019). In accordance with the previous studies, our results showed the rapid reduction in alpha-diversity (Shannon index and evenness) responding to MCAO-induced stroke. Likewise, the differences in beta-diversity, representing overall similarity of bacterial communities, have been reported in stroke (Yin et al., 2015; Singh et al., 2016) and brain injury models (Prehn-Kristensen et al., 2018; Nicholson et al., 2019). Consistent with the shifts shown in brain injury rodent models (Nicholson et al., 2019), our beta-diversity analysis revealed the greatest difference at 3 days poststroke compared to prestroke. By 5 days poststroke, the distinctive microbiome pattern overlapped with the prestroke pattern, suggesting that beta-diversity recovered during the acute stage of stroke, although the microflora profile is not identical to prestroke. Overall, our findings demonstrate a reduced species diversity and evenness and trending changes in beta-diversity between pre- and poststroke, indicating that stroke alters the gut microbiome during the acute stage.

Firmicutes and Bacteroidetes are the two predominant phyla in human gut bacteria, and the ratios between these phyla are often used as a marker of dysbiosis or is seen as indicative of energy availability in the lower gastrointestinal tract (Eckburg et al., 2005). A decrease in the ratio of Firmicutes to Bacteroidetes (F/B ratio) has been reported in neurological (Rowin et al., 2017; Vogt et al., 2017; Nicholson et al., 2019) and inflammatory bowel diseases (Kabeerdoss et al., 2015). Stroked pigs in this study also showed significantly reduced F/B ratio 1 day poststroke. Previous obesity studies showed increases in F/B ratio (Ley et al., 2006; Koliada et al., 2017), which suggested that obese individuals that had a high abundance of Firmicutes may be more efficient at extracting energy from the diet in the form of volatile fatty acids produced in the lower gastrointestinal tract microbial fermentation (Turnbaugh et al., 2006; Munukka et al., 2012). The reduction in the F/B ratio observed in the current study suggests that stroke pigs may not be able to produce as many volatile fatty acids following stroke. Consequently, the role of the F/B ratio in a disease pathology needs to be further investigated (Liang et al., 2018).

Proteobacteria is a well-known phyla containing opportunistic pathogenic bacteria such as Escherichia, Salmonella, Helicobacter, and others (Rizzatti et al., 2017), and increased abundances have been observed in type 2 diabetes (Lambeth et al., 2015), obesity (Fei and Zhao, 2012), inflammatory bowel disease (Morgan et al., 2012), and neurological conditions including stroke (Yin et al., 2015; Nicholson et al., 2019). A rapid increase in Proteobacteria was observed 3 days poststroke in the current study, indicating an increase in the phyla following stroke onset. Stroked pigs had a greater abundance of Enterobacteriaceae and Desulfovibrionaceae 3 days poststroke. Enriched levels of the families Enterobacteriaceae and Desulfovibrionaceae were previously found in patients with a high risk of stroke (Zeng et al., 2019), and higher level of Desulfovibrionaceae was detected in patients following stroke (Yin et al., 2015). The increased abundance of Proteobacteria at the acute stage of stroke may play an important role in the development of systemic inflammation in stroke, potentially leading to more deleterious outcomes.

Lactic acid bacteria (LAB) may help in reducing inflammation and in controlling pathogen populations through the production of lactic acids. In addition, LAB produce important gut-derived metabolites such as short-chain fatty acids (George et al., 2018), which act as signaling molecules in immune responses (Rizzetto et al., 2018). Talani et al. (2020) demonstrates that implementation of gut Bifidobacteria improved cognitive behavior and hippocampal plasticity with increases in hippocampal BDNF in rats, suggesting the probiotics as a potential therapeutic treatment in brain diseases associated with cognitive functions. Lactobacillus is a common component of commercial human and animal probiotics (Salvetti et al., 2012). Low populations of Lactobacillus were found in patients with irritable bowel syndrome, HIV, type 1 diabetes, and multiple sclerosis (Heeney et al., 2018). A decrease in relative abundance of Lactobacillus was also observed in the present study 3 days poststroke. Contrary to our findings, Zeng et al. (2019) found enrichment of LAB in high-risk stroke patients and suggested that the presence of LAB in the gastrointestinal tract compensates for the loss of butyrate-producing bacteria in these individuals. Further research is needed to reconcile the discrepancies in the field. The results from this study suggest that the use of probiotics such as Lactobacillus at the acute stage may benefit stroke patients.

Increased populations of specific microflora may result in an increase in end products that are risk factors for stroke such as trimethylamine-N-oxide (TMAO). Trimethylamine, a precursor of TMAO, is produced by gut microbiota from dietary choline and is further metabolized to TMAO in the liver. Circulating TMAO has been reported to increase the buildup of atherosclerotic plaques in coronary vasculature, increasing the risks of stroke (Bennett et al., 2013; Tang et al., 2013). Specifically, the abundance of Peptostreptococcaceae and Prevotella were positively associated with circulating TMAO (Koeth et al., 2013). In the present study, pigs with stroke had increased abundances of both Peptostreptococcaceae and Prevotella, suggesting that the dysbiosis during the acute stage of stroke is potentially related to increased TMAO production. Additionally, a dysregulation of lipid profiles is considered as another risk factor for stroke. In stroke pigs, an increased abundance of Coriobacteriaceae was found, which was negatively correlated with blood triglycerides and low-density lipoprotein cholesterol in hyperlipidemia patients (Liu et al., 2018). The increase in Coriobacteriaceae observed in this study may be the result of compensatory mechanisms in response to stroke-induced changes in gastrointestinal conditions that alter the microbial ecology throughout the gut. Understanding the role of microflora on the regulation of metabolites associated with stroke may provide an insight on the development of novel therapeutic targets, as reviewed by Tonomura et al. (2020) indicating the role of bacterial metabolites such as TAMO and short-chain fatty acids in stroke.

Evidence on the interaction between the gut microbiota and stroke outcome have been cumulatively reported in humans and animal models. In humans, stroke dysbiosis was closely linked to severe stroke and unfavorable outcome (Yin et al., 2015; Xia et al., 2019). In mice model of stroke, disturbance of the gut microbiota increased intestinal proinflammatory T cells and have aggravated ischemic brain lesions (Benakis et al., 2016). In the current study, the changes in microbial diversity and microbiota composition were associated with stroke severity measured by high-resolution structural MRI at the acute stage of stroke. The lesion volume was negatively related with the alpha-diversity indexes suggesting that reduced microbial richness and evenness in stroke pigs are related to the high severity of stroke. Moreover, we found that potential pathogenic bacteria Proteobacteria, Enterobacteriaceae, and Desulfovibrionaceae were increased and beneficial bacteria Lactobacillaceae and Lactobacillus were decreased 3 days poststroke. Interestingly, abundance of the pathogenic bacteria was positively related to the lesion volume, MLS, and hemorrhage volume, while that of beneficial bacteria was negatively related to the stroke severity, proposing that gut dysbiosis may be a potential indicator to identify prognostic and therapeutic target for stroke.

The role of inflammation in neurological diseases has been widely recognized (Di Napoli et al., 2001; Audebert Heinrich et al., 2004; Elkind et al., 2004; McColl et al., 2007, 2008), and alterations in the bacterial community due to disease have been correlated with changes in inflammatory responses (Benakis et al., 2016; Winek et al., 2016; Yamashiro et al., 2017; Spychala et al., 2018; Zeraati et al., 2019). Consistent with previous findings, increased plasma levels of proinflammatory cytokines were observed in the current study, concurrent with the changes in gut microbiome composition. Increased gut permeability and translocation of bacteria to host tissues have been previously reported in stroke conditions (Crapser et al., 2016; Stanley et al., 2016), supporting the involvement of the gut microbial population in stroke pathophysiology. It is well known that lipopolysaccharides (LPS) from the cell wall of Gram-negative bacteria (Hurley, 1995) trigger an immune response by binding to Toll-like receptor 4 in endothelial cells, activating monocytes/macrophages, and nuclear factor kappa B signaling cascades, resulting in the production of proinflammatory cytokines such as TNF-α (Cario et al., 2002; Mafra et al., 2014). Proinflammatory cytokines contribute to the disruption of tight junction proteins between the epithelial cells, leading to an increase in gut permeability (Katzenberger et al., 2015) as well as translocation of bacteria and microbial-derived end products into the blood stream in what is known as “leaky gut syndrome.” Leaky gut syndrome results in a cycle of increasing inflammation that is detrimental to stroke patients, which could potentially be mitigated by therapeutic treatments that alter the composition of the gut microbial composition.



CONCLUSION

The present study demonstrated, for the first time using a large translational animal model such as swine, the plasticity of the gut microbiome during the acute stage of stroke. These changes included significant shifts in microbial diversity, the ratio of Firmicutes to Bacteroidetes, and the abundance of Proteobacteria and Lactobacillus. Importantly, the microbial changes were significantly correlated with the severity of brain lesion measured by MRI. Given the significant degree of physiological similarities between swine and humans, findings from the current study contribute to increasing our understanding of the pathophysiology of stroke in human patients. Future studies investigating the role of the microbiome and its effect on the stroke immune response are warranted to understand the effect of therapeutic treatments on the gut microbiota in stroke patients.
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Background and Objective: Ventricle volume is closely related to hydrocephalus, brain atrophy, Alzheimer's, Parkinson's syndrome, and other diseases. To accurately measure the volume of the ventricles for elderly patients, we use deep learning to establish a systematic and comprehensive automated ventricle segmentation framework.

Methods: The study participation included 20 normal elderly people, 20 patients with cerebral atrophy, 64 patients with normal pressure hydrocephalus, and 51 patients with acquired hydrocephalus. Second, get their imaging data through the picture archiving and communication systems (PACS) system. Then use ITK software to manually label participants' ventricular structures. Finally, extract imaging features through machine learning.

Results: This automated ventricle segmentation method can be applied not only to CT and MRI images but also to images with different scan slice thicknesses. More importantly, it produces excellent segmentation results (Dice > 0.9).

Conclusion: This automated ventricle segmentation method has wide applicability and clinical practicability. It can help clinicians find early disease, diagnose disease, understand the patient's disease progression, and evaluate the patient's treatment effect.

Keywords: deep learning, neuroimage, magnetic resonance imaging, ventricular segmentation, image segmentation, convolutional neural network (CNN), computer tomography (CT)


INTRODUCTION

The volume of the ventricle has always been closely related to degenerative brain diseases and traumatic brain injury. Researchers have also described that enlargement of the ventricles is an important characteristic of medical conditions such as schizophrenia, Parkinson's disease, Alzheimer's disease, hydrocephalus, and trauma to the brain (Silbert et al., 2003; Thompson et al., 2004; Chou et al., 2009; Liu et al., 2010; Cavedo et al., 2012; Khan et al., 2012; Anandh et al., 2016; Del et al., 2016; Owen et al., 2018; Kocaman et al., 2019; Lundervold et al., 2019). In some disease diagnosis guidelines, EI > 0.3 is often defined as ventricular enlargement (Relkin et al., 2005; Mori et al., 2012). However, some studies have shown that the correlation between EI and ventricle volume is only 0.619 (Toma et al., 2011). The measurement of EI is affected by different scan baselines and different measurement planes, which only reflects the local conditions of the ventricle at the selected level, and cannot fully assess the size of the ventricle (Ambarki et al., 2010). Moreover, EI is sensitive to the expansion of the ventricle to both sides, and the effect is not good when evaluating patients whose ventricle expands to the long axis (He et al., 2020). At the same time, in the normal elderly, the range of EI is relatively wide. Taking EI = 0.3 as the cut-off value, it is difficult to effectively distinguish between normal and enlarged ventricles (Brix et al., 2017). Therefore, when we need the volume of the ventricle, and the volume of the ventricle is measurable, then we should use it (Ambarki et al., 2010). Because of this, research on ventricle segmentation methods has brought much attention, and researchers have continuously optimized algorithms to make better and more accurate estimation (Chen et al., 2009; Coupe et al., 2011; Kempton et al., 2011; Poh et al., 2012; Qiu et al., 2015; Tang et al., 2015, 2018; Qian et al., 2017; Cherukuri et al., 2018; Shao et al., 2019; Dubost et al., 2020).

Volumetric measurement is the only method to directly determine the ventricular size. It is realized by segmentation, which can be roughly categorized into automated segmentation and manual segmentation (Huff et al., 2019). The manual segmentation technique is the gold standard for volumetric quantification of regional brain structures (Kocaman et al., 2019), but when dealing with more data, manual segmentation of the ventricles is time-consuming, subjective, and less reproducible (Chou et al., 2008; Liu et al., 2009; Poh et al., 2012). Therefore, it is highly in demand for an automated ventricle segmentation method to be developed and machine and deep learning based methods have emerged as the new era.

In the previous automated ventricle segmentation methods, researchers often conducted single-mode studies, i.e., segment either on CT images (Liu et al., 2010; Poh et al., 2012; Qian et al., 2017; Cherukuri et al., 2018) or MRI images (Qiu et al., 2015; Tang et al., 2015, 2018). Therefore, the developed automated ventricle segmentation methods were rarely interchangeable. Moreover, various algorithms might perform differently in segmenting different sections of the ventricles (Chen et al., 2009; Coupe et al., 2011; Shao et al., 2019; Dubost et al., 2020). Most previous machine learning (including deep learning) based studies were developed using images with a slice thickness of <3 mm, because at the same scanning distance, the smaller of the image thickness, the more images could be obtained, which could be more conducive for machine/deep learning algorithms to extract more image features (Xia et al., 2004; Coupe et al., 2011; Kempton et al., 2011). However, in clinical practice, due to time constraints, images with larger slice thicknesses are more common. Therefore, the clinical usage of these methods is relatively limited.

The reproducibility of machine/deep learning based algorithms across different scanners and pulse sequences had not always been comprehensively examined (Kempton et al., 2011). Moreover, their accuracy in different clinical populations and sensitivity to real changes in brain volume could still be improved. A larger slice thickness would increase the partial volume effect, which could have a significant negative impact on the algorithm accuracy. For example, the intraventricular calcified area located at the border of the ventricle may not be recognized. Some cerebellar ventricle areas (anterior, posterior, and inferior horns of the lateral ventricle) may not be recognized because they are not connected to the core of the lateral ventricle (Liu et al., 2010). In some automated ventricle segmentation methods, pathological ventricles were not included (Huff et al., 2019), but pathological ventricles are common in the elderly, especially in patients with acquired hydrocephalus, because they may have brain trauma, brain tumors, subarachnoid hemorrhage, and it becomes extremely difficult to delineate the ventricle from these patients. Previous literature also reported the segmentation of the ventricle of idiopathic Normal Pressure Hydrocephalus (iNPH) patients (Shao et al., 2019). These patients are prone to segmentation failure due to the enlarged ventricle. Therefore, our purpose is not only to optimize the algorithm and obtain more accurate results but more importantly, to make this automated ventricle segmentation method be more widely used and be trustworthy for clinical practice.

In summary, the goal of this study is to establish a deep learning based automated ventricle segmentation method that can be generally used for both CT and MRI images, and is versatile for both thin-layer and thick-layer images.



METHODS


Participants

First, we selected the images of patients over 60 years old who underwent brain CT or MRI examinations at Shenzhen Second People's Hospital from January 1, 2016 to December 31, 2019. Second, as we aimed to delineate the ventricle and perform a comprehensive analysis, we chose the normal elderly, the elderly with brain atrophy, the elderly with idiopathic normal pressure hydrocephalus, and the elderly with acquired hydrocephalus people. Because the shape and size of the ventricles of these four types of patients are very representative, showing a trend from normal to severe, which can help us systematically and comprehensively analyze the ventricular system. Third, the diagnostic results of these patients were agreed upon by two radiologists with more than 10 years of work experience and strictly followed the disease diagnosis guidelines. Last but not least, due to a large number of normal elderly people and patients with brain atrophy, a large number of manual labeling would be infeasible. However, there is no obvious deformation of their ventricle structure, and it is easier for the automatic ventricle segmentation of the normal elderly and the elderly with brain atrophy. Therefore, we arranged the normal elderly and the elderly with brain atrophy in the order of the time of head imaging examination and numbered them, and made the numbers into small pieces of paper, and placed them in a large carton. Using a simple random sampling method, let 20 doctors in the radiology department randomly sample small pieces of paper. In the end, we randomly selected 20 normal elderly people and elderly people with brain atrophy for manual marking. The flowchart of the admission and exclusion of patients is shown in Figure 1, and the basic study population description is shown in Table 1.


[image: Figure 1]
FIGURE 1. Study flow chart for the inclusion of participants.



Table 1. Demographic information of subjects used in this study.
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Ethics Statement

This study was carried out in accordance with the recommendations of the Ethics Committee of The First Affiliated Hospital of Shenzhen University and Shenzhen Second People's hospital. All subjects gave written informed consent in accordance with the Declaration of Helsinki.



Imaging Protocol and Label

First, a CT scan of the head was performed on two CT instruments, one of which was SOMATOM Definition Flash from Siemens, Germany, and the other was SOMATOM Emotion 16 from Siemens, Germany. Secondly, MRI examinations were conducted using a 1.5T MR scanner (Avanto, Siemens, Erlangen, Germany), and a 3.0T MRI scanner (Prisma, Siemens, Erlangen, Germany). All images were stored in the picture archiving and communication systems (PACS).

Then manually delineation of the ventricle was conducted. For MRI images, we chose T1WI for manual labeling. The specific manual labeling process is as follows: (1) two radiologists with 10 years of clinical experience used ITK software to label the ventricles; (2) a senior radiologist with 20 years of clinical experience evaluated the delineation results of the ventricles and made adjustment if inaccurate manual labeling was found; and (3) for the controversial annotated cases, we invited a neurology expert and a neurosurgery expert to discuss, and modifications and the final annotation results were approved by them.

We defined the thick layer image when the scan layer thickness was >3 mm, and otherwise, it was defined as the thin layer image. Therefore, all images were classified into four groups, i.e., thin-slice CT images, thick-slice CT images, thin-slice MRI images, and thick-slice MRI images.



The Proposed Deep Learning Framework

In real-world scenarios, the thick-slice images are more easily obtained, while thin-slices images are rare, and it is more difficult for clinicians to annotate them. Moreover, the distribution of different image thicknesses can result in the domain shift problem that can confuse the deep learning models (Yan et al., 2019). Therefore, we proposed a thickness agnostic image segmentation model, which only required the annotation of thick-slice images for the model training.

Our goal is to utilize the unlabeled thin-slice images to minimize the performance gap between thick-slice and thin-slice images. In our model, the thick-slice images are denoted as [image: image], and the thin-slices images are represented as [image: image].

With the increased development and application of deep learning methods, encoder-decoder based architectures (Milletari et al., 2016; Zhou et al., 2018) are widely used in medical image segmentation. The workflow of our proposed deep learning based framework is presented in Figure 2. For image feature extraction and reconstruction, we adopted ResNet-34, which was pre-trained on ImageNet datasets as the encoder of input images. For the decoder, sub-pixel convolution was used for constructing segmentation results since the deconvolution operation was computationally heavy and interpolation-based methods could not bring additional information to improve the segmentation. The sub-pixel convolution can be then represented as

[image: image]

where SP(·) operator transforms and arranges a tensor with the shape of H × W × C × r2 into a tensor shaped in rH × rW × C, FL−1 and FL are the input feature and output feature, WL and bL are the parameters of the sub-pixel convolution operator.


[image: Figure 2]
FIGURE 2. The workflow of proposed methods.


We took both thick-slice and thin-slice images as the input and optimized our model with the following objective function

[image: image]

where λ is a hyper-parameter for weighting the impact of Ls and LT, ps and pt are the model's predictions of the segmentation probability shaped of H × W × C. LS is the cross-entropy loss defined as follows

[image: image]

Since we expect our model to learn an accurate segmentation paradigm for both thick-slice images and thin-slice images, the LT can be regarded as the distance between the probability distribution of the target domain (thin-slice domain) pt and the uniform distribution [image: image]. Therefore, minimizing the distance between the two distributions enables classes to be more separable. Because it implicitly pushes the image features away from the decision boundary and makes alignment between two distributions. Mathematically, the objective function of thin-slice images is formulated as

[image: image]

Most existing methods (Vu et al., 2019) would choose f (x) = x log x, which is alternatively named as the KL-divergence. However, one of the main obstacles is that when adopting KL-divergence for LT as the objective function, the gradient of LT would be extremely imbalanced between easy and hard samples. Taking the binary case as an example, the gradient can be computed as

[image: image]

of which the increasing speed is faster as [image: image] becomes larger.

Therefore, to mitigate the unbalancing problem represented above, instead of choosing f (x) = x log x, we select Pearson χ2 divergence [i.e., f (x) = x2 − 1] for LT. Therefore, the gradient of LT can be noted as

[image: image]

which balances the gradient between easy and hard samples. During model training, the above loss functions were optimized iteratively. For testing, we fed each slice of images as the input and get the predicted segmentation.




RESULT


Diagnostic Efficiency

For experiments, we collected thick-slice and thin-slice samples from iNPH patients with different modalities (MRI and CT) as Table 2 shows. It is of note that we only used the annotations from thick-slice images for our supervised deep learning. We investigated the performance of U-Net (Ronneberger et al., 2015) and U-Net++ (Zhou et al., 2018) on thin-slice and thick-slice images. Both U-Net and U-Net++ adopted encoders and decoders structure while using the middle features to maintain the information of images. As shown in Table 3, compared to conventional and state-of-the-art models, our method achieved significant improvement on both thick-slice and thin-slice images. To further illustrate, our method outperformed U-Net and U-Net++, which are commonly used in medical segmentation, by a large margin. Besides, with the help of a pre-trained ResNet-34 encoder, our model could gain at most 0.1 Dice coefficient on thick-slice images.


Table 2. The number of thick-slice and thin-slice images used for our study.

[image: Table 2]


Table 3. Comparison results (Dice) of our method vs. other state-of-the-art methods.

[image: Table 3]



Component Analysis

To examine the influence of each component in our method, we conducted ablation studies to verify the effectiveness of our method, and the results are summarized in Table 4. We can observe that if our model only trained on thick-slice images, we can get comparable results on thick slices but the model cannot perform well on thin-slice images as shown in the first row of Table 4. However, without the annotation from images, the prediction results would be extremely unreliable since the objective function reached the global minimum when the probability of each class was assigned the same value. Moreover, when incorporating both thick-slice and thin-slice images into the training under the proposed semi-supervised paradigm, our method could result in better performance on thin-slice images by at least 3.5% improvement on the Dice coefficient compared to the model in Exp 1, while it only sacrificed little performance on thick images. The rationale behind this is that our model can learn a shared feature representation for both thick-slice and thin-slice images, which can be beneficial for handling different types of images.


Table 4. Dice coefficient comparison for our ablation studies.

[image: Table 4]



Qualitative Analysis

Figure 3 shows the example segmentation results on randomly selected thin-slice images from the testing set for both MRI and CT modalities. In the second column of each modality, it can be observed that U-Net performed poorly on MRI images. Meanwhile, U-Net++, which is the updated version of U-Net, showed better predictions compared to the U-Net while they were still not accurate. Compared with the U-Net and U-Net++, our method achieved accurate results and could segment both MRI and CT images with high precision. Particularly, in the last row of the CT example, although the original image had low contrast, our method was still able to recognize each part and segmented the data accurately, which has demonstrated the robustness of our method. Divide patients with acquired hydrocephalus into Subarachnoid hemorrhage group, brain trauma group, and brain tumor group according to the cause of the disease. Using our method to automatically segment the images of the three groups of patients, the results of CT images show that the Dice of the three groups are 0.94, 0.95, and 0.94, respectively. The results of the MRI image showed that the Dice of the three groups were 0.91, 0.89, 0.92, respectively (Table 5).


[image: Figure 3]
FIGURE 3. The visualization of segmentation results for thin-slice with MRI images and CT images. (A) The completeness of segmentation indicates the performance of each model on MRI images in which our method achieves the best. (B) Our method is superior to other competing approaches on CT images, specifically for low contrast images (The last row).



Table 5. Thick-slice image segmentation results(Dice) of acquired hydrocephalus.

[image: Table 5]




DISCUSSION

Through Figures 2, 3 and Tables 2–4, we can observe that our automated ventricle segmentation method can be successfully applied CT and MRI images with different thicknesses. More importantly, the segmentation results obtained are better (Dice > 0.9) compared to widely used U-Net and its advanced version U-Net++. There is no doubt that the proposed method is promising for different clinical scenarios.


Clinical Significance of the Automated Ventricle Segmentation

Changes in the shape and size of the ventricles are associated with many diseases, and relevance ventricular enlargement is a crucial marker of brain atrophy associated with normal or pathological aging processes (Schoemaker et al., 2019). Ventricular enlargement also represents a feasible short-term marker of disease progression in mild cognitive impairment and Alzheimer's disease (Nestor et al., 2008). Ventricular enlargement can occur early in the course of Parkinson's disease and is associated with cognitive decline (Apostolova et al., 2012). New/enlarging T2w lesions adjacent to the ventricle wall and thalamic atrophy are independently associated with lateral ventricular enlargement in multiple sclerosis (Sinnecker et al., 2020). Ventricular enlargement is also arguably the most consistent neuroanatomical biomarker present in schizophrenia (Sayo et al., 2012). Whether it is to detect early disease (Dalaker et al., 2011), evaluate the condition of the patient (Ferrarini et al., 2008), diagnose the disease (Relkin et al., 2005), evaluate the effect of surgery (Neikter et al., 2020) or other aspects, accurate measurement of the size of the ventricles has very important clinical significance (Shi et al., 2015).

When following patients with hydrocephalus, the timing for intervention is difficult to decide for clinicians. Therefore, by providing clinicians with an accurate measure of increased ventricle volume, automated ventricular segmentation techniques would give them more information to make their decisions (Qiu et al., 2015). The segmentation of ventricles provides quantitative measures on the changes of ventricles in the brain that form vital diagnostics information (Chen et al., 2009). The automated segmentation of ventricles can assist in making a differential diagnosis of ischemic stroke. The quantitative measurement of the ventricles can be helpful in a treatment, recovery, and follow-up process. The segmented ventricles can also serve as the reference in determining the spatial position of the infarct, which can provide useful information for treatment planning (Poh et al., 2012). Accurate and automated segmentation and labeling tools enable more sophisticated evaluations of the ventricular system in neurodegenerative diseases, cerebrospinal fluid disorders, as well as in normal aging (Shao et al., 2019). Various diseases affect the size and morphology of the ventricles, and knowledge of the normal and abnormal ventricular system is essential in understanding various pathological states. For these reasons, it is critical to extract the ventricular system to ascertain its morphology and volume (Xia et al., 2004). By manually labeling the ventricles, the time required to measure the volume and relative ventricle volume of each subject is about 30 min, which is acceptable in research, but obviously not feasible in clinical practice (Ambarki et al., 2010). Using the automatic ventricle segmentation method can save time significantly. Besides, the unsupervised segmentation method can leverage the dependency of labeled data which is more practical for a real-world scenario. For instance, Liu et al. (2019) utilized the quality of merged segmentation results to update the ensemble weights of different segmentation results in order to achieve accurate segmentation results. Meanwhile, Ganaye et al. (2018) took advantage of the invariant nature of the anatomical structure to improve the robustness of the segmentation results by applying semantic constraints.



Comparison Studies and the Advantages of Our Proposed Method

Huff et al. mentioned the limitations of their research for an automated ventricle segmentation method that all the studies were performed on similar CT scanners with similar acquisition parameters and identical slice thicknesses. No pathological ventricles were included in this study other than simply enlarged ventricles (Huff et al., 2019). In our research, we can see that data acquired from different scanners were validated, the thickness of the scan layer was also different, and pathological ventricles were also included. Qiu et al. (2015) outlined the limitations of their study as validated on a limited number of images since MR images of preterm neonates were usually not performed at our center unless a severe disease was suspected. Because of this, we did not deliberately make requests when selecting patients. As our goal is to automatically segment the ventricles, the image we chose must be systematic and comprehensive. The shape and size of the ventricles of the four groups of patients can represent the ventricles of the elderly cohort. Kocaman et al. (2019) performed a study on a small number of individuals. The actual sample size of our four groups of patients is large, and in clinical practice, these patients are relatively common. As the sample size increased, the results of our automated ventricle segmentation method were also gradually stabilized.

Xia et al. pointed out the limitations of their research on automated extraction of the ventricular system: When the slice thickness, especially in coronal and axial directions, is too high, the algorithm could not work satisfactorily. Most of the subjects tested did not have any pathology or major distortion of the ventricles (Xia et al., 2004). In our research, the thickness of the scan slice was no longer a confounding factor. Both thick-slice and thin-slice images could be processed with better ventricle segmentation results. At the same time, our patients included not only normal elderly people but also brain atrophy elderly people with slight changes in the ventricle shape and size. Besides, our proposed framework also performed well for iNPH patients with significant changes in the shape and size of the ventricles. More importantly, the elderly with acquired hydrocephalus with obvious changes in intracranial structures caused by trauma, tumor, hemorrhage, and other conditions were also included. Shao et al. mentioned in their brain ventricle parcellation work that the proposed network was also robust to white matter hyperintensities (WMH), which were often associated with NPH and located adjacent to the lateral ventricles. WMH can sometimes negatively affect the outcome of automated segmentation algorithms (Shao et al., 2019). Similarly, some of our patients were also NPH patients, and they had white matter hyperintensities around their lateral ventricles. Some patients with brain atrophy had a similar situation, but our ventricle segmentation framework could handle it.



Influence of Examination Type and Slice Thickness on Ventricle Segmentation

In clinical work, we often choose CT or MRI for head imaging examination. Both methods have their advantages and disadvantages. For CT, it is relatively convenient to operate, no need to worry about metal implantation, and the inspection speed is fast. But it has ionizing radiation to the human body, and it has a low signal to noise ratio and relatively low contrast. For MRI, it does not produce ionizing radiation and can provide better soft-tissue resolution, but its inspection time is long and may have considerable issues such as metal implantation and claustrophobia and other related problems (Chen et al., 2009; Liu et al., 2010; Coupe et al., 2011; Poh et al., 2012; Qian et al., 2017; Huff et al., 2019). It is well known that in medical images partial volume effect is inevitable. Reducing the slice thickness can reduce the partial volume effect. But for CT examinations, this means that patients have to receive more ionizing radiation, and for MRI examinations, the examination time will be longer. For deep learning, more content means more information, so thin-layer images are naturally the best choice. However, in clinical practice, because of the heavy burden for a large patient population, thick-slice scanning is still the most used acquisition method. But for the segmentation of the ventricles from thick-slice images, the number of images per patient is small, and the information that can be extracted is also limited. Coupled with the influence of the partial volume effect, it is often difficult to segment the boundaries of the ventricles from thick-slice images (Xia et al., 2004). The stroke area on the CT image is often adjacent or connected to the ventricle area, and the grayscale is similar, which increases the difficulty of accurately segmenting the ventricle (Qian et al., 2017). In addition, on the CT image, due to the noise and low contrast between the soft tissues, there is no obvious peak in the cerebrospinal fluid in the whole brain intensity histogram. This makes it difficult to find a suitable threshold for cerebrospinal fluid using traditional histogram-based segmentation methods (Liu et al., 2010). Part of the volume effect will affect the segmentation of the ventricle, especially on MR images with limited resolution (Coupe et al., 2011). Due to the partial volume effect, there exist transition regions between the Cerebrospinal fluid and gray matter, if these transition regions are completely excluded, the ventricular system is under-segmented, and some ventricular components, for example, the lateral ventricles, may be broken into several disconnected parts (Liu et al., 2009). The temporal horns and occipital poles of the ventricle can be separated from the main body. When the shape-based ventricle segmentation method and the ventricle segmentation method based on the regional growth technology are used, the results will be affected. In addition, the signal intensity of the choroidal plexus is similar to that of gray matter. When a simple threshold technique is used to segment the ventricle, the result will also be affected (Coupe et al., 2011). All in all, different imaging data and slice thickness have their advantages and disadvantages, and they also have a different impact on automated segmentation methods.



Limitations of Our Automated Ventricle Segmentation Framework

Because our current work was a retrospective study based on the elderly to establish a new systematic automated ventricle segmentation method. Therefore, our research might still have some limitations. First of all, because this study selected elderly patients, our method might have insufficient capacity to deal with pediatric patients. Secondly, because this was multi-center and multi-modal research, in terms of results, our goal was to perform well as a whole, so the expression of results in some respects was bound to be relatively weakened. When processing cross-hospital data, we need to handle extensive re-training of the model to ensure the accuracy of the running results. As a deep learning based model, the training data collected at one site are often unavailable to others due to privacy and legal issues (Wang et al., 2020a,b).

In future research, we will focus on extracting different imaging and biological features through deep learning of images, laboratory test results, and clinical information of patients with abnormal ventricles. We will achieve a systematic and comprehensive analysis of patients with ventricular abnormalities, and determine whether the patient has a certain disease that can cause ventricular abnormalities.




CONCLUSION

In order to systematically and comprehensively assess the size of the ventricle of elderly patients, we have established an automated ventricle segmentation method. This automated ventricle segmentation method can not only be applied to both CT and MRI images but can be also applied to images with different slice thicknesses. More importantly, it produces superior segmentation results. Deploying this automated ventricle segmentation method in the clinical scenarios can help doctors to find and diagnose early disease, evaluate the progress of the patient's condition, and inform the treatment planning for the patients. At the same time, the medical image scanning method and the slice thickness are no longer limitations for automated ventricle segmentation. There is no doubt that the proposed method will have a wide application in clinical studies.



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/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of The First Affiliated Hospital of Shenzhen University and Shenzhen Second People's hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

XZ, QY, YJ, JX, and GY conceived and designed the study, contributed to data analysis, contributed to data interpretation, and contributed to the writing of the report. XZ, ZN, WM-S, EF, ZL, and JX contributed to the literature search. XZ and JX contributed to data collection. XZ, QY, YJ, and MW performed data curation and contributed to the tables and figures. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported in part by the Natural Science Foundation of Guangdong Province (2020A1515010918), in part by the Project of Shenzhen International Cooperation Foundation (GJHZ20180926165402083), in part by the Project of Shenzhen Basic Development Project (JCYJ 20190806164409040), in part by the Clinical Research Project of Shenzhen Health and Family Planning Commission (SZLY2018018), in part by the Hangzhou Economic and Technological Development Area Strategical Grant (Imperial Institute of Advanced Technology), in part by the European Research Council Innovative Medicines Initiative on Development of Therapeutics and Diagnostics Combatting Coronavirus Infections Award DRAGON: rapiD and secuRe AI imaging based diaGnosis, stratification, fOllow-up, and preparedness for coronavirus paNdemics (H2020-JTI-IMI2 101005122), and in part by the AI for Health Imaging Award CHAIMELEON: Accelerating the Lab to Market Transition of AI Tools for Cancer Management (H2020-SC1-FA-DTS-2019-1 952172).



ACKNOWLEDGMENTS

The authors would like to sincerely thank Meng-Yao Xu for her support and suggestions for the production of diagrams and tables throughout the entire project.



REFERENCES

 Ambarki, K., Israelsson, H., Wahlin, A., Birgander, R., Eklund, A., and Malm, J. (2010). Brain ventricular size in healthy elderly: comparison between Evans index and volume measurement. Neurosurgery 67, 94–99. doi: 10.1227/01.NEU.0000370939.30003.D1

 Anandh, K. R., Sujatha, C. M., and Ramakrishnan, S. (2016). A method to differentiate mild cognitive impairment and Alzheimer in MR images using Eigen value descriptors. J. Med. Syst. 40:25. doi: 10.1007/s10916-015-0396-y

 Apostolova, L., Alves, G., Hwang, K. S., Babakchanian, S., Bronnick, K. S., and Larsen, J. P., et al. (2012). Hippocampal and ventricular changes in Parkinson's disease mild cognitive impairment. Neurobiol. Aging 33, 2113–2124. doi: 10.1016/j.neurobiolaging.2011.06.014

 Brix, M. K., Westman, E., Simmons, A., Ringstad, G. A., Eide, P. K., and Wagner-Larsen, K., et al. (2017). The Evans' Index revisited: new cut-off levels for use in radiological assessment of ventricular enlargement in the elderly. Eur. J. Radiol. 95, 28–32. doi: 10.1016/j.ejrad.2017.07.013

 Cavedo, E., Galluzzi, S., Pievani, M., Boccardi, M., and Frisoni, G. B. (2012). Norms for imaging markers of brain reserve. J. Alzheimers Dis. 31, 623–633. doi: 10.3233/JAD-2012-111817

 Chen, W., Smith, R., Ji, S. Y., Ward, K. R., and Najarian, K. (2009). Automated ventricular systems segmentation in brain CT images by combining low-level segmentation and high-level template matching. BMC Med. Inform. Decis. Mak. 9 (Suppl. 1):S4. doi: 10.1186/1472-6947-9-S1-S4

 Cherukuri, V., Ssenyonga, P., Warf, B. C., Kulkarni, A. V., Monga, V., and Schiff, S. J. (2018). Learning based segmentation of CT brain images: application to postoperative hydrocephalic scans. IEEE Trans. Biomed. Eng. 65, 1871–1884. doi: 10.1109/TBME.2017.2783305

 Chou, Y. Y., Lepore, N., Avedissian, C., Madsen, S. K., Parikshak, N., and Hua, X., et al. (2009). Mapping correlations between ventricular expansion and CSF amyloid and tau biomarkers in 240 subjects with Alzheimer's disease, mild cognitive impairment and elderly controls. Neuroimage 46, 394–410. doi: 10.1016/j.neuroimage.2009.02.015

 Chou, Y. Y., Lepore, N., de Zubicaray, G. I., Carmichael, O. T., Becker, J. T., Toga, A. W., et al. (2008). Automated ventricular mapping with multi-atlas fluid image alignment reveals genetic effects in Alzheimer's disease. Neuroimage 40, 615–630. doi: 10.1016/j.neuroimage.2007.11.047

 Coupe, P., Manjon, J. V., Fonov, V., Pruessner, J., Robles, M., and Collins, D. L. (2011). Patch-based segmentation using expert priors: application to hippocampus and ventricle segmentation. Neuroimage 54, 940–954. doi: 10.1016/j.neuroimage.2010.09.018

 Dalaker, T. O., Zivadinov, R., Ramasamy, D. P., Beyer, M. K., Alves, G., and Bronnick, K. S., et al. (2011). Ventricular enlargement and mild cognitive impairment in early Parkinson's disease. Mov. Disord. 26, 297–301. doi: 10.1002/mds.23443

 Del, R. E., Konishi, J., Bouix, S., Blokland, G. A., Mesholam-Gately, R. I., and Goldstein, J., et al. (2016). Enlarged lateral ventricles inversely correlate with reduced corpus callosum central volume in first episode schizophrenia: association with functional measures. Brain Imaging Behav. 10, 1264–1273. doi: 10.1007/s11682-015-9493-2

 Dubost, F., Bruijne, M., Nardin, M., Dalca, A. V., Donahue, K. L., and Giese, A. K., et al. (2020). Multi-atlas image registration of clinical data with automated quality assessment using ventricle segmentation. Med. Image Anal. 63:101698. doi: 10.1016/j.media.2020.101698

 Ferrarini, L., Palm, W. M., Olofsen, H., van der Landen, R., Jan, B. G., and Westendorp, R. G., et al. (2008). MMSE scores correlate with local ventricular enlargement in the spectrum from cognitively normal to Alzheimer disease. Neuroimage 39, 1832–1838. doi: 10.1016/j.neuroimage.2007.11.003

 Ganaye, P. A., Sdika, M., and Benoit-Cattin, H. (2018). “Semi-supervised learning for segmentation under semantic constraint,” in International Conference on Medical Image Computing and Computer-Assisted Intervention (Cham: Springer), 595–602.

 He, W., Fang, X., Wang, X., Gao, P., Gao, X., and Zhou, X., et al. (2020). A new index for assessing cerebral ventricular volume in idiopathic normal-pressure hydrocephalus: a comparison with Evans' index. Neuroradiology 62, 661–667. doi: 10.1007/s00234-020-02361-8

 Huff, T. J., Ludwig, P. E., Salazar, D., and Cramer, J. A. (2019). Fully automated intracranial ventricle segmentation on CT with 2D regional convolutional neural network to estimate ventricular volume. Int. J. Comput. Assist. Radiol. Surg. 14, 1923–1932. doi: 10.1007/s11548-019-02038-5

 Kempton, M. J., Underwood, T. S., Brunton, S., Stylios, F., Schmechtig, A., and Ettinger, U., et al. (2011). A comprehensive testing protocol for MRI neuroanatomical segmentation techniques: evaluation of a novel lateral ventricle segmentation method. Neuroimage 58, 1051–1059. doi: 10.1016/j.neuroimage.2011.06.080

 Khan, A. F., Drozd, J. J., Moreland, R. K., Ta, R. M., Borrie, M. J., and Bartha, R. (2012). A novel MRI-compatible brain ventricle phantom for validation of segmentation and volumetry methods. J. Magn. Reson. Imaging 36, 476–482. doi: 10.1002/jmri.23612

 Kocaman, H., Acer, N., Koseoglu, E., Gultekin, M., and Donmez, H. (2019). Evaluation of intracerebral ventricles volume of patients with Parkinson's disease using the atlas-based method: a methodological study. J. Chem. Neuroanat. 98, 124–130. doi: 10.1016/j.jchemneu.2019.04.005

 Liu, B., Gu, L., and Lu, F. (2019). “Unsupervised ensemble strategy for retinal vessel segmentation,” in International Conference on Medical Image Computing and Computer-Assisted Intervention (Cham: Springer).

 Liu, J., Huang, S., Ihar, V., Ambrosius, W., Lee, L. C., and Nowinski, W. L. (2010). Automatic model-guided segmentation of the human brain ventricular system from CT images. Acad. Radiol. 17, 718–726. doi: 10.1016/j.acra.2010.02.013

 Liu, J., Huang, S., and Nowinski, W. L. (2009). Automatic segmentation of the human brain ventricles from MR images by knowledge-based region growing and trimming. Neuroinformatics 7, 131–146. doi: 10.1007/s12021-009-9046-1

 Lundervold, A. J., Vik, A., and Lundervold, A. (2019). Lateral ventricle volume trajectories predict response inhibition in older age-A longitudinal brain imaging and machine learning approach. PLoS ONE 14:e207967. doi: 10.1371/journal.pone.0207967

 Milletari, F., Navab, N., and Ahmadi, S. A. (2016). “V-net: fully convolutional neural networks for volumetric medical image segmentation,” in 2016 Fourth International Conference on 3D Vision (3DV) (IEEE), 565–571.

 Mori, E., Ishikawa, M., Kato, T., Kazui, H., Miyake, H., Miyajima, M., et al. (2012). Guidelines for management of idiopathic normal pressure hydrocephalus: second edition. Neurol. Med. Chir. 52, 775–809. doi: 10.2176/nmc.52.775

 Neikter, J., Agerskov, S., Hellstrom, P., Tullberg, M., Starck, G., and Ziegelitz, D., et al. (2020). Ventricular volume is more strongly associated with clinical improvement than the evans index after shunting in idiopathic normal pressure hydrocephalus. AJNR Am. J. Neuroradiol. 41, 1187–1192. doi: 10.3174/ajnr.A6620

 Nestor, S. M., Rupsingh, R., Borrie, M., Smith, M., Accomazzi, V., and Wells, J. L., et al. (2008). Ventricular enlargement as a possible measure of Alzheimer's disease progression validated using the Alzheimer's disease neuroimaging initiative database. Brain 131 (Pt 9), 2443–2454. doi: 10.1093/brain/awn146

 Owen, J. P., Bukshpun, P., Pojman, N., Thieu, T., Chen, Q., and Lee, J., et al. (2018). Brain MR imaging findings and associated outcomes in carriers of the reciprocal copy number variation at 16p11.2. Radiology 286, 217–226. doi: 10.1148/radiol.2017162934

 Poh, L. E., Gupta, V., Johnson, A., Kazmierski, R., and Nowinski, W. L. (2012). Automatic segmentation of ventricular cerebrospinal fluid from ischemic stroke CT images. Neuroinformatics 10, 159–172. doi: 10.1007/s12021-011-9135-9

 Qian, X., Lin, Y., Zhao, Y., Yue, X., Lu, B., and Wang, J. (2017). Objective ventricle segmentation in brain CT with ischemic stroke based on anatomical knowledge. Biomed. Res. Int. 2017:8690892. doi: 10.1155/2017/8690892

 Qiu, W., Yuan, J., Rajchl, M., Kishimoto, J., Chen, Y., and de Ribaupierre, S., et al. (2015). 3D MR ventricle segmentation in pre-term infants with post-hemorrhagic ventricle dilatation (PHVD) using multi-phase geodesic level-sets. Neuroimage 118, 13–25. doi: 10.1016/j.neuroimage.2015.05.099

 Relkin, N., Marmarou, A., Klinge, P., Bergsneider, M., and Black, P. M. (2005). Diagnosing idiopathic normal-pressure hydrocephalus. Neurosurg. 57, S4–S16. doi: 10.1227/01.NEU.0000168185.29659.C5

 Ronneberger, O., Fischer, P., and Brox, T. (2015). “U-Net: convolutional networks for biomedical image segmentation,” in: Medical Image Computing and Computer-Assisted Intervention – MICCAI 2015. Lecture notes in computer science, Vol. 9351, eds N. Navab, J. Hornegger, W. Wells, and A. Frangi (Cham: Springer).

 Sayo, A., Jennings, R. G., and Van Horn, J. D. (2012). Study factors influencing ventricular enlargement in schizophrenia: a 20 year follow-up meta-analysis. Neuroimage 59, 154–167. doi: 10.1016/j.neuroimage.2011.07.011

 Schoemaker, D., Buss, C., Pietrantonio, S., Maunder, L., Freiesleben, S. D., and Hartmann, J., et al. (2019). The hippocampal-to-ventricle ratio (HVR): Presentation of a manual segmentation protocol and preliminary evidence. Neuroimage 203:116108. doi: 10.1016/j.neuroimage.2019.116108

 Shao, M., Han, S., Carass, A., Li, X., Blitz, A. M., and Shin, J., et al. (2019). Brain ventricle parcellation using a deep neural network: application to patients with ventriculomegaly. Neuroimage Clin. 23:101871. doi: 10.1016/j.nicl.2019.101871

 Shi, J., Stonnington, C. M., Thompson, P. M., Chen, K., Gutman, B., and Reschke, C., et al. (2015). Studying ventricular abnormalities in mild cognitive impairment with hyperbolic Ricci flow and tensor-based morphometry. Neuroimage 104, 1–20. doi: 10.1016/j.neuroimage.2014.09.062

 Silbert, L. C., Quinn, J. F., Moore, M. M., Corbridge, E., Ball, M. J., and Murdoch, G., et al. (2003). Changes in premorbid brain volume predict Alzheimer's disease pathology. Neurology 61, 487–492. doi: 10.1212/01.WNL.0000079053.77227.14

 Sinnecker, T., Ruberte, E., Schadelin, S., Canova, V., Amann, M., and Naegelin, Y., et al. (2020). New and enlarging white matter lesions adjacent to the ventricle system and thalamic atrophy are independently associated with lateral ventricular enlargement in multiple sclerosis. J. Neurol. 267, 192–202. doi: 10.1007/s00415-019-09565-w

 Tang, X., Crocetti, D., Kutten, K., Ceritoglu, C., Albert, M. S., and Mori, S., et al. (2015). Segmentation of brain magnetic resonance images based on multi-atlas likelihood fusion: testing using data with a broad range of anatomical and photometric profiles. Front. Neurosci. 9:61. doi: 10.3389/fnins.2015.00061

 Tang, X., Luo, Y., Chen, Z., Huang, N., Johnson, H. J., and Paulsen, J. S., et al. (2018). A fully-automated subcortical and ventricular shape generation pipeline preserving smoothness and anatomical topology. Front. Neurosci. 12:321. doi: 10.3389/fnins.2018.00321

 Thompson, P. M., Hayashi, K. M., De Zubicaray, G. I., Janke, A. L., Rose, S. E., and Semple, J., et al. (2004). Mapping hippocampal and ventricular change in Alzheimer disease. Neuroimage 22, 1754–1766. doi: 10.1016/j.neuroimage.2004.03.040

 Toma, A. K., Holl, E., Kitchen, N. D., and Watkins, L. D. (2011). Evans' index revisited: the need for an alternative in normal pressure hydrocephalus. Neurosurgery 68, 939–944. doi: 10.1227/NEU.0b013e318208f5e0

 Vu, T., Jain, H., Bucher, M., Cord, M., and Pérez, P. (2019). “ADVENT: adversarial entropy minimization for domain adaptation in semantic segmentation,” in 2019 IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), Long Beach, CA, USA, 2512–2521.

 Wang, C., Dong, S., Zhao, X., Papanastasiou, G., Zhang, H., and Yang, G. (2020a). SaliencyGAN: deep learning semisupervised salient object detection in the fog of IoT. IEEE Trans. Indus. Inform. 16, 2667–2676. doi: 10.1109/TII.2019.2945362

 Wang, C., Yang, G., Papanastasiou, G., Zhang, H., Rodrigues, J., and Albuquerque, V. (2020b). “Industrial cyber-physical systems-based cloud IoT edge for federated heterogeneous distillation,” in IEEE Transactions on Industrial Informatics, 1.

 Xia, Y., Hu, Q., Aziz, A., and Nowinski, W. L. (2004). A knowledge-driven algorithm for a rapid and automatic extraction of the human cerebral ventricular system from MR neuroimages. Neuroimage 21, 269–282. doi: 10.1016/j.neuroimage.2003.09.029

 Yan, W., Wang, Y., Gu, S., Huang, L., Yan, F., Xia, L., et al. (2019). “The domain shift problem of medical image segmentation and vendor-adaptation by Unet-GAN,” in International Conference on Medical Image Computing and Computer-Assisted Intervention: (Cham Springer), 623–631.

 Zhou, Z., Siddicquee, M., Tajbakhsh, N., and Liang, J. (2018). UNet++: a nested U-Net architecture for medical image segmentation. Deep Learn Med Image Anal Multimodal Learn Clin Decis Support 11045, 3–11. doi: 10.1007/978-3-030-00889-5_1

Conflict of Interest: ZN and WM-S are employed by Aladdin Healthcare Technologies Ltd. QY, YJ, and MW are employed by Hangzhou Ocean's Smart Boya Co., Ltd., China and Mind Rank Ltd., China.

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

Copyright © 2020 Zhou, Ye, Jiang, Wang, Niu, Menpes-Smith, Fang, Liu, Xia and Yang. 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.












	
	ORIGINAL RESEARCH
published: 21 December 2020
doi: 10.3389/fnagi.2020.604246






[image: image2]

Aggregation of Vascular Risk Factors Modulates the Amplitude of Low-Frequency Fluctuation in Mild Cognitive Impairment Patients

Liying Zhuang1,2, Huafu Ni1,3, Junyang Wang1, Xiaoyan Liu1, Yajie Lin1, Yujie Su1, Kan Zhang1, Yaguo Li2, Guoping Peng1* and Benyan Luo1*


1Department of Neurology, First Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China

2Department of Neurology, Zhejiang Hospital, Hangzhou, China

3Department of Neurology, Beilun People's Hospital, Ningbo, China

Edited by:
Xian-Le Bu, Third Military Medical University, China

Reviewed by:
Zhigang Qi, Capital Medical University, China
 Zan Wang, Southeast University, China

*Correspondence: Benyan Luo, luobenyan@zju.edu.cn
Guoping Peng, guopingpeng@zju.edu.cn

Received: 21 September 2020
 Accepted: 30 November 2020
 Published: 21 December 2020

Citation: Zhuang L, Ni H, Wang J, Liu X, Lin Y, Su Y, Zhang K, Li Y, Peng G and Luo B (2020) Aggregation of Vascular Risk Factors Modulates the Amplitude of Low-Frequency Fluctuation in Mild Cognitive Impairment Patients. Front. Aging Neurosci. 12:604246. doi: 10.3389/fnagi.2020.604246



Background: Several vascular risk factors, including hypertension, diabetes, body mass index, and smoking status are found to be associated with cognitive decline and the risk of Alzheimer's disease (AD). We aimed to investigate whether an aggregation of vascular risk factors modulates the amplitude of low-frequency fluctuation (ALFF) in patients with mild cognitive impairment (MCI).

Methods: Forty-three MCI patients and twenty-nine healthy controls (HCs) underwent resting-state functional MRI scans, and spontaneous brain activity was measured by the ALFF technique. The vascular risk profile was represented with the Framingham Heart Study general cardiovascular disease (FHS-CVD) risk score, and each group was further divided into high and low risk subgroups. Two-way ANOVA was performed to explore the main effects of diagnosis and vascular risk and their interaction on ALFF.

Results: The main effect of diagnosis on ALFF was found in left middle temporal gyrus (LMTG) and left superior parietal gyrus (LSPG), and the main effect of risk on ALFF was detected in left fusiform gyrus (LFFG), left precuneus (LPCUN), and left cerebellum posterior lobe (LCPL). Patients with MCI exhibited increased ALFF in the LMTG and LSPG than HCs, and participants with high vascular risk showed increased ALFF in the LFFG and LCPL, while decreased ALFF in the LPCUN. An interaction between diagnosis (MCI vs. HC) and FHS-CVD risk (high vs. low) regarding ALFF was observed in the left hippocampus (LHIP). HCs with high vascular risk showed significantly increased ALFF in the LHIP than those with low vascular risk, while MCI patients with high vascular risk showed decreased ALFF in the LHIP than HCs with high vascular risk. Interestingly, the mean ALFF of LHIP positively correlated with word recall test in HCs with high vascular risk (rho = 0.630, P = 0.016), while negatively correlated with the same test in MCI patients with high vascular risk (rho = −0.607, P = 0.001).

Conclusions: This study provides preliminary evidence highlighting that the aggregation of vascular risk factors modulates the spontaneous brain activity in MCI patients, and this may serve as a potential imaging mechanism underlying vascular contribution to AD.

Keywords: mild cognitive impairment, functional magnetic resonance imaging, amplitude of low frequency fluctuation, vascular risk, cognition


INTRODUCTION

Alzheimer's disease (AD) is a cognitive continuous ranging from cognitively unimpaired, mild cognitive impairment (MCI) to dementia (McKhann et al., 2011; Dubois et al., 2014). Genetic susceptibility as well as environmental factors and their interaction over the life span contributes to a variety of pathological process in the clinical expression of dementia (Qiu et al., 2009). Several vascular risk factors such as hypertension, diabetes, dyslipidemia, and obesity appear to increase AD risk, which suggests the contribution of vascular factors to the pathogenesis of this condition (Breteler, 2000; Purnell et al., 2009). Previous clinical trials have demonstrated that about thirty percent of AD cases are attributed to seven controllable risk factors, including high blood pressure, diabetes, obesity, smoking, depression, low level of physical activity, and education (Barnes and Yaffe, 2011; Norton et al., 2014). Some studies have evaluated the effect of treatment of a single vascular risk factor on cognitive deterioration, however, results were controversial (Launer et al., 2000; Tan et al., 2003; Ninomiya et al., 2011; Safouris et al., 2015). The aggregative effects of vascular risk factors may better illustrate the role of vascular components in cognitive deterioration.

The Framingham Heart Study general cardiovascular disease (FHS-CVD) risk profile is a globally, well-validated and multivariable assessment of overall cardiovascular risk (D'Agostino et al., 2008). The FHS-CVD risk is quantified by weighting sex, age, systolic blood pressure (SBP), treatment for hypertension, current smoking status, diabetes, and body mass index (BMI) and predicts the risk of vascular events over a 10-year period. Furthermore, the FHS-CVD risk can represent the influence of vascular risk factors on structural and functional changes of macro- and micro-vessels. The FHS-CVD risk score can also predict the progression of cognitive decline in AD and the risk of progression from MCI to dementia (Viticchi et al., 2015, 2017). Moreover, vascular risk represented by FHS-CVD risk acts alone and synergistically with β-amyloid (Aβ) pathology to promote cognitive decline in cognitively normal elderly adults (Rabin et al., 2018). While there has been extensive evidence showing the effects of vascular risk factors on disease, the mechanisms of vascular involvement in cognitive impairment, as well as dementia and AD, remain not fully understood.

Functional neuroimaging techniques sensitive to spatial patterns of blood oxygenation or blood flow are important tools for investigating the functional organization of the human brain. Functional MRI (fMRI) is a good example of this field. In 1995, it has been demonstrated that blood oxygen level-dependent (BOLD) low frequency oscillations (<0.1 Hz) in resting-state fMRI were of physiological significance and were closely associated with brain spontaneous neuronal activity (Biswal et al., 1995). He et al. firstly introduced amplitude of low-frequency fluctuation (ALFF) to quantitatively measure regional BOLD signal variation in attention deficit hyperactivity disorder (He et al., 2007). To date, ALFF has been proved to be a reliable and useful indicator to characterize the spontaneous neuronal activity of the brain in MCI or AD patients (Wang et al., 2011; Cha et al., 2015). The purpose of our study was to explore whether the aggregation of vascular risk factors represented by FHS-CVD risk modulates the spontaneous brain activity in MCI patients.



MATERIALS AND METHODS


Participants and Clinical Evaluation

In this study, 43 MCI subjects and 29 healthy controls (HCs) were enrolled from the Memory Clinic of the First Affiliated Hospital, Zhejiang University School of Medicine. Written informed consent were collected from all the subjects prior to participating in the study, in accordance with protocols approved by the Ethics Committee of the First Affiliated Hospital of Zhejiang University (reference number: 2016-315).

Demographic data and medical history were collected from all of the participants. Each of them underwent general and neurological examination and a comprehensive neuropsychological battery assessment, including Clinical Dementia Rating (CDR), Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), and the 14-item AD Assessment Scale-Cognitive (ADAS-Cog) subscale.



Inclusion and Exclusion Criteria

MCI patients met the following criteria (Winblad et al., 2004): (1) 54 to 80 years old; (2) years of education ≥ 6; (3) a subjective complaint of memory; (4) an objective memory impairment <1.5 SD for age adjusted and education adjusted norms; (5) CDR = 0.5; (6) MMSE score was 20 or higher for subjects with 6 years and 24 or higher for those with 9 years of education; (7) normal activities of daily living; (8) not demented. In addition, HCs met the following conditions: CDR = 0; MMSE score of 20 or higher for subjects with 6 years and 24 or higher for subjects with 9 years of education (Katzman et al., 1988).

Subjects with prior stroke (Hachinski ischemic score >4), traumatic brain injury, Parkinson's disease, epilepsy, alcoholism, major depression or other neuropsychiatric conditions, or severe visual or hearing loss were all excluded from this study.



FHS-CVD risk

For each participant, the FHS-CVD risk score was quantified by the calculator provided by the American Heart Association and the American College of Cardiology (https://framinghamheartstudy.org/fhs-risk-functions/cardiovascular-disease-10-year-risk/). The information required for FHS-CVD risk includes age, sex, SBP, antihypertensive treatment, diabetes, smoking, and BMI (D'Agostino et al., 2008). The FHS-CVD risk provides a 10-year risk prediction of future cardiovascular events (defined as coronary death, non-fatal myocardial infarction, angina, heart failure, fatal or non-fatal stroke, transient ischemic attack, and peripheral artery disease). Subjects were clustered into two subgroups based on FHS-CVD risk scores (low: <10%, high: ≥10%) as in a previous study (Hou et al., 2018), scince guidelines from the American Heart Association recommend aspirin for patients with a 10-year risk more than 10% (Pearson et al., 2002).



MRI Scanning

All subjects were scanned using a General Electric 3.0 Tesla scanner (General Electric Medical Systems, Waukesha, WI, United States) with a standard head coil. Functional images were obtained by a gradient-recalled echo-planar imaging (GRE-EPI) sequence: repetition time (TR) = 2,000 ms; echo time (TE) = 30 ms; flip angle (FA) = 90°; acquisition matrix = 64 × 64; field of view (FOV) = 220 × 220 mm2; thickness = 3.2 mm; gap = 0 mm; number of slices = 43. T1-weighted anatomical images were acquired by a 3D-magnetization prepared rapid gradient-echo (MPRAGE) sequence: TR = 8.2 ms; TE = 3.18 ms; FA = 8°; acquisition matrix = 256 × 256; FOV = 256 × 256 mm2; thickness = 1.0 mm; gap = 0 mm; number of slices = 176. During the scan, subjects were asked to keep their eyes closed, remain still, and not to fall asleep.



Imaging Pre-processing

Imaging preprocessing were performed with SPM12 (http://www.fil.ion.ucl.ac.uk/spm) and RESTplus V1.2 (http://www.restfmri.net/forum/RESTplusV1.2). The steps of imaging preprocessing were the same as described previously (Zhuang et al., 2019). The first 10 volumes were discarded for the participants' adaption to the scanner. Timing differences and head-motion effects of the remaining volumes were further corrected. Participants with head motion of translation or rotation parameters exceeding ± 3 mm or ± 3° were excluded. The head motion index estimated by a realignment algorithm was calculated for each participant, and the difference between groups was statistically analyzed. Next, the T1-weighted structural images were co-registered to the motion corrected mean functional images using a linear transformation. Gray matter, white matter and cerebrospinal fluid were further segmented for the transformed structural images with a unified segmentation algorithm (Ashburner and Friston, 2005). The corrected functional images were normalized to the Montreal Neurological Institute (MNI) space and re-sampled to a voxel size of 3 × 3 × 3 mm3 voxels. The resulting images were spatially smoothed with the full width at half maximum (FWHM) of 6 mm. The last step was the removal of linear trend of time courses.



Calculation of ALFF

ALFF values were calculated using the RESTplus software as in previous studies (He et al., 2007; Zhuang et al., 2019). After data preprocessing, the time series were transformed to the frequency domain of 0.01~0.08 Hz and the power spectrum was obtained for each given voxel. Secondly, the square root of the power spectrum obtained with the Fast Fourier Transform was averaged between 0.01 and 0.08 Hz. This averaged square root was considered as ALFF. Finally, standardization was performed by dividing the ALFF value of each voxel with the global mean ALFF value within a whole-brain mask.



Statistical Analysis

Two-way analysis of variance (ANOVA) was carried out for the comparison of continuous demographic and neuropsychological data, and chi-square test was applied for categorical variables. The main effects of diagnosis (MCI vs. HC) and FHS-CVD risk (high vs. low), and the interaction between diagnosis and risk were analyzed. All of the statistical analyses above were performed by SPSS 17.0, with P < 0.05 as statistically significant.

A voxel-wise ANOVA was performed to analyze the main effects of diagnosis, the main effects of FHS-CVD risk, and the interactions between diagnosis and FHS-CVD risk on ALFF maps using SPM12 (http://www.fil.ion.ucl.ac.uk/spm). The significant clusters of the main effects and interactions were further analyzed by post-hoc tests. Multiple comparison correction was carried out for the statistical maps, based on Gaussian random field theory (GRF) (voxel-wise P < 0.01, cluster-wise P < 0.05, two-tailed) as in previous studies (Yang et al., 2019; Zhou et al., 2019; Huang et al., 2020). At last, we performed a correlative analysis between the ALFF values of the significant clusters of interactions and the neuropsychological test scores (P < 0.05).




RESULTS


Demographics and Clinical Data

The excessive motion artifacts or distortions of the images were visually inspected to ensure adequate quality. The head motion index (framewise displacement, FD) was calculated for each participant (Power et al., 2013). The average FD values were compared across different subgroups using two-way ANOVA. Neither main effect of diagnosis (F = 3.032, P = 0.086), vascular risk (F = 0.018, P = 0.893), nor interaction between diagnosis and vascular risk (F = 0.713, P = 0.401) was found on FD.

The demographics profiles of MCI patients and HCs stratified by FHS-CVD risk were shown in Table 1. The demographics of MCI patients and HCs, including age, education years, gender ratio were all matched. There were no significant differences of each vascular risk factor and FHS-CVD risk between MCI patients and HCs. Subjects with high FHS-CVD risk got older age, more males, more diabetic patients, and more hypertensive patients with higher SBP. While, there were no significant differences of education years between different FHS-CVD risk subgroups in either MCI or HC groups. Compared with controls, MCI patients exhibited deficits as noted on MMSE, MoCA, word recall test, following commands, delayed word recall, and ADAS-Cog 14. There was no significant difference of neuropsychological test score except for MMSE and Construction scores between high and low FHS-CVD risk. We did not find any interaction between diagnosis and FHS-CVD risk on neuropsychological data (for details see Supplementary Table 1).


Table 1. Demographics profiles of MCI patients and HCs stratified by FHS-CVD risk.
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Diagnosis × FHS-CVD Risk Interaction on ALFF

The main effects of diagnosis on ALFF were identified in the left middle temporal gyrus (LMTG) and left superior parietal gyrus (LSPG). Compared with cognitively normal controls, patients with MCI exhibited higher value of ALFF in the LMTG and LSPG (see Table 2 and Figure 1).


Table 2. Diagnosis × FHS-CVD risk interaction on ALFF.
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FIGURE 1. The main effects of diagnosis on ALFF and post-hoc analysis. (A) The main effects were identified in the LMTG and LSPG. (B) Compared with cognitively normal controls, patients with MCI exhibited increased ALFF in the LMTG and LSPG. LMTG, left middle temporal gyrus; LSPG, left superior parietal gyrus.


The main effects of FHS-CVD risk on ALFF were observed in the left fusiform gyrus (LFFG), left precuneus (LPCUN), and left cerebellum posterior lobe (LCPL). Compared with subjects with low FHS-CVD risk, those with high FHS-CVD risk showed significantly increased ALFF in the LFFG and LCPL, while decreased ALFF in the LPCUN (see Table 2 and Figure 2).
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FIGURE 2. The main effects of FHS-CVD risk on ALFF and post-hoc analysis. (A) The main effects were identified in the LFFG, LPCUN, and LCPL. (B) Compared with subjects with low FHS-CVD risk, those with high FHS-CVD risk showed significantly increased ALFF in the LFFG and LCPL, while decreased ALFF in the LPCUN. LFFG, left fusiform gyrus; LPCUN, left precuneus; LCPL, left cerebellum posterior lobe.


Furthermore, significant interaction of diagnosis × FHS-CVD risk on ALFF was seen in the left hippocampus (LHIP). Interestingly, compared to subjects with low FHS-CVD risk, those with high risk produced opposite trajectory changes in the LHIP across HC and MCI. HCs with high vascular risk showed significantly increased ALFF in the LHIP than those with low vascular risk, while MCI patients with high vascular risk showed lower ALFF values in the LHIP than those with low vascular risk with no significance. MCI patients with high vascular risk showed decreased ALFF in the LHIP than HCs with high vascular risk (see Table 2 and Figure 3).


[image: Figure 3]
FIGURE 3. The interaction of diagnosis × FHS-CVD risk on ALFF and post-hoc analysis. (A) The interaction was seen in the LHIP. (B) HCs with high risk showed significantly increased ALFF in the LHIP than those with low risk, while MCI patients with high risk showed decreased ALFF in the LHIP than HCs with high risk. LHIP, left hippocampus.




Behavioral Significance

We further performed a correlation analysis to explore the behavioral significance of the interaction between diagnosis and FHS-CVD risk. We found that ALFF in the LHIP was positively correlated with word recall test in HCs with high vascular risk (rho = 0.630, P = 0.016), while negatively correlated with the same test in MCI patients with high vascular risk (rho = −0.607, P = 0.001; Figure 4).
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FIGURE 4. The behavioral significance of the interaction of diagnosis × FHS-CVD risk on ALFF. (A) ALFF in the LHIP was positively correlated with word recall test in HCs with high vascular risk (rho = 0.630, P = 0.016). (B) ALFF in the LHIP was negatively correlated with word recall test in MCI patients with high vascular risk (rho = −0.607, P = 0.001). LHIP, left hippocampus.





DISCUSSION

In the present study, we aimed to explore whether an aggregation of vascular risk factors modulates the ALFF in patients with MCI and to identify whether it correlates with the behavioral characteristics in MCI. We found the main effects of vascular risk on ALFF were observed in the LFFG, LPCUN, and LCPL. Previous studies have demonstrated that each single vascular risk factor has an effect on the structure, function or metabolism of the brain. Subjects with hypertension showed decreased brain functional and effective connectivity (Bu et al., 2018). Hypertension was significantly associated with lower mean white matter fractional anisotropy, representing impaired integrity of the white matter microstructural (Haight et al., 2018). Many studies have demonstrated cognitive dysfunction, disruptions of functional connectivity, and white matter within the default mode network (Chen et al., 2015; Cui et al., 2015; Qi et al., 2017; Tan et al., 2019). There was significant hypoperfusion in multiple brain regions in smokers (Durazzo et al., 2015). The positive BOLD signal is known to indicate increased neuronal activity, while a negative BOLD signal indicates decreased neuronal activity, and therefor blood flow (Boorman et al., 2010). Based on this BOLD imaging principle, vascular factors themselves can cause a certain degree of abnormal signals in brain regions, and it's not surprising that the aggregation of all these vascular risk factors has an effect on the spontaneous brain activity in our present study. Further analysis showed participants with high vascular risk showed decreased ALFF in the LPCUN, while increased ALFF in the LFFG and LCPL. The predominant hypometabolism involving the precuneus was observed both in MCI and AD patients (Riederer et al., 2018). The decreased ALFF in the LPCUN in our study suggested that the precuneus is fragile to vascular damage, and participants with higher vascular risk may be in a vulnerability state for the development of neurodegenerative disorders, especially AD (Dai et al., 2008). Although the cerebellum was known to be a relatively preserved structure, studies have demonstrated the cerebellar posterior lobe contributes to higher cognitive function (Hoche et al., 2018). As the vascular risk increases, the cognitive cerebellum may be activated in compensation for deficit in the cerebral cortex (Bai et al., 2011).

Previous systematic reviews or meta-analyses of vascular risk factors for dementia and AD showed that the relative risk of diabetes, hypertension, smoking, obesity, and hyperlipemia for dementia and AD ranges from 1.24 to 3.1 (Ballard et al., 2011). As with metabolic syndrome, taking different vascular risk factors as a whole, may help to provide more comprehensive information (Frisardi et al., 2010). Few studies investigated the accumulating effect of different vascular risk factors on brain function based on resting-state fMRI. The FHS-CVD risk score is a simple and reliable tool for comprehensive assessment of the risk of cardiovascular events. In this study, we found the interaction of diagnosis and FHS-CVD risk on ALFF was in the LHIP. As the hub node of memory circuit, hippocampus plays an important role in the encoding, storage, and retrieval of memories, and it's thought to be one of the earliest brain regions to be affected in AD (Gliebus, 2018). Both fMRI and structural imaging studies have demonstrated hippocampus changes in patients with MCI, and the changes become more severe in AD patients (Leandrou et al., 2018; Xue et al., 2019). HCs with high FHS-CVD risk showed increased ALFF in the LHIP than those with low FHS-CVD risk and ALFF in the LHIP significantly positively correlated with word recall test in HCs with high FHS-CVD risk, this may represent brain function compensation in response to increased vascular risk effects. While MCI patients showed opposite trajectory changes of ALFF as the FHS-CVD risk increased and the ALFF value negatively correlated with the same test in MCI patients with high FHS-CVD risk. Compensation of early neural network connections was observed in the normal elderly and in MCI patients without vascular risk factors, while this compensation was inhibited in MCI as vascular risk factors increased (Chen et al., 2018), giving some support for our findings. Accumulating evidences highlight the significance of vascular dysfunction in AD. Neuropathological studies have found that nearly 80% of patients diagnosed with AD have vascular lesions such as microinfarcts and cerebral atherosclerosis (Toledo et al., 2013; Power et al., 2018). The animal models of AD driven by Aβ also showed microvascular morphological changes (Iadecola, 2010). Vascular risk factors, such as hypertension and diabetes may induce blood-brain barrier and neurovascular unit injury, thus causing chronic cerebral hypoperfusion to adversely affect the neuronal homeostasis and eventually lead to neuronal cell death (Goldwaser et al., 2016; Wang et al., 2018; Liesz, 2019). While individual vascular risk factors could specifically or primarily affect neurovascular unit to varying degrees, their aggregation in clusters may have a broader impact on the cerebrovascular system, including micro-vessels and macro-vessels. Vemuri et al. have demonstrated that vascular health can directly or indirectly affect neurodegeneration biomarkers, such as tau deposition in entorhinal cortex (Vemuri et al., 2017). It is identified recently that Aβ generating reactive oxygen species causes pericyte constriction of brain capillaries can lead to chronic hypoperfusion, exacerbating neurodegeneration and cognitive dysfunction in AD (Nortley et al., 2019). A clinical pathologic study found that the Aβ peptide load in MCI patients appeared intermediate between HCs and dementia due to AD (Mufson et al., 1999). In our study, one explanation for the lower ALFF of LHIP in MCI patients with high FHS-CVD risk might be that, in addition to the effects of neurodegenerative pathology, the higher FHS-CVD risk representing the greater aggregation of vascular factors may lead to more severe vascular dysfunction and reduction of cerebral blood flow in MCI, resulting in decompensation. Meta-analysis of fMRI studies has already concluded that patients with MCI showed decreased ALFF value than HCs in the LHIP (Pan et al., 2017). This kind of change may imply weakening of the activities of neurons in the hippocampus, reflecting the pathophysiological transition process of MCI to AD (Yang et al., 2018). Further longitudinal studies are needed to clarify this in the future.

Our study possessed several biological and technical limitations. First, we did not measure Aβ deposition, a major pathological biomarker of AD. There has been increasing evidence of interaction between vascular pathology and Aβ pathology, with cerebral ischemia promoting the aggregation of Aβ, which in turn further reduces cerebral blood flow (Popa-Wagner et al., 2015). Aβ deposition and the presence of cerebrovascular pathologies often co-exist in the brains of the elderly population (Attems and Jellinger, 2014; Love and Miners, 2016). Thus, although the present study demonstrated that FHS-CVD risk modulates the effect of diagnosis on cognition and cerebral function, there may be convergent pathologies that contribute to altered brain function. Second, due to the sample size of this study, further repeated studies with large sample in independent samples are needed. Finally, since it's is a cross-sectional study, we were unable to draw any causal conclusions. Longitudinal studies of the effects of FHS-CVD risk on cerebral function are still needed in the future.

In conclusion, we first assessed the vascular-imaging-behavior relationship involving the FHS-CVD risk profile in MCI patients and HCs. This study provides preliminary evidence highlighting that the aggregation of vascular risk factors modulates the spontaneous brain activity in MCI, and this may serve as a potential imaging mechanism underlying vascular contribution to AD.
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Background: Sepsis-associated delirium (SAD) is prevalent in elderly patients and is recognized as brain dysfunction associated with increased inflammatory response in the central nervous system during sepsis. Neuroinflammation was demonstrated to be part of its mechanism and we aimed to validate the role of immunity imbalance in a combined retrospective and prospective cohort study.

Methods: We performed a retrospective study analyzing the association between SAD and lymphocyte counts in the peripheral blood, alongside a prospective trial evaluating the quantitative changes in lymphocyte subsets and their predictive value for early diagnosis of SAD.

Results: In the retrospective study, among 1,010 enrolled adult patients (age ≥65 years), 297 patients were diagnosed with delirium during intensive care unit (ICU) stay and lymphocyte counts at ICU admission in the SAD group were significantly higher than in non-delirious counterparts (1.09 ± 0.32 vs. 0.82 ± 0.24, respectively, p = 0.001). In the prospective study, lymphocyte counts [0.83 (0.56, 1.15) vs. 0.72 (0.40, 1.06) × 109/L, p = 0.020] and natural killer (NK) cell counts [96 (68, 118) vs. 56 (26, 92) cells/μl, p = 0.024] were significantly higher in the SAD group. The area under the curve value of NK cell count was 0.895 [95% confidence interval (CI): 0.857, 0.933] and of lymphocyte count was 0.728 (95% CI: 0.662, 0.795). An NK cell count cut-off value of 87 cells/ml in septic patients at ICU admission was predictive of delirium with a sensitivity of 80.2% and specificity of 80.8%.

Conclusions: We found that lymphocyte and NK cell counts were significantly higher in senior patients with SAD and that NK cell count may be valuable for the prediction of SAD within elderly patient cohorts.

Keywords: delirium, sepsis-associated delirium, lymphocyte subsets, NK cell, elderly people


INTRODUCTION

Delirium is a common diagnosis in hospitalized elderly patients (Devlin et al., 2018). As characterized as a mental disorder presenting with global cognitive dysfunction and altered consciousness, sleep cycle, and psychomotor activity (Cole et al., 2009; Devlin et al., 2018), delirium is associated with prolonged intensive care unit (ICU) and hospital stay and increased morbidity (Iwashyna et al., 2010; Sonneville et al., 2017). Among various predisposing and precipitating factors of delirium, infection, which may lead to organ dysfunction or sepsis, is highlighted in the management of delirium of elderly patients in ICU (Eidelman et al., 1996). The signs of neurological involvement including confusion, agitation, and coma occurring during sepsis are summarized as sepsis-associated delirium (SAD), of which the incidence is approximately 50% (Young et al., 1990). Previous studies demonstrated that sustained systemic inflammation may contribute to prolonged or aggravated brain dysfunction (Ely et al., 2004; McGrane et al., 2011; van den Boogaard et al., 2011; Sonneville et al., 2013). Although the impact of increased inflammatory responses and numerous inflammatory biomarkers in SAD diagnosis, prediction, and interventions have been investigated, solid evidence remains insufficient for the clinical aid in the management of SAD (Toft et al., 2019).

In recent years, extensive studies have indicated that the balance between SAD and peripheral immunity is of great importance in the development of neurological damage (Ren et al., 2020). The present study aimed to investigate the role of immune imbalance in elderly patients with SAD using clinical data from combined retrospective and prospective cohorts. We hypothesized that imbalance in the peripheral immunity could be observed from peripheral lymphocyte counts, which are included in standard blood examinations. We then designed a prospective study to compare changes in immunity in senior sepsis patients with or without SAD, along with the predictive value of lymphocyte counts for diagnosis of SAD.



MATERIALS AND METHODS


Study Design

The study consisted of two parts: a retrospective study analyzed the incidence of SAD in critical care settings and its potential association with lymphocyte counts and neutrophil to lymphocyte ratios (NLR) in the peripheral blood, while a prospective trial evaluated quantitative changes in immune status along with their predictive value for early diagnosis of SAD. This study was approved by the institutional review board of Peking Union Medical College Hospital (PUMCH; approval number: JS-1170). Informed consent was obtained from all patients, and the study was registered at chictr.org.cn (identifier ChiCTR-ROC-17010750).



Retrospective Study

A retrospective analysis of prospectively collected data was carried out on 1,061 consecutive adult patients (aged ≥65 years) diagnosed with sepsis that were admitted to the Department of Critical Care Medicine between May 2013 and Dec 2016. The data collected included complete past medical history; clinical evaluation including records of vital signs and clinical scores; lab tests at admission, 24 and 48 h after ICU admission including complete blood counts and C-reactive protein (CRP). All patients underwent routine blood analysis at admission using a fully automated cell counter in the local hematology laboratory. The NLR was calculated by dividing the absolute neutrophil count by the absolute lymphocyte count from the same sample. We excluded patients who survived less than 24 h in the ICU (25 patients), those with a history of recognition dysfunction (nine patients), and those with neutropenia at ICU admission (16 patients). Follow-up data were extracted from medical records. The primary endpoint was delirium diagnosed within the first 7 days from admission in patients with sepsis.



Prospective Study

The prospective arm of the study evaluated sepsis patients admitted to the PUMCH between January 2017 and December 2019. Inclusion criteria were: (1) age ≥65 years; (2) ICU stay >24 h; and (3) diagnosis of Sepsis 3.0 (Shankar-Hari et al., 2016). Exclusion criteria were: (1) any condition causing neutropenia; (2) any condition causing primary or acquired immunodeficiency, such as HIV, autoimmune disease at an active stage, hematological disease, or malignant tumors receiving chemotherapy or glucocorticoids within the previous 3 months; (3) life expectancy of <24 h; and (4) failure to meet the inclusion criteria or obtain written consent.



Delirium Monitoring

We used the simplified Chinese version of the confusion assessment method for the ICU (CAM-ICU) assessment tool to screen all patients for delirium at ICU admission, twice a day (morning and evening) and upon changes or fluctuations in mental status after ICU admission (Wang et al., 2013). In the retrospective study, a detailed review of medical and nursing notes was performed by the investigators for a full evaluation of delirium. CAM-ICU positivity was considered as delirium and the corresponding duration was recorded. Similarly, in the prospective study, delirium was diagnosed by the same method and its onset and duration were the primary outcomes of the study.



Data Collection

In both the retrospective and prospective studies, patient demographics, clinical data such as mean arterial pressure, heart rate, duration of ventilator treatment, acute physiology and chronic health evaluation (APACHE) II score and sequential organ failure assessment (SOFA) score, and outcomes, such as the duration of ICU and in-hospital stays, ICU and in-hospital mortality, and 28-day mortality were recorded.

Blood samples were obtained at ICU admission and for a routine examination, including complete blood counts, CRP, procalcitonin, and blood gas analysis. Measurement of immunological parameters was performed on peripheral blood samples in the PUMCH laboratories as previously described (Jalla et al., 2004). In brief, freshly collected EDTA anti-coagulated whole blood was incubated and tested with a panel of monoclonal antibodies labeled with fluorescein isothiocyanate/phycoerythrin/peridinin chlorophyl protein and directed against combinations of CD3/CD8/CD4, CD3/CD16CD56/CD19, and isotype controls (Immunotech, France), then subjected to flow cytometric analysis using a three-color EPICS-XL flow cytometer (Beckman Coulter, Brea, CA, USA) to detect T-cells (CD3+), CD4+ and CD8+ T-cell subgroups, B-cells (CD19+), and natural killer (NK) cells (CD3-CD16+ CD56+). The following fluorescent monoclonal antibodies were used in this study: CD45-FITC/CD4-RD1/CD8-ECD/CD3-PC5, CD45-FITC/CD56-RD1/CD19-ECD/CD3-PC5, and CD16-PE (Beckman Coulter, Brea, CA, USA). The gating strategy of flow cytometry experiments is shown in Figure 1. Rate nephelometry (Array 360; Beckman Coulter, Brea, CA, USA) was used to measure serum levels of immunoglobulin (Ig)A, IgG, and IgM and of complement factors C3 and C4.
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FIGURE 1. The gating strategy of flow cytometry experiments.





Statistical Analysis

Statistical analysis was conducted using SPSS v19.0 software (IBM SPSS, Armonk, NY, USA). Measurement data were expressed as mean ± SD and compared using independent t-tests. Enumeration data were compared using a χ2 test or with Fisher’s exact test, as appropriate. For detection of correlation, Pearson’s correlation analysis was performed. P < 0.05 was considered to indicate a statistically significant difference. Statistically significant variables were subsequently analyzed using a binary logistic regression to identify risk factors associated with the onset of delirium. Only variables markedly associated with SAD (p < 0.05) were included in the final model. Receiver operating characteristic (ROC) curves and the area under the curves (AUCs) were examined in significant variables associated with the onset of delirium, to determine a cut-off level and to predict mortality.




RESULTS


Retrospective Study

The number of eligible and excluded sepsis patients is shown in Figure 2. Among 1,010 included adult patients (aged ≥65 years), 297 patients were recorded as CAM-ICU positive and diagnosed with delirium during ICU stay. Patient characteristics of the two groups are provided in Table 1. No significant differences were identified between the groups in age, sex, SOFA score, or lactate at ICU admission (p > 0.05), while patients with delirium had higher APACHE II scores. In terms of vital signs, patients with delirium had a significantly higher heart rate and lower temperature and oxygenation index, and a higher proportion received life-sustaining treatments (Table 1).
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FIGURE 2. Flowchart comparison of the retrospective and prospective studies.



TABLE 1. Baseline characteristics of the retrospective cohort.
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Inflammatory parameters, source of infection, and co-morbidities in the two groups of patients are shown in Table 2. The delirium group had a higher proportion of underlying stroke history [56 (18.9%) vs. 92 (12.9%), p = 0.007]. No significant difference was identified in the infection source between the two groups, nor any different proportion of other co-morbidities including hypertension, diabetes, or chronic kidney disease. The outcome result is shown in Table 3. Patients with delirium had longer ICU (14.2 ± 14.6 vs. 5.9 ± 10.9 days, p < 0.005) and hospitalization times [22.4 (12.1, 40.0) vs. 16.1 (9.8, 27.9) days, p < 0.005] and duration of mechanical ventilation (243.0 ± 309.6 vs. 100.1 ± 246.2 h, p < 0.005) and vasopressor usage (247.2 ± 304.8 vs. 144.5 ± 274.4 h, p < 0.005). However, the 28-day mortality between the two groups showed no statistically significant differences.

TABLE 2. Inflammatory markers, infection source, and co-morbidities of the retrospective cohort.
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TABLE 3. Outcomes of the retrospective cohort.
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Common inflammatory markers and their time courses were also compared. At ICU admission, higher levels of procalcitonin [1.2 (0.29, 7.3) vs. 0.88 (0.21, 4.29) ng/ml, p = 0.003], neutrophils (11.3 ± 4.8 vs. 10.6 ± 4.2 × 109/L, p = 0.083) and lymphocytes (1.09 ± 0.32 vs. 0.82 ± 0.24 × 109/L, p = 0.001) were observed in delirious patients while differences in 1, 3-β-D-glucan (BDG) and CRP were not significant. Comparison at 24 and 48 h after ICU admission showed that the differences in neutrophil counts tended to become non-significant while lymphocyte counts remained statistically significant between the two groups (Table 2, Figure 3). As a derived parameter, the NLR showed similar trends to the neutrophil counts.
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FIGURE 3. Time course of neutrophil and lymphocyte count dynamic changes. (A) Time course of neutrophil counts at 0, 24, and 48 h after ICU admission. (B) Time course of lymphocyte counts at 0, 24, and 48 h after ICU admission. ICU, intensive care unit.



Multivariable logistic regression analysis was conducted for all parameters that were statistically different in the univariate analysis. The results indicated that APACHE II score [OR 1.024 (1.008, 1.040), p = 0.003], NLR [OR 1.013 (1.003, 1.023), p = 0.018], lymphocyte count [OR 1.586 (1.228, 2.047), p < 0.005] and history of stroke [OR 1.403 (1.024, 1.922), p = 0.035] showed significant associations with delirium (Table 4).

TABLE 4. Multivariable logistic regression analysis on sepsis-associated delirium.
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Prospective Study

As shown in Figure 2, 275 patients who were over 65 years of age were eligible for enrolment into the study from January 2018 to December 2019 and 247 patients were enrolled. The clinical characteristics of the 247 patients, of which 96 patients were diagnosed with SAD, are shown in Table 5. No significant differences were identified between the two groups in age, sex, APACHE II score, SOFA score, or lactate at ICU admission (p > 0.05). The patients who died in 28-day after ICU admission in the prospective cohort were 18 in the non-delirium group and 12 in the delirium group, which correspond to the 28-day mortality of 11.9% and 12.5%, respectively. For inflammatory markers, the patients with delirium had higher levels of procalcitonin [1.1 (0.45, 6.5) vs. 0.81 (0.2, 5.1) ng/ml, p = 0.021], lymphocyte counts [0.83 (0.56, 1.15) vs. 0.72 (0.40, 1.06) × 109/L, p = 0.020] and lower NLR [13.5 (7.7, 22.0) vs. 17.1 (9.6, 26.4), p = 0.028], while the difference in neutrophil counts between the two groups was non-significant.

TABLE 5. Baseline characteristics of the prospective cohort.
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The lymphocyte subset results are shown in Table 6 and the demonstration of sample data in the flow cytometry experiment is shown in Figure 4. NK cell counts in the SAD group were significantly higher than those of the non-SAD group [96 (68, 118) vs. 56 (26, 92) cells/μl, p = 0.024] while the differences in B lymphocyte, CD4+ T lymphocyte, and CD8+ T lymphocyte counts between the two groups were not. No significant differences in other studied immune parameters (C3, C4, IgA, IgG, and IgM) were found between SAD and non-SAD patients. We also performed a ROC analysis. Compared with lymphocyte counts and APACHE II score, NK cell counts had the greatest discriminatory ability, with an AUC value of 0.895 (95% CI: 0.857, 0.933), while that of lymphocyte counts was 0.728 (95% CI: 0.662, 0.795) and the APACHE II score was 0.611 (95% CI: 0.540, 0.682; Figure 5). According to the ROC curves, an NK cell count cut-off value of 87 cells/μl in senior septic patients at ICU admission was predictive of a diagnosis of delirium with a sensitivity of 80.2% and specificity of 80.8%, while the cut-off values of APACHE II and lymphocyte count were 21 points and 0.96 × 109/L, respectively. The discriminatory powers of the above three parameters are shown in Table 7.

TABLE 6. Lymphocyte subsets of prospective cohort.
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TABLE 7. Discriminatory powers of APACHE II, lymphocyte count, and NK cell count in the retrospective and prospective cohorts.
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FIGURE 4. Sample data of flow cytometry experiment. (A) Sample data of gating data on T lymphocytes. The gating percentage of [CD3+], [CD3+CD4+] and [CD3+ CD8+] were 75.25, 47.98 and 25.36%, respectively. (B) Sample data of gating data on B lymphocytes. The gating percentage of [CD19+] was 7.92%. (C) Sample data of gating data on NK lymphocyte. The gating percentage of [CD16+CD56+] was 15.94%.
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FIGURE 5. Receiver operating characteristic (ROC) analysis of immune parameters predicting sepsis-associated delirium (SAD). (A) ROC curves of APACHE II score and lymphocyte counts in the retrospective cohort. (B) ROC curves of NK cell counts, APACHE II score and lymphocyte counts in the prospective cohort. APACHE II, acute physiology and chronic health evaluation II; NK cell, natural killer cell.






DISCUSSION

To our knowledge, this is the first study to show that immune imbalance, as measured by peripheral lymphocyte counts and lymphocyte subsets, is independently associated with SAD in elderly patients in critical care settings. We demonstrated significantly higher lymphocyte counts in patients with SAD, of which increased NK cell count was independently associated with a higher incidence of SAD. This finding supports the role of NK cells and potential neuroinflammation in the development of SAD in senior sepsis patients and provides evidence that evaluation of lymphocyte subtyping is important for early diagnosis and prediction of this pathophysiological process.

In this combined study, a retrospective study was first performed to compare common inflammatory parameters between advanced age patients with and without SAD. Our results showed significantly increased lymphocyte counts in the SAD group during the first 48 h after ICU admission (Figure 3), and multivariable analysis showed that lymphocyte count was independently associated with SAD (Table 4). To further explain this difference, we performed the prospective part of the study, focusing on lymphocyte subsets. Specifically, we found high NK cell counts at ICU admission were associated with a higher incidence of SAD and the ROC analysis confirmed its good predictive performance.

In senior patients, delirium was demonstrated to be associated with a poorer prognosis compared with non-delirious counterparts. In a cohort of ICU patients ≥60 years of age, Pisani et al. (2009) reported a 1-year mortality rate of 40% with a delirium duration of 1–2 days, which rose to 70% if delirium persisted for ≥5 days. As a common complication of sepsis and an independent predictor of death (Ebersoldt et al., 2007), SAD is reported to have an incidence of 70% and its mechanism is incompletely understood, especially in patients of advanced age (Eidelman et al., 1996; Zauner et al., 2002; Simone and Tan, 2011). In this study, our results showed that the SAD was associated with prolonged ICU/hospitalization and ventilation duration while the 28-day mortality between the SAD and non-SAD groups was non-significant. Our results correspond with the inconsistent association between delirium and mortality, especially for 28-day mortality. However, considering the majority of the patients mainly suffered from pulmonary and abdominal infection and the weaning on mechanical ventilation and rehabilitation relied on good compliance and consciousness, it is reasonable that the patients with delirium were associated with significantly prolonged duration of mechanical ventilation and ICU stay time.

Recently, the impact of CNS inflammation has been a key area of investigation in delirium of senior patients (Godbout et al., 2005; Yiru and Xia, 2018; Berger et al., 2019). Although multiple studies have demonstrated the damage from excessive inflammation to the CNS and the association between SAD and “cytokine storm” that manifests as immune factor imbalance (Munford and Pugin, 2001; Oberholzer et al., 2001; Abraham and Singer, 2007), the significance and impact of lymphocyte counts on SAD remain undetermined (Inoue et al., 2015; Egberts and Mattace-Raso, 2017; Kotfis et al., 2019). Our findings support that the lymphocytes, as well as NK cells, may play an important role in the mechanism of SAD, irrespective of the presence or absence of other inflammatory mediators or the influence of inflammation on survival and other organ dysfunctions. Previous studies have demonstrated that NK cells can be swiftly mobilized by danger signals and are among the earliest arrivals at target organs including the inflamed CNS (Shi et al., 2011). Noteworthy, the results of a previous study showed that severe sepsis patients with high levels of NK cells at admission had higher mortality (Andaluz-Ojeda et al., 2011). Hatta et al. (2014) also demonstrated the association between increasing blood NK cell activity and the occurrence of delirium. In the present study, lymphocyte and NK cell counts were significantly higher in SAD patients while other immune parameters including CD4+, CD8+, and other inflammatory factors were not, suggesting innate immune activation and potential neuroinflammation played an important role in elderly patients with sepsis. According to our results, increased peripheral NK cell counts are an independent predictor of delirium in sepsis patients of advanced age and close monitoring for the occurrence of delirium would be necessary.

Since Macdonald et al. (2007) first reported that high levels of CRP independently predicted the incidence of delirium, attention has been paid to the inflammatory response and the association between delirium and numerous inflammatory biomarkers (McGrane et al., 2011; Toft et al., 2019). However, none of them were demonstrated to effectively assist in diagnosing and predicting delirium. Intriguingly, growing evidence suggests that the non-specific immune system activation may be the initial response during sepsis, leading to an immune imbalance between neutrophils and lymphocytes in the peripheral circulation and acute inflammation including neuroinflammation in delirium among senior patients (Egberts and Mattace-Raso, 2017; Kotfis et al., 2019). Our results show that the levels of peripheral lymphocytes significantly increased in senior patients with delirium and remained elevated during the first 48 h after ICU admission. Hence, as one of the most common and routine tests in clinical practice, complete blood cell tests and differential subset counts should be highly valued in the management of delirium.

This study had several limitations. First, owing to the nature of the retrospective analysis, our study on delirium accepted the most widely used and simple diagnostic criteria of CAM-ICU, instead of the CAM-ICU-7 released in 2017 to improve its performance regarding delirium severity (Khan et al., 2017). Second, our study did not conduct dynamic monitoring of lymphocyte subsets over time to illustrate dynamic changes, which could be improved in future studies. Third, this intervention was performed at a single medical center, and the relatively small sample size might have obscured the detection of some real changes, which may consist of differences in lymphocyte subsets and inflammatory parameters due to a lack of statistical power. Besides, the neuroinflammatory agents such as cerebrospinal fluid analysis or acetylcholinesterase-activity measurement were not investigated in our study since the practical difficulties in clinical. Future work on larger cohorts and multicenter controlled study and deep research on neuroinflammatory reaction is warranted to confirm our conclusions.



CONCLUSIONS

In this combined retrospective and prospective study, we found that the lymphocyte and NK cell counts were significantly higher in senior patients with SAD, compared with age-matched non-SAD patients, and that NK cell counts may be valuable for the prediction of SAD within patient cohorts of advanced age. Our findings highlighted the importance of NK cells and potential neuroinflammation in the progression of SAD in elderly patients and support the addition of lymphocyte subset analysis to the prediction and diagnosis of SAD.
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Background: The long-term administration of levodopa (L-dopa), the gold-standard treatment for Parkinson's disease (PD), is irreparably associated with L-dopa-induced dyskinesia (LID), which dramatically affects the quality of life of patients. However, the underlying molecular mechanisms of how LID exacerbates remain unknown. Neuroinflammation in the striatum plays an active role in LID. These findings prompt an investigation of non-neuronal mechanisms of LID. This study will examine the effects of systemic inflammation in the development and progression of LID.

Methods: To evaluate the possible influence of systemic inflammation in the appearance of LID, the PD rats received an intraperitoneal (IP) injection of various concentrations of lipopolysaccharides (LPS, 1, 2, and 5 mg/kg) or saline. One day later, these PD rats started to receive daily treatment with L-dopa (6 mg/kg) along with benserazide (6 mg/kg) or saline for 21 days, and dyskinesia was evaluated at several time points. Moreover, the activation of microglia and astrocytes and the molecular changes in NR2B and mGLUR5 signaling pathways were measured.

Results: We found that systemic inflammatory stimulation with LPS exacerbated the intensity of abnormal involuntary movements (AIMs) induced by L-dopa treatment in 6-hydroxydopamine (6-OHDA) lesioned rats. The LPS injection activated the gliocytes and increased the levels of proinflammatory cytokines in the striatum in LID rats. The PD rats that received the LPS injection showed the overexpression of p-NR2B and NR2B, as well as activated PKC/MEK/ERK and NF-κB signal pathways in response to the L-dopa administration. On the contrary, clodronate-encapsulated liposomes (Clo-lipo), which could suppress the inflammatory response induced by peripheral LPS injection, improved behavioral dysfunction, inhibited neuroinflammation, prevented NR2B overexpression, and decreased the phosphorylation of PKC/MEK/ERK and NF-κB signaling pathways.

Conclusion: This study suggests that systemic inflammation, by exacerbating preexisting neuroinflammation and facilitating NR2B subunit activity, may play a crucial role in the development of LID. The administration of Clo-lipo restores the effects of LPS and decreases the susceptibility to LID in 6-OHDA lesioned rats.

Keywords: L-dopa induced dyskinesia, Parkinson's disease, systemic inflammation, NR2B, neuroinflammation


INTRODUCTION

Parkinson's disease (PD) is characterized by the progressive loss of dopaminergic neurons in the substantia nigra (SN) and leads to bradykinesia, rigidity, and tremor (Kalia and Lang, 2015). Levodopa (L-dopa), the gold-standard treatment for PD, alleviates the motor symptoms of PD. However, its long-term administration is irreparably associated with abnormal involuntary movements (AIMs), termed L-dopa-induced dyskinesia (LID) (Espay et al., 2018), which dramatically affects the quality of life of patients. Treatment of high doses of L-dopa and the severity of PD mainly contributed to the development and progression of dyskinesia (Cilia et al., 2014).

Recently, non-neuronal mechanisms have been proposed to play important roles in the development of LID (Del-Bel et al., 2016). The immune system has emerged as an important player in LID and was a potential target for pharmacological therapy (Pisanu et al., 2018). Glial cells are significant in the immune reaction of the brain to noxious insults by establishing the inflammatory milieu surrounding activated glial cells (Bortolanza et al., 2015a). Previous researches showed that the L-dopa chronic treatment eliciting AIMs were associated with microgliosis, astrocytosis, and an increased expression of proinflammatory cytokines (Bortolanza et al., 2015a; Del-Bel et al., 2016; Carta et al., 2017). The study of Mulas et al. (2016) showed that a pulsatile treatment with L-dopa resulted in a neuroinflammatory response in the striatum, while continuous delivery of the drug was void of any inflammatory response and dyskinetic outcome. Neuroinflammation is a shared feature of LID in the human brain and in animal models. Conditions that induce neuroinflammatory response and cytokine release could facilitate LID (Mulas et al., 2016). Several reports revealed that peripheral inflammatory response could induce neuroinflammation via the activation of microglia and the production of proinflammatory cytokines, including interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) in the brain (Murta et al., 2015). A well-studied model of systemic inflammation in rodents is the intraperitoneal (IP) injection of Escherichia coli lipopolysaccharide (LPS) from Gram-negative bacteria to induce the innate immune response (Wu et al., 2012). Whether the systematic inflammatory response is involved in LID is unclear.

N-methyl-D-aspartate (NMDA) is a heterotetramer ion channel assembled from a combination of GluN1, GluN2, and GluN3 subunits (Yang et al., 2018). NR2A and NR2B are the most common subtypes of NMDA receptors (NMDARs) found in the central nervous system (CNS) of mammals. Neuronal apoptosis is prevented when NR2A is selectively activated, whereas the activation of NR2B is associated with the inflammatory response (Zhang et al., 2018). NR2B is best characterized as a regulatory subunit that plays an important role in the inflammatory response (Chen et al., 2008). The proinflammatory cytokines in the brain have been shown to facilitate the NR2B subunit of the NMDA receptor activity (Viviani et al., 2003). The phosphorylation of the NR2B subunit plays a very important role in the regulation of NMDA receptor function and has been connected to alterations of synaptic efficacy of the NMDA receptor. CP-101,606, an NR2B-selective antagonist, has been reported to reduce dyskinesia as measured by clinical scoring (Ba et al., 2019). A possible role for the NR2B receptor in dyskinesia in patients with PD (Herring et al., 2017) or Parkinsonian animals (Gan et al., 2014) has been highlighted. However, whether the activation of NR2B in the striatum plays a contributing role in the exacerbation of LID susceptibility after systemic inflammation is currently unknown.

How systematic inflammation aggravated LID remains unclear. Based on the above evidence, we proposed that the systematic inflammatory response, through its actions on NR2B, would influence the development of LID. Furthermore, based on the existence of a correlation between LID and NR2B receptor-dependent signaling pathways, we performed the biochemical analysis in order to elucidate the molecular mechanisms of LPS on LID. To achieve systematic inflammation, we used a model of IP injection of LPS in 6-hydroxydopamine (6-OHDA)-lesioned rats. This study will discuss how systematic inflammation affects LID in 6-OHDA lesioned rats.



MATERIALS AND METHODS


Animals

Adult male Sprague-Dawley rats in Specific Pathogen Free (SPF) grade (mean weight 200–250 g) were purchased from the Shanghai Laboratory Animal Center (SLAC; Shanghai, China). The production license number is SCXK 2017-0005. The rats were housed five per cage under a temperature of 22.0 ± 2.0°C and humid conditions, in a 12 h-light/dark cycle with free access to food and water. All animal works were performed in accordance with the guidelines of the National Institutes of Health for the care and use of laboratory animals as stipulated by the Institutional Animal Care and Use Committee of the School of Medicine, Shanghai Jiao Tong University, Shanghai, China. All experimental animal procedures followed the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines (https://www.nc3rs.org.uk/arrive-guidelines), and the guidelines of the Regulation for the Administration of Affairs Concerning Experimental Animals of China enacted in 1988.



Rat Model of PD

6-hydroxydopamine-lesioned PD rat models were performed according to our previous study (Xie et al., 2014). Briefly, rats were anesthetized with ketamine (100 mg/kg) by IP injection. Then, the rats received 6-OHDA (16 μg dissolved in 4 μl of 0.9% saline containing 0.2% L-ascorbic acid; Sigma-Aldrich, St. Louis, MO, USA) injection into the right middle forebrain bundle (MFB) at the following coordinates relative to the bregma: (1) anterior-posterior (AP), 3.7 mm; medial-lateral (ML), 1.7 mm; and dorsal-ventral (DV), 7.8 mm and (2) AP, 4.4 mm; ML, 1.2 mm; and DV, 7.8 mm. The injection speed was 1 μl/min. The needle was withdrawn 5 min after infusion. After 21 days, rats exhibiting >7 contralateral turns over 1 min in response to IP injections of apomorphine (0.5 mg/kg) were selected as successful PD rat models and could be used for subsequent experiments.



Drug Treatment and LID

In the first part of our study, the successful PD rats were divided into four groups randomly. Systemic inflammation was induced by one injection of LPS from E. coli O26:B6 (Sigma, St. Louis, MO, USA). These PD rats received a single IP injection of LPS (1, 2, and 5 mg/kg; Sigma-Aldrich Chemical, M O, USA; Cho et al., 2015; Ho et al., 2015; Kosyreva et al., 2018) or 0.9% saline. After 24 h, they were administered with L-dopa (6 mg/kg, IP.) along with benserazide (6 mg/kg, i.p.) once daily for 21 days to induce a model of dyskinesia (Tronci et al., 2017; Figure 1A).
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FIGURE 1. Experimental design of the study. (A) Parkinson's disease (PD) rats were unilaterally injected with 6-hydroxydopamine (6-OHDA) in the middle forebrain bundle (MFB). Contralateral turning behaviors after apomorphine injection were tested. Rats in the PD+LPS+L-dopa group were administrated with lipopolysaccharide (LPS). Twenty four hours later, rats in the PD+saline+L-dopa and PD+LPS+L-dopa group were administrated with L-dopa (6 mg/kg, IP) plus benserazide [6 mg/kg, intraperitoneal (IP)] for 21 days. Abnormal involuntary movements (AIMs) were evaluated during this period, at days 1, 2, 4, 6, 7, 9, 13, 15, 17, and 21. (B) The successful PD rats were divided into two groups and received IP injections of phosphate-buffered saline (PBS) liposomes (1 ml/100 g) or clodronate-liposomes (Clo-lipos, 1 ml/100 g), respectively. After 3 days, the animals received a single injection of LPS (2 mg/kg, IP) and were then treated with L-dopa/benserazide (6/6 mg/kg, IP) once daily for 21 days. The animals were sacrificed 2 h after the last injection for Western blot, quantitative PCR (q-PCR), and immunofluorescence.


Clodronate-encapsulated liposomes (Clo-lipo) were widely used to deplete peripheral macrophages (Ma et al., 2016; Yan et al., 2018). Clodronate was encapsulated in liposomes with a concentration of 5 mg clodronate/ml, a concentration that ensures the depletion of 80% of macrophages within 72 h after systemic administration (Seiler et al., 1997). Our study found that Clo-lipo can deplete 82% of macrophages in the spleen 72 h after injection (Supplementary Figure 1). In the second part, the successful PD rats received IP injections of phosphate-buffered saline (PBS) liposomes (1 ml/100 g of the order preparation; Nico van Rooijen; Amsterdam, The Netherlands) or Clo-lipo (1 ml/100 g of the order preparation; Nico van Rooijen; Amsterdam, The Netherlands). After 72 h, the two rat groups were administered with LPS (2 mg/kg, IP) and then treated with an administration of L-dopa/benserazide (6/6 mg/kg, IP) once daily for 21 days (Figure 1B). Two hours after the final L-dopa/benserazide treatment, the rats were sacrificed by CO2 euthanization, and brain samples were stored at −80°C until analysis.



Abnormal Involuntary Movement Ratings

Abnormal involuntary movements were evaluated according to the rat dyskinesia scale described in our previous publications (Gan et al., 2015). On days 1, 2, 4, 6, 9, 13, 17, and 21 of the L-dopa/benserazide treatment, AIMs were individually observed in the 6-OHDA-lesioned PD rats after the L-dopa/benserazide injection by an experimenter who was unaware of the pharmacological intervention. Rats were placed individually in plastic cages and observed for 1 min at 20 min intervals for a duration of 120 min. AIMs were classified into three subtypes according to their distribution as axial movement, limb movement, and orolingual movement. The severity of each AIM subtype was assessed using scores from 0 to 4 (0: absent, 1: present <50% of the time; 2: present >50% of the time; 3: present all the times but interrupted by external stimuli; and 4: present all the times, and not interrupted by external stimuli). For every rat, the ALO (Axical, Limb, Orolingual) AIMs score was calculated by adding each of the three individual scores.



Immunohistochemistry

Immunohistochemical staining of rat brain sections was performed as previously described (Xie et al., 2014). The brains were removed, postfixed for 24 h in 4% paraformaldehyde (PFA), and then cryoprotected in 30% sucrose in PBS (pH 7.4). Subsequently, serial coronal sections (cut thickness: 20 μm) were cut on a freezing microtome. The brain sections were fixed with 4% PFA for 15 min and then incubated in PBS for 10 min. Slides were blocked for 1 h in 10% normal donkey serum and then incubated in a primary antibody at 4°C overnight. Primary antibodies included rabbit anti-iba1 (1:200, Abcam) and rabbit anti-glial fibrillary acidic protein (GFAP; 1:400, Abcam). After being washed three times with PBS, the sections were incubated with the corresponding donkey anti-rabbit secondary antibody conjugated to Alexa Fluor 594 (1:400 dilution, Life Technologies) for 1 h at room temperature. The brain sections were viewed using a fluorescence microscope (Leica, Solms, Germany). Three fields measuring 150 × 150 μm in the lesioned striatum were imaged in each section. A total of 10 sections (taking every other section spaced 200 μm apart) were evaluated for each rat as previously described (Ma et al., 2016). The mean integrated optical density (IOD) was measured by the ImageJ software (Media Cybernetics, Bethesda, MO). The ratio of the mean IOD between the different groups was used for further analysis.



Quantitative PCR

The rats from each group were sacrificed by anesthetic overdose 21 days after L-dopa injection. Total RNA was isolated from rat brains using Trizol Reagent (Life Technologies, Rockville, MD, USA) and was reverse transcribed to cDNA using the PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan). qPCR was performed using an SYBR Green kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. The outcome was expressed as the fold-difference normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Q-PCR was detected using an ABI PRISM 7500 Sequence Detection system (Thermo Fisher Scientific, Inc., Waltham, USA). The sequences of the primer pairs for proinflammatory cytokine genes are as follows:

IL-1β (F: AGCTGCACTGCAGGCTTCGAGATG, R: GAACTGTGCAGACTCAAA CTCCAC); IL-6 (F: TCCTACCCCAACTTCCAATGCTC, R: TTGGATGGTCTTGGTCCTTAGCC); TNF-α (F: CACGCTCTTCTGTCTACTG AACTTCG, R: TGCTCC TCCGCTTGGTGGTT); and GAPDH (F: TTCCTACC CCCAATGTATCCG, R: CATGAGGTCCACCACCCTGTT).



Western Blotting

Tissue samples were prepared by homogenizing the brain in a standard lysis buffer. The protein concentration was measured using a Pierce BCA Protein Assay Kit (ThermoFisher Scientific). Forty micrograms of protein per well were separated by Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. The membranes were blocked with 5% non-fat dried milk for 1 h and incubated with primary antibodies against iba1 (1:1,000, Abcam), GFAP (1:2,000, Abcam), p-NR2B (1:1,000, Abcam), NR2B (1:1,000, Abcam), mGLUR5 (1:1,000, Abcam), p-PKC (1:1,000, Cell Signaling Technology), PKC (1:1,000, Cell Signaling Technology), p-MEK (1:1000, Cell Signaling Technology), MEK (1:1,000, Cell Signaling Technology), p-pERK (1:1,000, Cell Signaling Technology), ERK (1:1,000, Cell Signaling Technology), and β-actin (1:1,000, Cell Signaling Technology) overnight at 4°C. After being washed with Tris-buffered saline with TWEEN 20 (TBST) buffer, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:2,000, Cell Signaling Technology) for 1 h at room temperature and then subjected to chemiluminescent detection according to the manufacturer's instructions (Millipore).



Statistical Analysis

Behavioral data were non-parametric and analyzed using the Kruskal–Wallis test followed by the Dunn's test for multiple comparisons in the case of comparing data over multiple days, or the Mann–Whitney U-test. Group comparisons were performed using one-way ANOVA with a Tukey's multiple comparisons test. We reported actual values of p from the ANOVA. All values are presented in the study as means ± SEM. Values of p < 0.05 were considered statistically significant. The statistical analysis was performed using the GraphPad software (GraphPad Software, Inc., La Jolla, USA).




RESULTS


Effect of Peripheral LPS Injection on LID

To evaluate whether systematic inflammation can produce an effect on dyskinesia in LID, the successful PD rats received a single IP injection of LPS used at 1 mg/kg, 2 mg/kg, and 5 mg/kg. A lower dose of L-dopa (6 mg/kg, plus 6 mg/kg benserazide, IP) was used in an attempt to better highlight the differences in the AIM score between LPS- and saline-treated PD rats during the L-dopa treatment (Tronci et al., 2017). Our results revealed that 5 mg/kg LPS resulted in the death of PD rats. The sham and PD groups received the saline for 21 days, and these rats did not develop LID. Administration of L-dopa for 21 days induced dyskinesia in both LPS and saline-treated PD rats. In terms of the ALO AIM score, PD+2 mg/kg LPS and PD+1 mg/kg LPS rats were obviously increased compared with the PD+saline rats at the same time point during the course of the L-dopa treatment (*p < 0.05, **p < 0.01, ***p < 0.001 vs. PD+saline+L-dopa. #p < 0.05, ##p < 0.01, vs. PD+saline+L-dopa, Figure 2Aa, n = 12/group). This was the same trend in axial AIM (Figure 2Ab), limb AIM (Figure 2Ac), and orolingual AIM (Figure 2Ad). On the L-dopa treatment days 1, 7, 15, and 21, we also analyzed the ALO AIM score of these five groups at 10, 20, 40, 60, 80, 100, and 120 min after the L-dopa treatment. Interestingly, since day 7 of using L-dopa, an increased ALO AIM score was observed in the LPS-treated rats at 10 min after the L-dopa treatment as compared with the PD+saline+L-dopa group (*p < 0.05, **p < 0.01, ***p < 0.001 vs. PD+saline+L-dopa. #p < 0.05, ##p < 0.01, vs. PD+saline+L-dopa; Figure 2B, n = 12/group), indicating that LPS exacerbates LID. A higher dose of LPS (2 mg/kg) had a greater effect on LID than the lower dose (1 mg/kg). These data suggested that peripheral LPS injection into PD rats showed a higher susceptibility to develop dyskinesia as compared to the saline-treated PD rats during the L-dopa treatment.
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FIGURE 2. Effect of peripheral LPS injection on the ALO AIMs during a 3-week treatment with L-dopa. Rats were rated for ALO AIMs for 120 min post injection. (A) (a) sum of axial, limb, and orolingual, (b) axial, (c) limb, and (d) orolingual AIMs. (B) the global ALO AIM score at different time points at 1 day (a), 7 days (b), 15 days (c), and 21 days (d). Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001: PD+2 mg/kg LPS+L-dopa vs. PD+saline+L-dopa; #p < 0.05 and ##p < 0.01: PD+1 mg/kg LPS+L-dopa vs. PD+saline+L-dopa.




Peripheral LPS Injection Produces Long-Lasting Effects on Neuroinflammation in the Striatum of LID Rats

To investigate if only a single IP injection of LPS is involved in neuroinflammation in normal rats, the inflammatory response in the striatum was tested. Our study found that LPS could significantly increase the expression of glia markers Iba-1 (Supplementary Figure 2Aa,b) and GFAP (Supplementary Figure 2Aa,c) and the mRNA levels of IL-1β, IL-6, and TNF-α (Supplementary Figure 2B) in the striatum of 24 h after injecting the normal rats. Furthermore, we investigated the effects of one IP injection of LPS on neuroinflammation in the striatum of LID rats. As shown in Figure 3, in the PD+saline+L-dopa group, the microglia and astrocytes in the lesioned hemispheres were activated as compared to the PD group and the sham group (#p < 0.05, ##p < 0.01 vs. sham, n = 4/group). To characterize the effect of peripheral LPS injection on neuroinflammation in the striatum, the activation of microglia and astrocytes, IL-1β, IL-6, and TNF-α mRNA levels were quantified. The PD rats pretreated with a challenge with LPS showed an increase of Iba1+ and GFAP+ cells in the lesioned striatum as compared to the PD+saline+L-dopa group after the last L-dopa treatment, (*p < 0.05, **p < 0.01, ***p < 0.001 vs. PD+saline+L-dopa, Figures 3A,B, n = 4/group). Moreover, the Q-PCR analysis of mRNA for the proinflammatory cytokines was performed on day 21 of the L-dopa chronic administration. Results showed the release of peripheral LPS-infusion induced inflammatory cytokines IL-1β, IL-6, and TNF-α in the PD+LPS+L-dopa group (*p < 0.05, **p < 0.01 vs. PD+saline+L-dopa, Figure 3C). These results showed that IP infusion of LPS induced neuroinflammation in the striatum, characterized by significant activation of microglia and astrocytes, and increased in the expression of IL-1β, IL-6, and TNF-α.
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FIGURE 3. Effect of peripheral LPS injection on the striatal neuroinflammation after the pulsatile L-dopa treatment. (A) (a) Microglia and astrocytes were determined in the striatum by immunohistochemical analysis of Iba1 and GFAP. Scale bar = 100 μm in left panels and 20 μm in right panels. (b) The quantity of microglia in the striatum was quantified by the intensity of iba-1+immunofluorescence. (c) The number of astrocytes in the striatum was quantified by the intensity of GFAP+immunofluorescence. (B) Expression levels of iba-1 and GFAP were analyzed by Western blotting. (C) The mRNA levels of the proinflammatory mediators IL-1β, IL-6, and TNF-α normalized to GAPDH in the striatum. Values are presented as the mean ± SEM. n = 4 per group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. sham. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PD+saline+L-dopa.




LPS Treatments Increased the Expressions of p-NR2B and NR2B in the Striatum of LID Rats

Our study found that LPS-treated rats showed significantly higher levels of phosphorylation of NR2B and total NR2B in the striatum 24 h after the injection (Supplementary Figures 3A,B). No differences were found in the mGluR5 levels in the striatum injected with LPS compared to the saline-injected group (Supplementary Figure 3C). To examine whether a single IP injection of LPS to the PD rats influenced the protein expression of NR2B and mGluR5 in the striatum in L-dopa induced animals, we performed Western blotting on the striatum tissue collected at 2 h after the last L-dopa injection. The LPS-treated PD rats showed significantly higher levels of phosphorylation of NR2B and total NR2B, in response to L-dopa, compared with the PD+saline+L-dopa group (*p < 0.05 vs. PD + saline+ L-dopa, Figures 4A,B, n = 4/group). No difference was found in the expression of mGLUR5 levels in the lesioned striatum injected with LPS compared with the PD+saline+L-dopa group (Figure 4C; n = 4/group). We thought that the overexpression of the NR2B subunit induced by a single IP injection of LPS might play an important role in the induction of dyskinesia during the course of the L-dopa injection.
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FIGURE 4. Effect of peripheral LPS injection on the expression of NR2B and mGluR5 in the striatum of LID rats. (A) Expression levels of p-NR2B, NR2B, and mGLUR5 in the striatum were analyzed by Western blotting. (B) (a) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to β-actin. (b) Quantification of the densitometric value of the NR2B protein bands is shown, normalized to β-actin. (c) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to NR2B. (C) Quantification of the densitometric value of the mGLUR5 protein bands is shown, normalized to β-actin. Values are presented as mean ± SEM. n = 4 per group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. sham. *p < 0.05, **p < 0.01 vs. PD+saline+L-dopa.




Lipopolysaccharide Treatments Further Activated the Striatal PKC/MEK/ERK and NF-κB Signal Pathways in the Striatum After Pulsatile L-Dopa Treatment

Consistent with the previous report, we found the phosphorylation of PKC/MEK/ERK was significantly increased in the lesioned striatum of the PD+saline+L-dopa group as compared to the PD group (#p < 0.05, ##p < 0.01 vs. sham, Figure 5, n = 4/group). Our data showed that peripheral LPS injection could increase the expression of phosphorylation of NR2B and total NR2B in the striatum of the L-dopa-treated group. Thus, the impact of LPS injection on the striatal NR2B receptor was evaluated by measuring PKC/MEK/ERK and NF-κB signal pathways. Our results demonstrated that the administration of peripheral LPS to the PD rats could significantly increase the phosphorylation of PKC/MEK/ERK and NF-κB compared with the saline-treated PD rats during the course of the L-dopa injection (*p < 0.05, ***p < 0.001 vs. PD+saline+L-dopa, Figure 5, n = 4/group). These results showed that a single acute intraperitoneal LPS administration to the PD rats could further activate PKC/MEK/ERK and NF-κB signaling pathways in the striatum during the L-dopa treatment.
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FIGURE 5. Effects of peripheral LPS injection on striatal PKC/MEK/ERK and NF-κB signaling pathways in LID rats. (A) Expression levels of p-PKC, PKC, p-MEK, MEK, p-ERK, ERK, p-NF-κB, and NF-κB in the striatum were analyzed by Western blotting. (B) Quantification of the densitometric value of the p-PKC protein bands is shown, normalized to PKC. (C) Quantification of the densitometric value of the p-MEK protein bands is shown, normalized to MEK. (D) Quantification of the densitometric value of the p-ERK protein bands is shown, normalized to ERK. (E) Quantification of the densitometric value of the p- p-NF-κB protein bands is shown, normalized to NF-κB. Values are presented as the mean ± SEM. n = 4 per group. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. sham. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PD+saline+L-dopa.




Clo-lipo Administration Attenuated the AIM Score and Suppressed LPS-Induced Striatal Neuroinflammation in LID Rats

A previous study has shown that this unselective macrophage depletion by Clo-lipo administration reduced the experimental acute inflammatory response induced by the LPS injection (Villaran et al., 2010; Xie et al., 2017; Pervin et al., 2018). In this study, we found that systematic inflammatory stimulation with LPS exacerbated the intensity of the ALO AIM score induced by the L-dopa treatment in the 6-OHDA-lesioned rats. To verify whether inhibiting LPS-induced inflammatory reaction may reduce the ALO AIM score in the 6-OHDA-lesioned rats treated with L-dopa, we used Clo-lipos to inhibit systemic inflammation induced by LPS. We found that the administration of Clo-lipo in the PD+Clo lipo+LPS+L-dopa group reduced the ALO AIM (Figure 6Aa), axial AIM (Figure 6Ab), limb AIM (Figure 6Ac), and orolingual AIM (Figure 6Ad) score compared with the PD+PBS lipo+LPS+L-dopa group (*p < 0.05, **p < 0.01 vs. PD+Clo lipo+LPS+L-dopa, n = 12/group).
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FIGURE 6. Effects of Clodronate liposome treatments on ALO AIMs score and LPS-induced activation of neuroinflammation in the striatum of LID rats. (A) (a) A sum of axial, limb, and orolingual, (b) axial, (c) limb, and (d) orolingual AIMs. (B) (a) Microglia and astrocyte were determined in the striatum by immunohistochemical analysis of Iba-1 and GFAP. Scale bar = 100 μm in left panels and 20 μm in right panels. (b) The quantity of microglia in the striatum was quantified by the intensity of iba-1+immunofluorescence. (c) The number of astrocytes in the striatum was quantified by the intensity of GFAP+immunofluorescence. (C) Expression levels of iba-1 and GFAP were analyzed by Western blotting. (D) The mRNA levels of the proinflammatory mediators IL-1β, IL-6, and TNF-α normalized to GAPDH in the striatum. Values are presented as the mean ± SEM. n = 4 per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. PD+saline+L-dopa. #p < 0.05, ##p < 0.01 vs. PD+ PBS lipo+LPS+L-dopa.


To evaluate whether the administration of Clo-lipo can attenuate peripheral LPS injection-induced neuroinflammation in the striatum, we used the immunohistochemical analysis and the Western blot of Iba-1 and GFAP to determine the microglia and astrocyte response in 21 days after the L-dopa treatment. The PD+PBS lipo+LPS+L-dopa group showed clear microglial and astrocyte activation compared with the PD+Clo lipo+LPS+L-dopa group (**p < 0.01, ***p < 0.001, vs. PD+ saline +L-dopa, #p < 0.05, ##p < 0.01 vs. PD+PBS lipo+LPS+L-dopa, Figures 6B,C, n = 4/group). The administration of Clo-lipo can inhibit the release of neuroinflammatory cytokines IL-1β, IL-6, and TNF-α in the lesioned striatum compared with the PD+PBS lipo+LPS+L-dopa group (***p < 0.001, vs. PD+ saline +L-dopa, #p < 0.05, vs. PD+PBS lipo+LPS+L-dopa, Figure 6D,n = 4/group).



Clo-lipo Administration Prevents the Activation of Striatal NR2B-Mediated PKC/MEK/ERK and NF-κB Signaling Pathways Induced by Peripheral LPS Injection in LID Rats

In our study, the results showed that peripheral LPS injection markedly upregulated the striatal NR2B expression and activated its downstream PKC/MEK/ERK and NF-κB signaling pathways in the lesioned striatum as compared to the PD+saline+L-dopa group. Thus, we further examined the effects of Clo-lipo administration on the upregulation of p-NR2B and NR2B expression in the striatum of the LPS-treated LID rats. Firstly, we studied the effects of Clo-lipos on the LPS-treated rats. We found that the administration of Clo-lipos decreased LPS-stimulated p-NR2B and NR2B overexpression as compared to the PBS lipo+LPS group (Supplementary Figure 4). Furthermore, the Western blot analysis revealed that administration with Clo-lipos decreased p-NR2B and NR2B expression in the lesioned striatum of the PD+clo lipo+saline+L-dopa group as compared with the PD+PBS lipo+saline+L-dopa group (*p < 0.05, **p < 0.01, ***p < 0.001, vs. PD+saline+L-dopa, #p < 0.05, ##p < 0.01 vs. PD+PBS lipo+LPS+L-dopa, Figures 7A,B, n = 4/group). We next observed that the phosphorylation of PKC/MEK/ERK and NF-κB induced by peripheral LPS injection was largely inhibited by Clo-lipo administration as compared to the PD+PBS lipo+saline+L-dopa group (*p < 0.05, **p < 0.01, vs. PD+saline+L-dopa, #p < 0.05, ###p < 0.001 vs. PD+PBS lipo+LPS+L-dopa, Figures 7A,C, n = 4/group).


[image: Figure 7]
FIGURE 7. Effects of Clodronate liposome treatments on striatal NR2B, PKC/MEK/ERK, and NF-κB signaling pathways in LPS-treated LID rats. (A) Expression levels of p-NR2B, NR2B, p-PKC, PKC, p-MEK, MEK, p-ERK, ERK, p-NF-κB, and NF-κB in the striatum were analyzed by Western blotting. (B) (a) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to β-actin. (b) Quantification of the densitometric value of the NR2B protein bands is shown, normalized to β-actin. (c) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to NR2B. (C) (a) Quantification of the densitometric value of the p-PKC protein bands is shown, normalized to PKC. (b) Quantification of the densitometric value of the p-MEK protein bands is shown, normalized to MEK. (c) Quantification of the densitometric value of the p-ERK protein bands is shown, normalized to ERK. (d) Quantification of the densitometric value of the p-NF-κB protein bands is shown, normalized to NF-κB. Values are presented as mean ± SEM. n = 4 per group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PD+saline+L-dopa. #p < 0.05, ##p < 0.01, ###p < 0.001, vs. PD+ PBS lipo+LPS+L-dopa.





DISCUSSION

A growing body of studies demonstrated that the systemic inflammatory response could strongly influence the CNS (Holmes, 2013; Anthony and Couch, 2014). In our study, we used a single peripheral LPS injection to mimic the systemic inflammatory response to research the relationship between the periphery and the brain. Our study showed that systemic inflammation could increase the susceptibility to LID in 6-OHDA lesioned rats. Several findings are of interest in our study. Firstly, the peripheral LPS administration could induce neuroinflammation in the striatum of LID rats as demonstrated by the activation of glia cells and the increase in proinflammatory cytokines. Secondly, the exacerbation of LID in the LPS-induced systemic inflammation was also accompanied by the upregulation of both phosphorylated and total forms of NR2B in the striatum. Thirdly, systemic inflammation activated the PKC/MEK/ERK and NF-κB signaling pathways in LID rats. Clo-lipos ameliorated the effect of peripheral LPS injection, improved behavioral dysfunction, prevented NR2B overexpression, and decreased the phosphorylation of PKC/MEK/ERK and NF-κB signaling pathways.

There is increasing evidence that neuroinflammation may play a critical role in the etiogenesis of LID (Pisanu et al., 2018). Researches showed that inflammatory cytokines in the peripheral immune system might amplify neuroinflammation and contribute to the pathogenesis of a neurodegenerative disease (Perry et al., 2007; Cunningham et al., 2009; Ferrari and Tarelli, 2011). However, the role of systemic inflammation is unknown in LID. Thus, we wanted to study whether systemic inflammation would worsen the L-dopa-induced neuroinflammatory response in the striatum and exacerbate LID. To achieve this, systemic inflammation was induced by a single IP injection of LPS, an easy and well-characterized model of systemic inflammation. LPS is a major Gram-negative bacterial endotoxin that can trigger various cellular activities that contribute to the pathogenesis of inflammatory responses and induce the production of proinflammatory cytokines, such as TNF-α and IL-1β (Fu et al., 2014). Our study found that administration of LPS to the PD rats resulted in an increased susceptibility to the development of AIMs during the L-dopa treatment. In addition, several previous studies demonstrated that neuronal proinflammatory factors have been found to correlate with the LID expression in the 6-OHDA rat models of PD, where the development of AIM was accompanied by an increased immunoreactivity for the microglial marker OX-42, together with GFAP and with increases of nNOS, cyclooxygenase-2 (COX2), and NF-κB levels in the striatum (Bortolanza et al., 2015a,b; Dos-Santos-Pereira et al., 2016). Therefore, we analyzed the activation of striatal glial cells and the expression of pre-inflammatory cytokines in LPS-pretreated LID rats and controls. Our results revealed that LPS administration increased the number of activated microglia and astrocytes and promoted the pre-inflammatory cytokines TNF-a, IL-1β, and IL-6 in the striatum of LID rats.

Another striking finding of this study was the role of NR2B, a subunit of the NMDA receptor, in the LPS-treated LID rats. NMDARs are one of the major excitatory receptors within the CNS and have been the focus of potential therapeutics in a variety of neurological disorders (Yang et al., 2018). In the adult mammalian brain, NMDARs are comprised of different combinations of subunits of two classes, NR2A and NR2B, that are differentially distributed throughout the brain. Glycine confers neuroprotection through non-ionotropic activation of NR2A and subsequent enhancement of Akt activation (Zhang et al., 2018). On the other hand, the activation of NR2B plays an important role in the development and maintenance of chronic inflammatory response (Chen et al., 2008). NR2B was also found involved in the occurrence of LID (Blandini and Armentero, 2012). Many early studies performed in animals with dyskinetic conditions found an increase in the expression of NR2B in the striatum (Ahmed et al., 2011). NR2B antagonist CP-101,606 inhibits NR2B phosphorylation and provides benefit for the therapy of the LID rat model (Kong et al., 2015). A previous study showed that a single acute IP injection of LPS to postnatal male rats caused long-lasting (over 2 months) and possibly permanent changes in both the hippocampal and the cortex at the mRNA level of NR2B (subunit of NMDA; Harre et al., 2008). Our study found that the expression of phosphorylated and total forms of NR2B was markedly increased in the PD+LPS+L-dopa group compared with the PD+saline-L-dopa group. Thus, our findings confirmed that LPS-induced systemic inflammation could activate the NR2B submit. In addition, there is other evidence showing that peripheral inflammation can induce the activation of NR2B. For example, IL-1β can directly alter NR2B function via tyrosine kinase-mediated phosphorylation of NR2B (Viviani et al., 2003). NR2B subunits are overexpressed in an inflammatory model of Alzheimer's disease (AD; Maher et al., 2014). Therefore, we can speculate that a single IP injection of LPS would alter the NR2B subunit expression in the striatum of PD rats and lead to an increase in the susceptibility to LID in 6-OHDA lesioned rats. The downstream molecules resulting from NR2B activation may be responsible for behavioral deficits in the LPS-treated LID rats. Previous researches demonstrated that NMDA receptors could activate the PKC/ERK signaling pathway (Jia et al., 2007; Rodriguez-Duran and Escobar, 2014; Jiang et al., 2018), which may be due to positive coupling of the NR2B subunit to ERK (Sava et al., 2012). Furthermore, it was reported that hyperactivation of PKC/ERK and NF-κB by prolonged L-dopa treatment contributed to the development of LID (Bishnoi et al., 2008; Lin et al., 2017). Our results demonstrated that the administration of peripheral LPS could further increase the phosphorylation of PKC/MEK/ERK and NF-κB in LID rats.

Clodronate-liposome administration is a well-described method of depleting macrophages and reducing the experimental acute inflammatory response in an animal model. In the following experiment, we used Clo-lipos to ameliorate systemic inflammation induced by an LPS injection. Our results indicated that Clo-lipo administration significantly attenuated the AIM score of the LPS-treated LID rats. Furthermore, Clo-lipos decreased the LPS-induced activation of glial cells and the production of proinflammatory factors in the striatum. In addition, Clo-lipo administration reduced the overexpression of both phosphorylated and total forms of NR2B, which inhibited the phosphorylation of PKC/MEK/ERK and NF-κB signal pathways in the LPS-treated LID rats. These data suggested that Clo-lipos, which ameliorated the effect of LPS, improved behavioral dysfunction, prevented NR2B activation, and decreased the phosphorylation of PKC/MEK/ERK and NF-κB signaling pathways.

Our data indicated that systemic inflammation, by exacerbating neuroinflammation and facilitating the NR2B subunit activity, increased the susceptibility to LID in 6-OHDA lesioned rats, suggesting a possible pathophysiological role of the systemic inflammatory response in the appearance of dyskinesia, at least in the 6-OHDA-lesioned rat model of PD. On the other hand, the administration of Clo-lipo restored the effects of LPS, which further attenuated dyskinesia in the LPS-treated PD rats during the L-dopa treatment.
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Supplementary Figure 1. Clodronate liposome treatment depleted macrophages in the spleen. (A) Immunohistochemistry analysis shows the CD68+ macrophages in the spleen of PD+PBS lipo and PD+CLP lipo groups at 3 days after liposome injection. (B) Bar graph shows quantification of the percentage of CD68+macrophages in the spleen of PD+PBS lipo and PD+CLP lipo groups.

Supplementary Figure 2. Effect of peripheral only one LPS injection on the striatal neuroinflammation of normal rats. (A) Expression levels of iba-1 (a,b) and GFAP (a,c) were analyzed by Western blotting. (B) The mRNA levels of the proinflammatory mediators IL-1β (a), IL-6 (b), and TNF-α (c) normalized to GAPDH in the striatum. Values are presented as mean ± SEM. n = 4 per group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. saline.

Supplementary Figure 3. LPS treatments increased the expressions of p-NR2B and NR2B in the striatum of normal rats. (A) Expression levels of p-NR2B, NR2B, and mGLUR5 in the striatum were analyzed by Western blotting. (B) (a) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to β-actin. (b) Quantification of the densitometric value of the NR2B protein bands is shown, normalized to β-actin. (c) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to NR2B. (C) Quantification of the densitometric value of the mGLUR5 protein bands is shown, normalized to β-actin. Values are presented as mean ± SEM. n = 4 per group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. saline.

Supplementary Figure 4. Effects of Clodronate liposome treatments on striatal p-NR2B, NR2B, and mGLUR5 in LPS-treated rats. (A) Expression levels of p-NR2B, NR2B, and mGLUR5 in the striatum were analyzed by Western blotting. (B) Quantification of the densitometric value of the p-NR2B protein bands is shown, normalized to β-actin. (C) Quantification of the densitometric value of the NR2B protein bands is shown, normalized to β-actin. (D) Quantification of the densitometric value of the mGLUR5 protein bands is shown, normalized to β-actin. Values are presented as the mean ± SEM. n = 4 per group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PBS lipo+LPS. &&p < 0.01, &&&p < 0.001 vs. PBS lipo+saline.
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Neuroinflammation has been recognized as a major cause for neurocognitive diseases. Although the hippocampus has been considered an important region for cognitive dysfunction, the influence of hippocampal neuroinflammation on brain functional connectivity (FC) has been rarely studied. In this study, lipopolysaccharide (LPS) was used to induce systemic inflammation and neuroinflammation in the aged rat brain, while elamipretide (SS-31) was used for treatment. Systemic and hippocampal inflammation were determined using ELISA, while astrocyte responses during hippocampal neuroinflammation were determined by interleukin 1 beta (IL-1β)/tumor necrosis factor alpha (TNFα) double staining immunofluorescence. Oxidative stress was determined by reactive oxidative species (ROS), electron transport chain (ETC) complex, and superoxide dismutase (SOD). Short- (<7 days) and long-term (>30 days) learning and spatial working memory were tested by the Morris water maze (MWM). Resting-state functional magnetic resonance imaging (rs-fMRI) was used to analyze the brain FC by placing seed voxels on the left and right hippocampus. Compared with the vehicle group, rats with the LPS exposure showed an impaired MWM performance, higher oxidative stress, higher levels of inflammatory cytokines, and astrocyte activation in the hippocampus. The neuroimaging examination showed decreased FC on the right orbital cortex, right olfactory bulb, and left hippocampus on day 3, 7, and 31, respectively, after treatment. In contrast, rats with SS-31 treatment showed lower levels of inflammatory cytokines, less astrocyte activation in the hippocampus, and improved MWM performance. Neuroimaging examination showed increased FC on the left-parietal association cortex (L-PAC), left sensory cortex, and left motor cortex on day 7 with the right flocculonodular lobe on day 31 as compared with those without SS-31 treatment. Our study demonstrated that inhibiting neuroinflammation in the hippocampus not only reduces inflammatory responses in the hippocampus but also improves the brain FC in regions related to the hippocampus. Furthermore, early anti-inflammatory treatment with SS-31 has a long-lasting effect on reducing the impact of LPS-induced neuroinflammation.
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INTRODUCTION

Neuroinflammation has been proved to be a major cause for post-operative cognitive dysfunction (POCD) and other perioperative neurocognitive disorders (Subramaniyan and Terrando, 2019). As a crucial region to learning and memory, the hippocampus has traditionally been considered as a classic region for studying neuroinflammation and neurodegenerative diseases in many clinical studies and preclinical experiments. The recent studies demonstrated that although various regions may also participate, the hippocampus, both morphology and function, is one of the most sensitive regions that is affected by aging, neuroinflammation, and chronic stress (Fjell et al., 2014; Bartsch and Wulff, 2015). Meanwhile, clinical studies have reported that the disruption of the brain–blood barrier (BBB), an early event in the aging brain, begins in the hippocampus (Montagne et al., 2015). These findings suggest that the hippocampus in the aging brain is more likely to be affected by peripheral inflammatory cytokines triggered by surgery and other perioperative stress events. Therefore, the hippocampus is a brain region of great importance in understanding the development and molecular mechanisms of cognitive dysfunction.

Acute and chronic inflammation in the hippocampus has already been associated with cognitive dysfunction in neurocognitive diseases (Schwalm et al., 2014; Chesnokova et al., 2016). In our previous work, we reported the specific roles of interleukin-1beta (IL-1β) secretion and the nuclear factor-kappa B (NF-κB) signaling pathway in the long-term astrocyte activation after lipopolysaccharide (LPS) exposure in aged rats (Fu et al., 2014; Kan et al., 2016). These results suggest that astrocyte-derived inflammatory cytokines are important in the long-term neuroinflammation in aged rats, contributing to neuron homeostasis, BBB function, improving local synapse transmission and plasticity, and in the regulation of structural remodeling (Abbott et al., 2006; Santello et al., 2019). The aged brain is known to form many more neurotoxic A1 type astrocytes in response to LPS in neuroinflammation (Clarke et al., 2018); thus, the aged rats are more suitable to be used for studying mechanisms for neuroinflammation induced by POCD. However, a variety of preclinical, clinical, and neuroimaging studies has indicated that the hippocampus is not only the region affected by neurocognitive disease (Teipel et al., 2015; Mitchell et al., 2018; Zhang et al., 2019), besides the hippocampus neuroinflammation, the brain functions in other related regions may also be affected in disease development.

Oxidative stress has been reported to coexisted with neuroinflammation, and mitochondria play an important role in cognitive dysfunction (Wu et al., 2017; Zhao et al., 2019). Recent study showed that reducing the level of mitochondrial reactive oxygen species (mtROS) triggered by LPS also reduced the inflammatory responses in BV-2 cell (microglia cell line) (Park et al., 2015). Meanwhile, there are also studies supporting the evidence that mtROS also induce inflammatory responses in the astrocyte (Alfonso-Loeches et al., 2014). Elamipretide (SS-31), a mitochondria targeted antioxidant, functions by removing excessive reactive oxygen species (ROS) produced during the oxidative stress. However, whether reducing the ROS level also reduces inflammatory responses in the astrocytes and improves the long-term cognitive function in aged brains still need further investigation.

Resting state functional magnetic resonance imaging (rs-fMRI) enabled a non-invasive method for studying the brain function in each pathological phase for the disease development in vivo (Lopes et al., 2017; Hardcastle et al., 2019; Passamonti et al., 2019). Using a seed voxel, the hippocampus revealed decreased functional connectivity (FC) in Alzheimer's disease (AD) (Qian et al., 2019), mild cognitive impairment (MCI) (Chirles et al., 2017), and POCD (Browndyke et al., 2017), suggesting that apart from the hippocampus, other brain regions are also affected because they show decreased correlations with the hippocampus. Recently, rs-fMRI also has been conducted to detect the long-term change of the brain function in rats after repeated mild traumatic brain (Pham et al., 2021). However, the cellular and molecular mechanisms underlying these changes are unclear. In rodents, recent studies found that neuroinflammation, microglia, and astrocyte activation, and changes in spatial working memory coexisted with alteration in the brain function (Nasrallah et al., 2016; Griffin et al., 2019), indicating that rodent models are highly attractive options for simultaneous study of neuroimaging changes and molecular mechanisms.

In the present study, we investigated the effects of hippocampal neuroinflammation on the brain FC in aged rats by removing excessive oxidative stress after LPS exposure. We combined neuroimaging and neuroscience to assess both the hippocampal neuroinflammation and brain function in regions related to cognition. The model was chosen based on our previous findings that LPS exposure causes long-term neuroinflammation characterized by cognitive dysfunction and astrocyte activation in aged rats (Fu et al., 2014; Kan et al., 2016). Because elamipretide (SS-31), has been reported to be able to improve cognitive dysfunction and inflammatory responses in the hippocampus caused by LPS and inhalational anesthetics (Wu et al., 2017; Zhao et al., 2019), it was used to inhibit inflammatory response after LPS exposure. We hypothesize that anti-inflammatory protection provided by SS-31 treatment will both improve the short-term (within 7 days) and long-term (after 30 days) brain FC and ameliorate the hippocampal neuroinflammation after LPS exposure.



MATERIALS AND METHODS


Ethical Approval

This experiment was approved by the ethical committee of Capital Medical University (Approved number: AEEI-2018-166) and complied with the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and published by the National Institute of Health. All efforts were used to minimize the pain and suffering of animals.



Animals and Treatments

two-hundred and forty male rats (Wistar, 20 months old, 500–700 g, SPF grade, Chengdu Dossy Experimental Animals Co., Ltd., Sichuan Province, China) were used in this study. All rats were housed in standardized and controlled laboratory conditions (21–25°C in temperature and 50–60% in humidity on a 12-h light/dark cycle with food and water provided ad libitum). The detailed processing line is shown in Figure 1A.
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FIGURE 1. Elamipretide (SS-31) improved cognitive dysfunction induced by lipopolysaccharide (LPS) in the aged rat brain. (A) Detailed processing line. (B) Morris water maze (MWM) training protocol. Spatial acquisition trials and probe trials were performed on both short term (day 1–7) and long term (day 31–37). (C) Rats treated with LPS showed a significant prolonged escape latency compared with those in vehicle (V) group and SS-31 (S) group from day 2 to 5, which was improved by SS-31 treatment from day 4 in LPS + SS-31 (L + S) group. (D,E) Rats treated with LPS showed reduced time spent in the target quadrant and fewer crossovers to this quadrant compared with V group. The reduction in crossovers was improved by SS-31 treatment. (F) In the long term, a significant difference in escape latency was observed on day 35 with rats treated with LPS seemed to have prolonged escape latency. (G,H) Rats treated with LPS spent significantly less time in the target quadrant compared to rats in the V and S groups, as well as showing significantly fewer crossovers than all other groups. Data are presented as mean ± SEMs, and escape latency was analyzed by two-way ANOVA for repeated measurements with the Bonferroni post-hoc analysis. Time spent in the target quadrant and crossovers were analyzed by one-way ANOVA followed with the Bonferroni post-hoc analysis. #p < 0.05, ##p < 0.01, ###p < 0.001 as indicated or vs. V; *p < 0.05, **p < 0.01, ***p < 0.001 vs. L group.


Rats were randomly divided into four groups:

1. Vehicle group (V group, n = 50): Rats were treated with 0.9% normal saline intraperitoneal (i.p.) injection.

2. SS-31-treated group (S group, n = 50): Rats were treated with SS-31 (5 mg/kg i.p. at a volume of 0.4 ml/kg, dissolved in normal saline, and synthesized by China Peptides Co., Ltd, Shanghai, China).

3. LPS-treated group (L group, n = 70): Rats were treated with LPS (2 mg/kg i.p., dissolved in normal saline, 055:B5, Sigma-Aldrich, St. Louis, MO, USA).

4. LPS + SS-31-treated group (L + S group, n = 70): Rats were treated with SS-31 (5 mg/kg) for 30 min before the LPS injection (both i.p. injections).

The doses of LPS and SS-31 were determined based on the previous studies (Fu et al., 2014; Wu et al., 2016). All time points were selected according to our previous work (Fu et al., 2014; Kan et al., 2016).



Tissue Preparation

A cohort of rats were randomly selected in each group and sacrificed at 3, 7, and 30 days (n = 5 per time point per group) after treatment. Under deep isoflurane anesthesia (Forene, Abbott Laboratories, Queenborough, UK), the rat brains were rapidly dissected following decapitation. All dissections were performed on a chilled-ice glass plate. The entire dissected brain was immediately mounted in optimum cutting temperature (OCT) compound (Sakura Finetek USA, Inc., Torrance, CA, USA), frozen in liquid nitrogen, and then stored at −80°C subsequent to immunofluorescence. Another cohort of rats (n = 5 per time point per group) were sacrificed at the same time points mentioned above for measuring inflammatory cytokines in hippocampus. The blood samples were extracted from the inferior vena cava. After clotting at 4°C, the blood sample was centrifuged for 20 min at 1,000 × g. The serum was collected and stored at −80°C for subsequent ELISA analysis.

For another cohort of rats (n = 5 per time point per group), the hippocampus was collected for doing real-time PCR (RT-PCR) and mitochondria isolating (the left for RT-PCR and the right for isolating mitochondria). The hippocampus mitochondria were isolated using the Mitochondria Isolation Reagent Kit (C3606, Beyotime Institute of Biotechnology Co., Shanghai, China) according to the manufacturer's instructions. All the procedures were done on chilled cold ice, and the whole procedure was finished within 1 h. After isolation, the mitochondria sediments were resuspended by appropriate amount of Mitochondrial Stock Solution (GMS 12198.2, GenMed Scientific, Shanghai, China).



Immunofluorescence and Microscopy

The coronal hippocampus sections were cut at a thickness of 20 μm with a freezing microtome (CM1850, Leica Microsciences, Mannheim, Germany). The sections were selected according to the landmarks corresponding to the Paxino & Watson's rat brain atlas (bregma −2.80 to −3.60) for subsequent immunofluorescence staining. The selected sections were first fixed in ice-cold 4% paraformaldehyde (CM-0055, Lifeline Cell Technology, Frederick, MD, USA) for 15 min then washed with 10 mM phosphate buffered saline (PBS; ZLI-9062, Zhongshan Goldbridge Biotech, Co, Ltd, Beijing, China) for three times. After permeabilizing using 0.3% Triton-X 100 (T9284, Sigma-Aldrich, St Louis, MO, USA) for 1 h at room temperature, sections were blocked by 10% horse serum (8178102 Gibco New Zealand Origin) for 1 h. The sections were then incubated in primary antibodies for 2 h at room temperature and then overnight at 4°C: goat anti-IL-1β immunoglobulin G (IgG) (1:100, AF-501-NA, R&D Systems, Inc., Minneapolis, MN, USA), goat anti-tumor necrosis factor alpha (anti-TNFα) IgG (1:100, AF-510-NA, R&D Systems, Inc., Minneapolis, MN, USA), and mouse anti-glial fibrillary acidic protein (anti-GFAP)-IgG (1:1,000, MAB360, Millipore Corp., Billerica, MA, USA), respectively. The sections were washed with PBS for three times and then incubated in secondary antibodies in a dark room at room temperature for 2 h: Alexa Fluor 594 donkey anti-goat IgG (1:500, A11058, Invitrogen, Paisley, UK) and Alexa Fluor 488 donkey anti-mouse IgG (1:500, A21202, Invitrogen, Paisley, UK). Finally, all sections were counter-stained and then covered with fluorescent mounting medium with 4′,6-diamidino-2-phenylindole (DAPI; ZLI-9557, Zhongshan Goldbridge Biotech, Co., Ltd, Beijing, China) and anti-fading reagents. For negative control treatments, the primary and secondary antibodies were replaced by PBS, while other procedures remained the same.

Fluorescent images were analyzed using a confocal microscopy (Leica TCS2, Leica Microsystems, Mannheim, Germany) and image analyzing system (Optimas 6.5, CyberMetrics, Scottsdale, AZ, USA) by an independent observer who was blinded from the entire study. Cells were counted in the hippocampus DG region using the NIH ImageJ software (National Institutes of Health, Bethesda, MD, USA), from which the percentages of double stained GFAP (IL-1β and TNFα positive) in total GFAP were calculated.



ELISA Measurement

Inflammatory factors, including IL-1β and TNFα in serum, were measured using ELISA kits (RLB00 and RTA00, R&D Systems, Inc., Minneapolis, MN, USA) following the manufacturer's instructions. The proteins collected from the hippocampus were first analyzed using the BCA Protein Assay Kit (23227, Thermo Fisher Scientific, Waltham, MA, USA).



mRNA and RT-PCR

Total RNA was extracted from the hippocampus using Trizol (Invitrogen, Paisley, UK) and purified by RNase Away Reagent (catalog number 18270466, Invitrogen, Paisley, UK). The total amount of RNA was measured by NanoDrope 2000 (Thermo Fisher Scientific, Waltham, MA, USA), and the building of cDNA was synthesized using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The cDNA amplification was carried out using ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) for 45 cycles (each for a duration of 2 min at 94°C, annealing for 5 s at 94°C and for 30 s at 60°C and finally extension for 10 min at 72°C). The primer sequences and amplification for IL-1β and TNFα were described in Table 1. The level of mRNA expression was evaluated by the SYBR Green detection method. Data were analyzed using the 2-ΔΔCt method by the expression of target gene in the rat hippocampus that is corrected by the expression of endogenous control (β-actin) and relative to the vehicle group.


Table 1. Sequences of primers in RT-PCT.
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Oxidative Stress

The mtROS were measured using the ROS Assay Kit (GMS 10104.1, GenMed Scientifics, Shanghai, China) according to the manufacturer's instructions. The serum and hippocampus SOD activity were measured using the SOD Assay Kit (Jiacheng Biological Technology Co., Ltd., Nanjing, China) according to the manufacturer's instructions. The enzyme activity was converted to units per milligram of protein. One unit of SOD activity was defined as the amount of that reduced the absorbance at 450 nm by 50%. The levels of electron transport chain (ETC) components—I/III/IV were also measured using the ETC Analyzing Kit (GMS 50007 for ETC-I, GMS 50009 for ETC-III and GMS 50010 for ETC-IV, GenMed Scientifics, Shanghai, China). All the above procedures were conducted on ice in a dark room. The results were collected by a microplate reader (SpectraMax iD5, Molecular Devices, San Jose, CA, USA).



Resting-State fMRI Acquisition

On day 3, 7, and 31 after treatment, 8–10 rats in each group were randomly selected for rs-fMRI data acquisition. The animal MRI measurements were performed using the 7.0-T Bruker PharmaScan System (70/16 PharmaScan, Bruker BioSpin GmbH, Rheinstetten, Germany), operated via the ParaVision 5.1 software. The same coils, including a rat brain surface coil and a quadrature resonator volume coil, were adopted in all the rats. Shimming was optimized for the cerebrum (40 × 40 × 40 mm voxel) using a three-dimensional field map-based automatic shimming method.

The animal anesthesia was conducted as Lu et al. (2012) described elsewhere. Briefly, animals were first anesthetized using isoflurane (3%) in oxygen and air (1:1) followed by dexmedetomidine (0.015 mg/kg, intramuscular injection) in an anesthesia induction chamber. When the animal was fully anesthetized, it was gently fixed in prone position on the MRI scanning bed, and anesthesia was maintained using isoflurane with enriched oxygen via a nose mask with a bite-bar and continuous intramuscular infusion of dexmedetomidine (0.03 mg/kg/h). The rat was fixed to a custom-made holder to minimize the head motion during the whole scanning process. After the anatomical localization scans were acquired, the isoflurane concentration was decreased to 0.20–0.25% to keep the respiration rate at the range of 60–85/min throughout the scanning process. A small animal monitoring system (Model 1025, Small Animal Instruments Inc., New York, NY, USA), including a rectal temperature probe, respiration pneumonic sensor, and fiber optic oximetry sensor or cardiogram electrodes, was adopted for real-time monitoring. The core body temperature was maintained at 37°C via a warm water circulation system. If the respiration rate increased to 90/min, the concentration of isoflurane was increased to 0.5%.

Anatomical images (T2WI) were acquired with fast-spin–echo sequence using TurboRARE with the following parameters: repetition time (TR) 5000.0 ms, echo time (TE) 36.0 ms, echo spacing 12 ms, echo-train length 8, field of view 3.50 × 3.50 cm, matrix size 256 × 256, and 28 slices with a thickness of 1.0 mm. For blood-oxygen-level-dependent (BOLD) images, EPI-SE-FOVsat sequence was used with the following parameters: matrix size 64 × 64, flip angle = 90°, resolution = 0.55 × 0.55 mm, 28 slices with a thickness of 1.0 mm, slice gap = 0, TR = 2000.0 ms, TE = 18.0 ms, volume = 180.



Data Processing and Analysis

The data were preprocessed using spmratIHEP software based on the statistical parametric mapping (SPM12) software and rs-fMRI Data Analysis Toolkit (REST) software, and statistically analyzed by spmratIHEP based on SPM12. The data were carefully examined for completeness and truncation artifacts. The FC values were analyzed and compared between the V group, SS-31 group, LPS group, and LPS + SS-31 group. All the functional images post-processing was performed by a single experienced observer, unaware to whom the scans belonged. The preprocessing and data analysis were performed using spmratIHEP (Nie et al., 2013, 2014) based on SPM12 (Welcome Department of Imaging Science; http://www.fil.ion.ucl.ac.uk/spm) and REST software (http://restfmri.net/Forum/Index.php?~q=rest).

The voxel size of the functional datasets of all individuals was first multiplied by a factor of 5 to better approximate human dimensions, and then preprocessed using the following main steps: (1) slice timing: The differences of slice acquisition times of each individual were corrected using slice timing. (2) Realign: The temporal processed volumes of each subject were realigned to the first volume to remove any head motion, and a mean image was created over the 180 realigned volumes. All participants had <1 mm of translation in the x, y, or z axis and a 1° of rotation in each axis. (3) Spatial normalization: The realigned volumes were spatially standardized into the Paxino and Watson space (Liang et al., 2017) by normalizing with the EPI template via their corresponding mean image. Subsequently, all the normalized images were resliced by 1.0 × 1.5 × 1.0 mm voxels (after zooming). (4) Smooth: The normalized functional series were smoothed with a Gaussian kernel of 2 mm3 full width at half-maximum (FWHM). (5) Removal of the linear trend: The smoothed images had any systematic drift or trend removed using a linear model. (6) Filtering: The band pass was filtered at 0.01–0.08 Hz as the physiological spontaneous BOLD fluctuation mainly focused on this band, and to remove the very low frequency drift and high frequency noise. The pre-processed images were analyzed within spmratIHEP in SPM12 based on the framework of the general linear model.

The FC analysis was performed by REST software (http://restfmri.net/Forum/index.php? q=rest) by placing seed regions at the left and right hippocampus (L- and R-hip). Pearson's correlation was computed between each voxels of the L- and R-hip, and the other intercranial voxels to obtain FC maps for each rat. To identify differences in the FC maps between groups V, S, L, and L + S, a one-way ANOVA and post-hoc two-sample t-test were performed. Regions with significant FC changes between each two groups were yielded based on voxel-level height threshold of p < 0.001 and a cluster-extent threshold of 20 voxels.



Morris Water Maze

One day after treatment, learning and spatial working memory were assessed by the Morris water maze (MWM) with the same group of animals subjected to rs-fMRI scanning (n = 8–10 per group). Detailed description of the training protocols can be found in our previous study (Kan et al., 2016). Briefly, the MWM test was divided into two parts: spatial acquisition trials (day 1–5) and probe trial (day 7). On day 6, the rats were allowed for a rest. The water maze is a black painted circular tank with 150 cm in diameter and 60 cm in height, placing at the center of a quiet room. On the wall of the tank, there were four different visual clues, dividing it into four quadrants. A black curtain was held in place by a rectangular scaffold around the water maze to minimize harsh lights entering the room. A video camera mounted to the ceiling above the water tank was used to track the rat swimming speed, latency to find the platform, and target quadrant crossovers with an animal activity tracking system (Ethovision, Noldus Information Technologies, Wageningen, The Netherlands). For each training session, the tank was filled with clean water for about 35 cm in depth (23 ± 2°C) with a hidden circle platform 1.5 cm below the water surface at the third quadrant. On day 1–5, the rat was gently placed in one quadrant facing the wall of the MWM before each spatial acquisition trials. Then, the rat was allowed to swim freely for up to 60 s in the water maze to locate the platform. If the rat succeeded, it was allowed to stay for 5 s on the platform. Otherwise, the rat was physically placed on the platform for 20 s. Four spatial acquisition trials were performed on each rat per day and continued for 5 consecutive days. A 3–5 min interval was allowed between each trial. On day 7, a probe trial was conducted in which the platform was removed and the rat was placed at the quadrant opposite to the platform and allowed to swim for 30 s. The times the rat crossover the platform location and the percentage of time spent in the platform quadrant were recorded. From day 31–35, spatial acquisition trials were repeated followed by a probe trial on day 37. The time line for the MWM testing is shown in Figure 1B.



Statistical Analysis

All data were analyzed using IBM SPSS 25.0 (IBM, Chicago, IL, USA). Data are presented as mean ± SEM. Results in the MWM spatial acquisition trials were analyzed by two-way ANOVA for repeated measurements. Results in the MWM probe trials were analyzed by one-way ANOVA. The above data were further analyzed by the Bonferroni post-hoc analysis. Other data were analyzed by two-way ANOVA followed by the Bonferroni post-hoc analysis.

For rs-fMRI data, the analyzing method is mentioned in section Data Processing and Analysis. To further determine the relationship between FC and performances in the behavior test, Pearson's correlation was performed. Prior to the correlation analysis, t-values with statistical significance were transformed to Z-scores using the Fisher transformation.




RESULTS


Lipopolysaccharide Exposure Impairs While Elamipretide (SS-31) Preserves Learning and Spatial Working Memory

The MWM was used to test the effects of LPS exposure and SS-31 treatment on learning and spatial working memory in both the short (<7 days) and long terms (>30 days). From day 1 to 5, all rats showed significantly improved escape latency during the 5 days training [F(3,141) = 11.237 for treatments and F(4,188) = 73.179 for training days, p < 0.001, repeated measures two-way ANOVA; Figure 1C]. Significant interactions between training days and treatments were also observed [F(12,564) = 1.791, p = 0.046, repeated measures ANOVA]. The post-hoc analysis indicated that LPS caused a significant increased escape latency from day 2 (p < 0.001), while SS-31 showed a significant improved escape latency from day 4 compared with the LPS group (p < 0.001). For the probe trial on day 7, a significant difference in the time spent in the target quadrant (one-way ANOVA, F = 12.152, p < 0.001, Figure 1D) and platform crossovers (one-way ANOVA, F = 11.525, p < 0.001, Figure 1E) was observed. The post-hoc analysis revealed that the the LPS-treated rats spent significantly less time in the platform crossovers than vehicle, LPS + SS-31, and SS-31 treated rats (p < 0.001, p = 0.013, and p = 0.004, Figure 1E respectively). However, there was no difference in the time spent in target quadrant when comparing LPS exposure rats with either SS-31- (p = 0.159) or LPS + SS-31-treated rats (p = 0.063, Figure 1D).

For the second acquisition trials from day 31 to 35, there was no interaction between training days and treatments [F(12,468) = 0.732, p = 0.720; Figure 1F]; however, there was a significant difference among training days [F(4,156) = 6.790, p < 0.001]. The post-hoc analysis revealed that rats with the LPS exposure had a significantly different escape latency on day 35 compared with other groups (p = 0.002). For the probe trial on day 37, there was a significant difference in the time spent in the target quadrant (one-way ANOVA, F = 12.926, p < 0.001; Figure 1G) and platform crossovers (one-way ANOVA, F = 7.568, p < 0.001; Figure 1H). The post-hoc analysis revealed that the LPS-exposed rats performed fewer platform crossovers than rats treated with vehicle (p < 0.001), rats treated with SS-31 (p = 0.004), and rats treated with LPS + SS-31 (p = 0.017). In addition, the LPS-treated rats spent significantly less time in target quadrant compared with vehicle- (p < 0.001) and SS-31-treated (p < 0.001) rats.



Oxidative Responses at the Systemic Level and Hippocampus After LPS Exposure and SS-31 Treatment

To determine the effect of SS-31 treatment in systemic level and aged rat hippocampus, oxidative stress was measured. For the hippocampus ROS, no interactive effect was observed [F(3, 32) = 0.111, p = 0.111]; however, significant effects were seen in treatments and training days separately [F(1, 32) = 10.775, p = 0.002 for treatment and F(3, 32) = 8.167, p < 0.001, for days respectively; two-way ANOVA, Figure 2A]. Furthermore, the Bonferroni post-hoc analysis revealed that the hippocampus ROS started to increase 3 days after the LPS exposure (p = 0.009) and reached a peak level on day 7 (p < 0.001). On day 30, the ROS fell back to the baseline level (p = 0.705). Meanwhile, the hippocampus ROS was significantly higher as compared with rats receiving SS-31 treatment on day 7 (p = 0.002). For rats in L + S group, no significant change in the ROS level has been observed after the LPS exposure. For the SOD level, no interactive effect was observed [F(3, 32) = 2.392, p = 0.087]; however, significant effects were seen in treatment and training days separately [F(1, 32) = 13.212, p = 0.001 for treatment and F(3, 32) = 6.040, p = 0.002, respectively; two-way ANOVA, Figure 2B]. No difference has been observed in the hippocampus SOD activities [F(3, 32) = 0.523, p = 0.811, respectively; two-way ANOVA, Figure 2C]. Furthermore, a significant higher SOD level in the system level was observed in day 7 as compared with rats without SS-31 treatment (p < 0.001, the Bonferroni post-hoc analysis, Figure 2B).
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FIGURE 2. Effects of lipopolysaccharide (LPS) exposure and elamipretide (SS-31) treatment on oxidative stress. (A) LPS exposure caused a significant mitochondrial ROS (mtROS) increase while rats with SS-31 treatment have lower level. (B,C) LPS exposure and SS-31 treatment caused superoxide dismutase (SOD) changes in the hippocampus. (D–F) LPS exposure and SS-31 treatment caused electron transport chain (ETC) complex I/III/IV changes in the hippocampus. Data are presented as mean ± SEMs (n = 5). Comparisons were made by two-way ANOVA followed by the Bonferroni post-hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS (L) group.


For the ETC-I level, no interactive effect was observed [F(3, 27) = 0.444, p = 0.723, respectively; two-way ANOVA, Figure 2D], while a significant effect was found in days [F(3, 27) = 0.004, p = 0.723]. A significant rise of ETC-I level was observed on day 3 (p = 0.027, the Bonferroni post-hoc analysis), whereas no difference was observed on other time points. For rats with SS-31 treatment, no significant change in ETC-I was observed. For the ETC-III level, no interactive effect was observed [F(3, 32) = 1.099, p = 0.364, respectively; two-way ANOVA, Figure 2E], whereas, a significant effect was observed in days [F(3, 32) = 7.075, p = 0.001]. The ETC-III started to increase on day 3 and reached a peak level on day 7 after the LPS exposure (p = 0.025 and p = 0.05, the Bonferroni post-hoc analysis, respectively). On day 30, no significant difference could be observed (p = 0.182). For rats with SS-31 treatment, no significant effect could be observed.

No interactive effect or separative effect was observed in ETC-IV in both groups of rats [F(3, 32) = 0.180, p = 0.909 for interactive effect, F(1, 32) = 0.042, p = 0.840 for treatment and F(3, 32) = 0.240, p = 0.868 for days, respectively; two-way ANOVA, Figure 2F].



Inflammatory Responses at the Systemic Level and Hippocampus After the LPS Exposure and SS-31 Treatment

To determine the effect of the LPS exposure and SS-31 treatment, proinflammatory cytokines in the serum and hippocampus and the mRNA expressions were measured.

No interaction effects were seen in systemic levels in both IL-1β and TNFα [F(3, 48) = 0.800, p = 0.500 and F(3, 40) = 1.167, p = 0.334, respectively; two-way ANOVA]; while a significant effect was seen in days [F(3, 48) = 6.514, p = 0.001 and F(3, 40) = 1.167, p = 0.040, respectively; two-way ANOVA]. Furthermore, the Bonferroni post-hoc analysis revealed that the serum levels of IL-1β significantly increased and reached a peak level on day 7 (p = 0.001; Figure 3A) in rats with LPS. For rats with LPS + SS-31, no significant change in serum IL-1β levels was observed. When considering SS-31 treatment, a higher level of IL-1β was observed in the L group (p = 0.049, respectively). For TNFα, a significant increase was observed on day 7 (the highest increase, p = 0.034, respectively; Figure 3D). For rats with LPS + SS-31, no significant change in TNFα level was observed. On day 7, higher level of TNFα was observed in the L group (p = 0.030, respectively).
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FIGURE 3. Effects of lipopolysaccharide (LPS) exposure and elamipretide (SS-31) treatment. ELISA showed differences in (A,D) the systemic and (B,E) the hippocampus IL-1β and TNFα expression. RT-PCR showed differences in mRNA expression for (C) IL-1β and (F) TNFα Data are presented as mean ± SEMs (n = 5). Comparisons were made by two-way ANOVA followed by the Bonferroni post-hoc analysis. #p < 0.05, ##p < 0.01, ###p < 0.001 as indicated or vs. V; *p < 0.05, **p < 0.01, ***p < 0.001 vs. L group.


Further, proinflammatory cytokines in the hippocampus were analyzed for inflammatory responses in the central nervous system (CNS). No interactive effects were seen in both inflammatory cytokines [F(3, 35) = 0.865, p = 0.469 for IL-1β and F(3, 40) = 1.167, p = 0.334 for TNFα, respectively; two-way ANOVA], whereas significant effects in days were observed [F(3, 35) = 5.260, p = 0.004 for IL-1β and F(3, 40) = 3.033, p = 0.040 for TNFα, respectively; two-way ANOVA]. Furthermore, the Bonferroni post-hoc analysis revealed that the LPS exposure resulted in significantly increased levels of IL-1β on day 7 and 30 (p = 0.002 and p = 0.047, respectively, Figure 3B) as compared with the baseline level. For the effect of SS-31, significant lower levels of IL-1β were observed on day 7 and 30 after the LPS exposure (p = 0.041 and p = 0.034, respectively) when compared with the rats without SS-31 treatment. For TNFα, no significant change was observed though there was a tendency that the levels of TNFα seemed to be increased after the LPS exposure (Figure 3E).

When checking the mRNA expression in the aged rat hippocampus, a significant interactive effect in levels of IL-1β mRNA expression was observed [F(3, 32) = 20.514, p < 0.001]. No interactive effect was seen in TNFα [F(3, 32) = 1.651, p = 0.197, respectively; two-way ANOVA], whereas a significant effect was seen in days [F(3, 32) = 4.251, p = 0.012]. To further determine the differences, the IL-1β mRNA expression reached a peak at day 3 after the LPS exposure (p < 0.001, the Bonferroni post-hoc analysis). When considering the effect of SS-31, a significant lower level of mRNA expression was observed on day 3 as compared with rats in L group (p < 0.001, Figure 3C). For TNFα, a significant difference of mRNA expression was observed on day 7 (p = 0.021, the Bonferroni post-hoc analysis, Figure 3F) when considering the SS-31 effect. For other time points, no significant differences in mRNA expression were observed for both groups of rats.



Activation of Astrocytes in the Aged Rat Hippocampus After the LPS Exposure and SS-31 Treatment

To determine whether neuroinflammation in the aged rat hippocampus resulted in impaired behavior performances, the astrocyte activation in the inflammatory responses was measured.

In the hippocampus, both levels of IL-1β and TNFα secreted by astrocyte activation were affected by the LPS exposure and SS-31 treatment [F(3, 72) = 3.371, p = 0.023 for IL-1β and F(3, 72) = 4.691, p = 0.005 for TNFα, two-way ANOVA, Figures 4A,B]. When considering LPS exposure, the Bonferroni post-hoc analysis revealed that levels of IL-1β positive astrocytes were significantly increased on day 3, 7, and 30 in L group (p < 0.001, p < 0.001, and p < 0.001, respectively) and day 3 and 7 in L + S group (p < 0.001 and p = 0.001, respectively) compared with baseline. When considering SS-31 treatment, reduced levels of IL-1β positive astrocytes were observed on day 7 and 30 as compared with L group (p < 0.001 and p < 0.001, respectively; Figure 4E). For TNFα positive astrocyte, a significantly increased level was observed on day 3, 7, and 30 in L group (p < 0.001, p < 0.001, and p < 0.001, respectively) and L + S group (p < 0.001, p < 0.001, and p < 0.001, respectively). When considering the treatment effect, lower levels of TNFα positive astrocytes were observed in L + S group compared with rats in L group (p = 0.003, p < 0.001, and p < 0.001, respectively; Figure 4F).
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FIGURE 4. Astrocytes activation induced by lipopolysaccharide (LPS) exposure and elamipretide (SS-31) treatment. (A,B) LPS exposure induced a significant increase in IL-1β/TNFα secretion and astrocyte activation both in the LPS (L) and LPS + SS-31 (L + S) groups. SS-31 treatment improved the inflammatory response in the aged rat brain. (C,D) SS-31 treatment induced no significant inflammatory responses and astrocyte activation. (E,F) Double-stained immunofluorescence cell count showed that SS-31 treatment reduced the inflammatory response from day 3 to 30, whereas LPS caused prolonged IL-1β/TNFα secretion and astrocyte activation. (G,H) SS-31 treatment induced no significant change in IL-1β/TNFα positive astrocytes. Data are presented as mean ± SEMs (n = 5). Comparisons were made by two-way ANOVA followed by the Bonferroni post-hoc analysis. #p < 0.05, ##p < 0.01, ###p < 0.001 as indicated or vs. V; *p < 0.05, **p < 0.01, ***p < 0.001 vs. L group.


For the treatment of SS-31, no significant difference has been found in IL-1β/TNFα positive astrocytes [F(3,56) = 0.187, p = 0.987 for IL-1β and F(3,56) = 0.060, p = 0.981 for TNFα, respectively; two-way ANOVA, Figures 4C,D,G,H].



Hippocampal Neuroinflammation Affects the Hippocampus-Related Brain Function in Aged Rat

To further understand the effects of inflammatory responses in the hippocampus on the brain function in other regions, we used rs-fMRI scanning with L- and R-hip as seed voxels.

Compared with rats in the V group, those exposed to the LPS showed both decreased L-hip-seeded and R-hip-seeded FC on the right orbital cortex (R-OC), right olfactory bulb (R-Ob), and L-hip on day 3, 7, and 31, respectively (Figures 5A–C; Table 2). Using the same method, increased FC was observed on the right visual cortex (R-VC), right sensory cortex (R-SC), left retrosplenial cortex (L-RSC), and left parietal association cortex (L-PAC) on day 3 with the R-SC on day 31 (one-way ANOVA followed by the post-hoc two-sample t-test, p < 0.001, cluster 20; Figures 5A,C; Table 2). No FC increase was observed on day 7. Localizations in transverse plane are also presented (Figures 5D–F).
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FIGURE 5. Lipopolysaccharide (LPS) exposure induced both short- and long-term functional connectivity (FC) changes in the aged rat brain. LPS exposure caused FC changes in (A) 3 days, (B) 7 days, and (C) 31 days. (D–F) Localization for different regions of interest (ROIs) on day 3, 7, and 31. Data were analyzed by one-way ANOVA followed by the post-hoc two-sample t-test. A voxel-level height threshold of p < 0.001 and a cluster-extent threshold of 20 were considered as statistically significant. Both the left and right hippocampus were used as seed voxels.



Table 2. LPS exposure caused significant functional connectivity (FC) changes in the aged rat brain in short and long term.
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Compared with rats treated with LPS, those treated with LPS + SS-31 showed both increased L-hip-seeded and R-hip-seeded FC on the L-PAC, left sensory cortex (L-SC), and left motor cortex (L-MC) on day 7, and the right flocculonodular lobe (R-PFL) on day 31 (one-way ANOVA followed by the post-hoc two-sample t-test, p < 0.001, cluster 20; Figures 6B,C; Table 3). Using the same method, decreased FC was observed on the right olfactory cortex (R-OFC) and R-VC on day 3 (one-way ANOVA followed by the post-hoc two-sample t-test, p < 0.001, cluster 20; Figures 6A,C; Table 3). Localizations in transverse plane are also presented (Figures 6D–F).
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FIGURE 6. SS-31 treatment induced both short- and long-term functional connectivity (FC) changes in the aged rat brain. (A) SS-31 treatment caused FC changes in 3 days. SS-31 treatment improved FC connectivity in (B) 7 days and (C) 31 days. (D–F) Localization for different regions of interest (ROIs) on day 3, 7, and 31. Data were analyzed by one-way ANOVA followed by the post-hoc two-sample t-test. A voxel-level height threshold of p < 0.001 and a cluster-extent threshold of 20 were considered as statistically significant. Both the left and right hippocampus were used as seed voxels.



Table 3. Elamipretide (SS-31) treatment improved functional connectivity (FC) connectivity in the aged rat brain.
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No significant FC change was found in V group and S group.



Altered Brain Function Affected Learning and Spatial Working Memory

To further determine if altered brain function in aged rat resulted in differences in learning and spatial working memory, the Pearson's correlation was used. On day 7, a significant correlation was observed in R-Ob in the L group (p = 0.0002, r2 = 0.6014 for time spent and p < 0.0001, r2 = 0.742 for crossovers, Figure 7A) as compared with rats in V group. Meanwhile, L-PAC, L-SC, and L-MC were also observed significant correlations with behavior performances (p = 0.0008 and p = 0.0187 with r2 = 0.4931 and r2 = 0.2997 for time spent; p = 0.00065, p = 0.015, and p = 0.0041 with r2 = 0.3615, r2 = 0.4762, and r2 = 0.4118 for crossovers, Figure 7B). However, no significant correlation was observed for L-MC on day 7 (p = 0.3603). On day 31, no significant correlations were observed for L-hip, R-SC, and R-PFL on latency (p = 0.0543, p = 0.1497, and p = 0.1997, Figure 8).
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FIGURE 7. Relationship between functional connectivity (FC) and behavior performances on day 7. (A) Correlation analysis in L and NS groups. (B) Correlation analysis in L and L + S groups. Pearson's correlation was used with p < 0.05 for statistical significance and r2 for correlation.
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FIGURE 8. Relationship between functional connectivity (FC) and behavior performances on day 31. (A) Correlation analysis in L and NS groups. (B) Correlation analysis in L and L + S groups. Pearson's correlation was used with p < 0.05 for statistical significance and r2 for correlation.





DISCUSSION

Our result revealed that oxidative stress induced by a single dose of LPS injection may be able to cause long-term expression of astrocyte-derived inflammatory cytokines in the hippocampus, long-term FC change in the hippocampus, and other related regions, as well as impaired learning and spatial working memory. By removing excessive ROS triggered by the LPS exposure, elamipretide (SS-31) significantly reverse the above effects. Our study, therefore, demonstrates LPS-induced oxidative stress has long-term effects on the prolonged hippocampus neuroinflammation, cognitive function, and network connection between the hippocampus and other regions in aged rats.

The MWM is a classical approach to assess spatial learning and working memory. The spatial learning is assessed across repeated trials, and the reference memory is determined by preference for the platform area when the platform is absent (Vorhees and Williams, 2006). In our study, there is a significantly increased latency for rats in the L group as compared with rats in the other three groups, suggesting that the LPS exposure caused impaired learning ability in both short (<7 days) and long term (>30 days), and SS-31 treatment has a significant effect on improving the cognitive function. For reference memory, significantly decreased time spent in target quadrant showed cognitive dysfunction in both short (<7 days) and long term (>30 days). For rats with SS-31 treatment, significantly higher times for platform crossovers showed improved cognitive function. Although a higher time spent in target quadrant was observed, for rats in the S group, no significant difference was observed in time spent in target quadrant as compared with the rats with the LPS exposure. Considering the fact that the rats in the S group had already shown significantly higher times for platform crossovers and latency, with no significant difference in L-1β/TNFα positive astrocytes, the reason may be due to a rather strict correction in statistical analysis. Significant lower times for crossovers showed that the rats in the L group had significantly impaired reference memory.

Traditionally, astrocytes have been considered as a major contributor for neuron homeostasis, functional outcomes of local synaptic transmission and plasticity, and BBB constructing (Abbott et al., 2006; Santello et al., 2019). However, astrocytes have also recently been reported to play a pivotal role in the neuroinflammation and cognitive function (Habbas et al., 2015; Santello et al., 2019). We previously reported that a single systemic injection of LPS (2 mg/kg) activated NF-κB signaling pathway in astrocytes and induced long-term expression of IL-1β and TNFα mRNA in the aged rat hippocampus, which caused prolonged neuroinflammation (Fu et al., 2014; Kan et al., 2016). In addition, our study also reported that the LPS exposure caused decreased expression of post-synaptic density protein-95 (PSD-95) in neurons while blocking NF-κB signaling pathway in astrocytes improved the phenomenon (Kan et al., 2016). This demonstrated that the LPS exposure resulted in impaired synaptic plasticity, which further induced impaired learning and spatial working memory. In the present study, long-term neuroinflammation was inhibited by SS-31 treatment. Interestingly, SS-31 was specially designed to remove excessive ROS from mitochondria rather than inhibiting NF-κB signaling pathway (Wu et al., 2017; Zhao et al., 2019), suggesting that anti-oxidant treatment is also effective for inhibiting neuroinflammation in aged rat. Our result demonstrated that the SS-31 treatment inhibited LPS induced long-term astrocyte activation and enhanced expression of astrocyte-derived proinflammatory cytokines in the aged rat hippocampus, and it improved learning and spatial working memory. Although the A1 type astrocytes (neurotoxic and may contribute to neurodegenerative diseases) have been proved to be activated by microglia (Liddelow et al., 2017), recent studies also showed that astrocytes may trigger microglial activation (Jha et al., 2018). The present study showed that the LPS exposure induced astrocytes activation followed with long-term inflammatory responses in the hippocampus, suggesting that the astrocytes may play an important role in long-term inflammatory response in the aged brain. The previous studies revealed that mtROS generation may induce inflammasome activation in astrocytes (Alfonso-Loeches et al., 2014). The use of SS-31 treatment removed excessive ROS from the CNS, which helps to reduce the inflammatory response of the astrocytes, and further improved cognitive function in the long term. Overall, our findings suggested that anti-oxidant treatment may be a potential method for preventing POCD in elderly patients in clinical practice.

Mitochondrial reactive oxygen species induce the activation of NF-κB and the nucleotide-binding oligomerization domain (NOD)-like receptor family, pyrindomain containing 3 (NLRP3) inflammasome (Bauernfeind et al., 2009), which activate caspase 1 and result processing and secretion of IL-1β, IL-18, and TNF-α in the hippocampus of aged mice and cognitive impairments (Fu et al., 2020). For ROS, significant increase can be observed from day 3 to 7 with the treatment effect can only be seen on day 7. Our result demonstrated that the SS-31 treatment has a significant effect on the short term (within 7 days). For the SOD level, no significant effect can be observed in the hippocampus, though rats with SS-31 treatment seemed to have a higher level. The levels of ETC-I/III/IV have similar change, which is consistent with the previous findings that the ROS correlated with ETC-I/III/IV levels (Yan et al., 2020). The previous study on ROS level in the hippocampus also indicated a similar effect on ROS within 3 days after the LPS exposure (Zhao et al., 2019). Another study based on rat pups (7 days after birth) reported a similar effect on ROS production 6 h after isoflurane exposure (Wu et al., 2017). However, no results for long term were reported for both studies. Our result suggested that the inflammatory responses in the hippocampus last longer than oxidative stress. Early prevention of oxidative stress has a long-term effect on preventing inflammatory response in the aged rat hippocampus. However, the mechanism for oxidative induced long-term astrocytes activation still need further investigations.

It is an interesting phenomenon that although the compounds (LPS and SS-31) are no longer exist 30 days after administration, the inflammatory effect and treatment effect still exist in the aged rat hippocampus. Meanwhile, no long-term effect can be seen in solely SS-31 administration, but the effect of the LPS exposure is prevented. However, the mechanism should be further studied. The previous study reported a single dose of LPS injection (1 mg/kg, i.p.) is enough to make a long-term dysfunction of hypothalamic–pituitary–adrenal (HPA) axis in adult rats (2 months old), including a significantly increased TNFα in peripheral and corticosterone 4 weeks after the initial dose of LPS injection, which may likely to involve some kind of learning-like brain plasticity (Valles et al., 2002). In the present study, we used aged rats (20 months) with weaker BBB and less tolerance to peripheral stressors, and higher dose of LPS injection (2 mg/kg), the above which may cause a more severe inflammatory response. Another study based on single dose of LPS injection (2 mg/kg) reported that the neuronal function followed by systemic inflammation is NLRP3 inflammasome dependent (14 days after injection) in which the spine density of basal cell in the hippocampus CA1 region still remains significantly decreased even 3 months after the LPS exposure (Beyer et al., 2020). Meanwhile, a great number of evidence has shown that the NLRP3 inflammasome activation also contributes to aging process (Meyers and Zhu, 2020), which also supports our result that the inflammatory responses in the aged rat hippocampus may be long-lasting even the LPS and SS-31 no longer exist. Although we did not measure the level of NLRP3 inflammasome, we used the same doses and administration method of LPS. The long-term neuroinflammation may also be induced by the NLRP3 inflammasome. Based on the findings that the difference in oxidative stress only lasted for 7 days (ROS level and ETC-III level), there may conclude that early prevention of excessive oxidative stress may have a long-term effect in the inflammation prevention.

Although the rs-fMRI has been widely used to study cognitive function and neurodegenerative disease in human subjects, the functional basis of BOLD signal is still under debate. The previous studies in both resting or task fMRI revealed that the neural activity required for the execution of cognitive tasks corresponds to flow within a low-dimensional state space, which is further assumed to reflect the BOLD responses (Hutchison et al., 2013; Shine et al., 2019). Because studies found that the intrinsic connectivity networks under neural activity are likely shaped but not fully determined by structural connectivity (Damoiseaux and Greicius, 2009), other mechanisms may responsible for neural network activity. A clinical study based on post-mortem data revealed that the spatial pattern of neurotransmitter receptors density (e.g., dopaminergic D1 and cholinergic M1) and topology factors are closely related to neural activity at the network level (Shine et al., 2019), which suggests that the FC in rs-fMRI may also be related to neural activities from chemical transmitters besides axon and dendrites. The previous studies showed that the LPS exposure resulted in decreased amounts of PSD-95 (Kan et al., 2016), loss of neural transmitter receptors (Zhang et al., 2017), and swollen astrocytes (Fan et al., 2014), all of which may further impair synaptic plasticity (Santello et al., 2019). Therefore, as previously mentioned, the intrinsic connectivity networks under neural activity are likely shaped but not fully determined by structural connectivity (Hutchison et al., 2013), which indicates that changes in the brain function may occur in remote areas due to FC via neurotransmitters. In our study, rats exposed to LPS showed changes in FC not only in cognitive-related regions (e.g., L-RSC and L-hip) but also in regions distant from the hippocampus (e.g., R-Ob and R-OC); thus, neuroinflammation in the hippocampus may also affect remote regions via neurotransmitters rather than anatomical connectivity. This may also explain why the flocculonodular lobe is also engaged in the hippocampus-related brain function in aged rat despite located in cerebellum. Furthermore, our results suggest that anti-inflammatory treatment not only inhibits hippocampal neuroinflammation but also protects the brain function in other regions in the long term.

The default mode network (DMN) has been proved to be an important neural network, which activates during mind-wondering and becomes less active during task-acquisition (Raichle, 2015). The disruption of DMN is mostly seen in human neurocognitive disorders (Greicius et al., 2004; Qian et al., 2019). Meanwhile, the recent studies also found that the rat brain has DMN, and it has similar components as human beings (Lu et al., 2012). In the present study, rats with the LPS exposure showed changed FC in R-OC, L-RSC on day 3 and L-hip on day 31 with both sides of the hippocampus as seed regions. These regions are all major components of rat DMN. Imaging studies had already proven that different brain regions function as networks (Biswal et al., 1995; Wang et al., 2010), and a disruption of the brain connectivity suggested a long-term disruption for neural correlation between the hippocampus and target brain region. The RSC is situated at the crossroads between the hippocampus and neocortex (Wyss and Van Groen, 1991). Change in FC between Hip and RSC may result in information disruption in the aged rat brain. These may also explain why the rats still had impaired cognitive function 30 days after the LPS exposure. The prefrontal cortex (PFC) has been proved to be both significant in DMN and the hippocampus-prefrontal afferents that are critical for encoding memory (Raichle, 2015; Spellman et al., 2015). However, we did not observe a significant difference in FC between PFC and Hip. This indicated that the LPS exposure did not disrupt correlation between PFC and Hip. Considering that there are still significant differences in IL-1β secretion in the hippocampus, we hypothesize that this phenomenon may be resulted from the excessive IL-1β in the hippocampus. This is also consistent with the previous findings that IL-1β played a significant role in cognitive function (Huang and Sheng, 2010). However, in rats with SS-31 treatment, no significant change was observed in rat DMN though the improved MWM performance was observed. These results indicated that SS-31 may improve the brain FC by improving other regions, instead of DMN. It also suggested that DMN may not be the only network important in cognitive function. For the SS-31 treatment, FC change in the cerebellum was observed. Recent studies revealed that the cerebellum participates in both motor and cognitive aspects of navigation (Igloi et al., 2015; Wang et al., 2016). Our result is consistent with these findings and showed that improving FC between the hippocampus and cerebellum may also improve learning and spatial working memory.

Despite application of the latest medical practices, most of the neurodegenerative diseases remain difficult to cure and show irreversible development. Few studies have investigated whether inhibiting the hippocampus neuroinflammation or interrupting related signaling pathway improves the brain function in other regions. In one of our clinical studies, we reported improvements in cognitive test performance after anti-inflammatory treatment in elderly patients following spinal surgery (Zhang et al., 2018). However, rs-fMRI was not applied in this study so the function in other brain regions could not be fully assessed. In the present study, as consistent with improved behavior performances in the MWM, we observed increased FC from day 7 to 31 in the other brain regions using the bilateral hippocampus as seed voxels in rats treated with SS-31. Accordingly, we demonstrated that inhibiting inflammation in the hippocampus also improves the brain functions in other regions. Furthermore, IL-1β expression in the astrocytes on day 30 did not differ in rats with SS-31 treatment as compared with baseline data; however, a significant difference was observed on day 30 in L group. This indicates that SS-31 produces long-term protective effects against prolonged neuroinflammation in aged rat.

For the correlation analysis, our result demonstrated that the LPS exposure caused altered brain function is highly correlated with impaired behavior performances in the short term (<7 days). Interestingly, in the long term, altered brain function could be observed in both L and L + S groups as compared with rats in the NS group with no difference in behavior performances found. Moreover, a significant difference could still be found in probe trial (day 37) after the second MWM training session (day 31–35). Previous studies in human subjects reported abnormal PET or fMRI change at preclinical stage of cognitive diseases (Jack et al., 2010; Sperling et al., 2011), indicating that altered brain function may appear early than abnormal cognitive function as disease develops. For the present study, our result indicated that altered brain function may still exist in the long term after LPS exposure although the behavior may already seem to be back to normal. Moreover, our result suggested that these subjects (normal cognitive function with altered brain function) survived from neuroinflammation are still likely to have a worse cognitive function as compared with rats with SS-31 treatment or without LPS exposure.

There are several limitations for the present study. First, learning effect cannot be fully excluded. For groupwise comparisons at the same time point, the learning effect is minimized because each group underwent same training procedure; however, for the time-wise comparisons, the learning effect is a possibility. Studies demonstrated that the MWM training altered FC within DMN for up to 7 days in adult rat (Nasrallah et al., 2016). Whether 23 days (from day 7 to 31) is a sufficient test period for aged rat requires further investigations. Second, anesthesia could potentially influence FC patterns. Although a recent study demonstrated that combined isoflurane and dexmedetomidine anesthesia is an appropriate anesthesia method (Paasonen et al., 2018), data on the aged rat brain are still lacking because aging has also been reported to have influence on FC patterns (Ash et al., 2016). Third, the correlation analysis was done on time spent and crossovers in the short term (<7 days) and latency in the long term (>30 days). The reason for doing this is that the FC and behavior performance have to be at the same time so that the individual difference can be largely avoided.

In conclusion, our study demonstrated that the LPS-induced hippocampal neuroinflammation causes impaired brain function in other regions in aged rats, while inhibiting the inflammatory response in the hippocampus improves brain function in hippocampus and other related regions. The protective effect of inhibiting inflammatory responses coexisted with the improved behavior performance, fewer IL-1β- and TNFα-positive astrocytes in the hippocampus DG region, and lower IL-1β and TNFα secretion at the systemic level.
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A Commentary on
 Urinary neopterin, a new marker of the neuroinflammatory status in amyotrophic lateral sclerosis

by Lunetta, C., Lizio, A., Gerardi, F., Tarlarini, C., Filippi, M., Riva, N., et al. (2020). J. Neurol. 267, 3609–3616. doi: 10.1007/s00415-020-10047-7



Amyotrophic lateral sclerosis (ALS) is a heterogeneous progressive neurodegenerative disorder characterized by weakness and muscle atrophy in different areas of the body. The diagnosis is based on (i) the presence of signs of impairment of the lower and upper motor neurons in the cerebral motor cortex, brainstem, and spinal cord, (ii) electrophysiological evidence for chronic neurogenic changes, and on (iii) the exclusion of other diagnostic possibilities (Brooks, 1994; de Carvalho et al., 2008). The physiopathology of the disease is still not completely defined; however, chronic neuroinflammation is a hallmark of ALS (Takeda et al., 2020). So far, there is no cure or effective treatment for ALS and the lack of reliable biomarkers in peripheral biological fluids compromises the monitoring of the progression of the disease.

Lunetta et al. in an elegant work evaluated whether urinary neopterin levels could be used as a surrogate marker to predict the neuroinflammatory status of ALS (Lunetta et al., 2020). The authors found a negative association between the severity of the disease and urinary neopterin concentrations, claiming that those levels would represent the degree of inflammation in the nervous system of ALS patients. Indeed, neopterin levels have been used as a sensitive marker of immune system activation for decades (for a review see Ghisoni et al., 2015b). Neopterin is a byproduct of tetrahydrobiopterin (BH4) metabolism, which is stimulated under inflammation to generate more BH4 and enhance nitric oxide synthesis, catecholaminergic neurotransmitters production, and the metabolism of ether lipids (for a review see Ghisoni et al., 2015b). As stated by the authors, it has been traditionally understood that neopterin is formed and secreted by immune cells upon stimulation by inflammatory mediators, namely interferon gamma (IFN-γ) and interleukin 1 beta, hydrogen peroxide, and others (for a review see Ghisoni et al., 2015b); compounds known to be increased in the biological fluids of patients affected by ALS (Vu and Bowser, 2017; Jin et al., 2020).

Believed for decades to be an inert metabolic byproduct, the functional role and the origin of neopterin in the human nervous system are still not fully understood. The evidence available in the literature suggested that neopterin crosses the blood-brain barrier (BBB), and therefore, neopterin cerebrospinal fluid (CSF) levels might reflect peripheral neopterin concentrations (Fuchs et al., 1989). However, this process would occur at a very low quotient (1/40) (Hagberg et al., 1993), suggesting that CSF neopterin might have a local origin and be independently synthesized in the nervous system. This is supported by the lack of correlation between CSF and blood neopterin concentrations in patients with neurological-neuroinflammatory chronic conditions with normal BBB function (Kuehne et al., 2013). Additionally, our group recently demonstrated that neopterin is secreted by primary human brain cells, neurons, astrocytes and microglia, after being challenged with lipopolysaccharide or IFN-γ, supporting that neopterin CSF levels represent the central production of the compound (de Paula Martins et al., 2018). We also showed in experimental studies that intracellular neopterin has cytoprotective and memory enhancing effects mainly by activating NRF-2, the master regulator of cellular anti-oxidative responses (Moi et al., 1994; Itoh et al., 1999). The demonstrated capacity of neopterin to enhance the activity of the antioxidant system and the mitochondrial function to favor the anti-inflammatory facet of the immune system, and to facilitate the triggering of long-term potentiation–a molecular mechanism involved in hippocampal memory formation–allowed us to propose that neopterin is an endogenous cytoprotective compound with the specific role of increasing cellular resistance against stress; e.g., during chronic inflammatory conditions (Ghisoni et al., 2015a,b, 2016). This new data support that intracellular neopterin in non-immune cells is associated with cytoprotective functions, while increased levels of neopterin in peripheral fluids would likely represent the degree of inflammation. Therefore, the peripheral levels of this pterin might not necessarily reflect the local nervous system inflammatory status–that would require increased BBB permeability - but might instead reflect the degree of systemic activation of the inflammatory response.

It is widely understood that biomarkers are necessary for the development, testing, and ongoing positioning of new drugs and also for monitoring the evolution of a disease (fda.org). In this context, the quantification of neopterin levels in the urine has the potential value of revealing the degree of systemic inflammation. Indeed, Lunetta et al. showed a positive correlation between urinary neopterin levels and C-reactive protein concentrations (although not stated in Lunetta et al., 2020) it is assumed the levels were assessed in the blood). However, according to the box-plot shown in Lunetta's Figure 1 (Lunetta et al., 2020), 75% of ALS urinary samples shared similar levels of neopterin with the healthy control group, which compromise the use of urinary neopterin as a surrogate marker of the degree of neuroinflammation in this condition. Additionally, levels of urinary neopterin are more prone to show higher variability than in plasma, since they are shaped by age, retention time at the moment of sample collection, and others factors (Kampmann and Hansen, 1981). Although the sample size is small, Figure 1 shows the greatest variability of neopterin levels in the urine in young healthy adults, an age-group not included in Lunetta's work (Lunetta et al., 2020).


[image: Figure 1]
FIGURE 1. Levels of neopterin in the urine of healthy controls grouped by age (A) or age and sex (B). Neopterin levels were assessed in urine samples collected in the morning with a minimum of 2 h retention in a collector plastic cup. Neopterin quantification was performed by liquid chromatography coupled with fluorescent detection as previously reported by our group (Scheffer et al., 2019). Graph was generated with GraphPad Software version 9.


Finally, Lunetta's work was a pioneer in demonstrating that systemic inflammation can be followed in urine samples of ALS-affected individuals. In addition, the authors stressed that this measurement might become a useful surrogate endpoint for classifying ALS candidates for future drugs aimed at intervening in the chronically exacerbated inflammatory response characteristics of ALS.
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Objective: The objective of the study was to explore patterns of white matter (WM) alteration in preclinical stage familial Creutzfeldt–Jakob disease (fCJD) using diffusion tensor imaging (DTI).

Methods: Seven asymptomatic carriers of the PRNP G114V mutation and six non-carriers were recruited from the same fCJD kindred and follow-up obtained from all asymptomatic carriers and two non-carriers 2 years later. Overlapping WM patterns were also explored in asymptomatic carriers and symptomatic CJD patients. All participants underwent clinical and neuropsychological assessments and DTI at baseline and follow-up. DTI data were subjected to whole-brain voxel-wise analysis of fractional anisotropy (FA) and mean diffusivity (MD) in WM using tract-based spatial statistics. Three comparisons were conducted: baseline carriers against non-carriers (baseline analysis), changes after 2 years in carriers (follow-up analysis), and differences between patients with symptomatic CJD and healthy controls (CJD patient analysis).

Results: Neither carriers nor non-carriers developed any neurological symptoms during 2 years of follow-up. Baseline analysis showed no differences between the carrier and non-carrier groups in MD and FA. Follow-up analysis showed significantly increased MD in multiple WM tracts, among which increased MD in the bilateral superior longitudinal fasciculus, bilateral anterior thalamic radiation, bilateral cingulate gyrus, and left uncinate fasciculus overlapped the patterns observed in patients with symptomatic CJD.

Conclusion: Changes in integrity within multiple WM tracts can be detected during the preclinical stage of fCJD.

Keywords: Creutzfeldt–Jakob disease, preclinical stage, diffusion tensor imaging, tract-based spatial statistics, white matter


INTRODUCTION

Creutzfeldt–Jakob disease (CJD) is a rare, fatal neurodegenerative disorder characterized by rapidly progressive dementia, motion disturbances, and akinetic mutism. Familial CJD (fCJD), which is caused by mutations in the prion protein gene, PRNP, and sporadic CJD (sCJD) are two major forms of CJD that share similar pathophysiological features (Jeong and Kim, 2014). Given the completely dominant and fully penetrant inheritance pattern of fCJD (Takada and Geschwind, 2013), asymptomatic PRNP mutation carriers provide an ideal preclinical model for research, while non-carriers from the same kindred represent the best control group for exploring the disease process. By investigating asymptomatic carriers and patients, previous studies have identified structural and metabolic alterations in individuals with both preclinical and symptomatic CJD.

Diffusion tensor imaging (DTI) is a non-invasive MRI technique that can determine the orientation and integrity of white matter (WM) fibers in vivo and has been widely used to show WM changes in the early stages of CJD. Previous DTI studies in CJD cases have demonstrated mean diffusivity (MD) changes in multiple WM tracts (Lee et al., 2012; Wang et al., 2013). A pathological study including 26 patients with CJD applying DTI and post-mortem analysis demonstrated reduced MD and reactive astrocytic gliosis in WM, suggesting WM pathological involvement in symptomatic CJD (Caverzasi et al., 2014b); however, there has been little research investigating WM integrity in the preclinical stage of CJD, although gray matter involvement has been proven (Lee et al., 2009). An FDG-PET study conducted by our research group revealed hypometabolism in the parietal and temporal lobes of the same individual with preclinical CJD (Lu et al., 2020), suggesting that metabolic changes may occur at least 10 years before the estimated onset of clinical symptoms. Therefore, further observations of changes in WM in preclinical CJD are of great significance in studying CJD pathogenesis, as such changes may jointly contribute to disease onset, along with alterations in gray matter.

To investigate changes in WM, we conducted a prospective DTI study in asymptomatic carriers and non-carriers of the PRNP G114V mutation from the same fCJD kindred, which were the same individuals as those included in our previous FDG-PET study (Lu et al., 2020). The purpose of the current study was to investigate the patterns of WM changes in the brains of individuals with preclinical CJD.



MATERIALS AND METHODS


Ethics Statement

The study protocols outlined in this manuscript were approved by the Ethics Committee and local Institutional Review Board of Xuanwu Hospital, Capital Medical University, Beijing. All methods and experiments were performed following the relevant guidelines and regulations. All participants enrolled in the study or their guardians signed an informed written consent giving specific approval for this study before the study commenced.



Participants

Data used in this study were from a Chinese Han fCJD kindred with a G114V mutation in PRNP, which has been followed since 2008. Post-mortem analysis was performed in the proband, confirming the diagnosis of CJD (Ye et al., 2008). Details of the clinical findings and genetic analysis of this family have already been published in our FDG-PET study (Liu et al., 2010). Thirteen asymptomatic family members aged > 18 years and one of whose parents was an fCJD patient or G114V mutation carrier were enrolled. Asymptomatic participants were defined as those who did not report any neurological complaints and were normal on neurological examination. Detailed exclusion criteria are provided in our previous FDG-PET study (Lu et al., 2020). Participants were divided into two groups: seven asymptomatic carriers of the PRNP V mutation and six non-carriers. All participants underwent clinical examination, neuropsychological assessment, electroencephalogram (EEG) testing, and DTI at baseline. All evaluations were double blind to the genotypes (i.e., neither physicians examining participants nor the participants themselves were aware of their gene mutation status).

Follow-up evaluation was carried out a mean of 2 years after the baseline interview in seven carriers and two non-carriers, and consisted of in-depth clinical examination, neuropsychological assessment, EEG testing, and DTI. Follow-up was not obtained for five non-carriers due to refusal to participate further in the study. All carriers and non-carriers for whom follow-up was obtained had received no treatment for cognitive impairment or neurological symptoms in the previous 2 years.

For comparison with the subset of carriers and non-carriers who were followed-up, from 2018 to 2019, 10 patients with symptomatic CJD who were not from the PRNP G114V fCJD kindred were enrolled from the clinic at Xuanwu Hospital, along with age-, and sex-matched healthy controls enrolled from the community. All patients with symptomatic CJD were diagnosed according to the European probable CJD criteria (Zerr et al., 2009). The exclusion criteria were as follows: (1) presence of other causes of cognitive impairment, including small vessel disease, stroke, infection, autoimmune diseases, metabolic diseases, and neurodegenerative diseases other than CJD; (2) incapable of cooperation; (3) history of traumatic brain injury; (4) history of psychosis or congenital mental growth retardation; or (5) contradiction for MRI. Controls were recruited if they had cognitive symptoms, normal general cognitive functioning, and no active neurological or psychiatric disease. The exclusion criteria for healthy controls were the same as those for asymptomatic family members (described above).



Neurological Assessments

All participants received standardized clinical and cognitive assessments including Mini Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), Clinical Dementia Rating (CDR), and neuropsychiatric inventory questionnaire assessments (NPI-Q). Clinicians who performed the assessments were unaware of the mutation status of participants.



Genetic Analysis for PRNP Gene Mutation

Venous blood samples (5 ml) were collected from 10 patients with symptomatic CJD in EDTA anticoagulant vessels and stored at -20°C. A blood extraction kit was used to extract blood DNA. DNA concentration and purity were determined using a NanoDrop2000. Specific primers were used to amplify DNA fragments in the region of the mutation site. Reaction system: 2 × Phanta Max Buffer 12.5 μl, Phanta Max Super-Fidelity DNA Polymerase (1 U/μl) 0.5 μl, dNTP Mix (10 mM each) 0.5 μl, Primer-F (10 μM) 1 μl, Primer-R (10 μM) 1 μl, DNA 1 μl, and water to 25 μl. Reaction procedure: 95°C denaturation 5 min; 95°C denaturation for 30 s, 65°C annealing for 30 s, 72°C extension for 30 s, 25 cycles, each cycle reduced by 0.6; 95°C denaturation for 30 s, 50°C annealing for 30 s, 72°C extension for 1 min, 20 cycles; 72°C extension 10 min. After PCR, 3 μl aliquots of products were analyzed by 2.5% agarose gel electrophoresis, and PCR products were also sequenced using an ABI 3730XL DNA Analyzer.



Electroencephalogram

All participants received a 2-h EEG at baseline and follow-up using 18-lead electroencephalographic transducers (Micromed, Italy). Electrodes were placed according to the international standard 10–20 system. Conventional single lead, double lead, and sphenoid lead were traced. Eyes closed and deep breathing experiments were performed.



MRI Acquisition and Imaging Parameters

Magnetic resonance (MR) scanning was performed on a GE Signa PET/MR 3.0 Tesla scanner (GE Healthcare, Milwaukee, WI, United States) in Xuanwu Hospital, Capital Medical University. All 13 asymptomatic family members received their first PET/MR scans in March 2017. Nine of them received follow-up scans in March 2019. All 10 patients with symptomatic CJD received their scans on the same scanner during their hospital stays from 2018 to 2020. DTI data were acquired using a spin echo-echo planar imaging sequence (TR/TE = 16,500/97.6 m) with a b-value of 1,000 s/mm2, applying diffusion gradients along 30 directions. Seventy axial slices, with no slice gap, were acquired (FOV = 220 × 220 mm2, matrix = 112 × 112, slice thickness = 2 mm, and number of excitations = 1).



Diffusion Tensor Imaging Processing

Diffusion tensor imaging data were preprocessed using the PANDA software package (a pipeline tool for analyzing brain diffusion images, PANDA; http://www.nitrc.org/projects/panda/), which was independently developed by the state key laboratory of cognitive neuroscience and learning of Beijing Normal University. Briefly, preprocessing involved correction of eddy current and head movement, creating a brain mask, and fitting the diffusion tensor model. Outputs were voxel-wise maps of fractional anisotropy (FA) and mean diffusivity (MD). The FA index of DTI is a sensitive neuroimaging measure of degeneration and describes overall WM health, maturation, and organization. MD is another index representing the average dispersion level and dispersion resistance of water molecules overall, which can reflect changes in brain tissue. Higher MD values indicate more free water molecules in the tissue, which influence the information transmission speed to some extent.



Tract-Based Spatial Statistics Analysis

Tract-based spatial statistics (TBSS) analysis was performed to explore the influence of CJD pathology on WM integrity. In TBSS, all participant FA and MD data were projected onto a mean FA tract skeleton before applying voxel-wise cross-participant statistics. Voxel-wise statistical analyses were conducted using a non-parametric permutation-based inference tool [“randomize,” part of FMRIB Software Library (FSL)] with the general linear model for statistical modeling. Paired t-tests, based on voxels, were used for comparisons between carriers at baseline versus follow-up. Student t-tests, based on voxels, were used for comparisons between carriers versus non-carriers at baseline, and CJD patients versus healthy controls. The DTI parameters at each voxel were modeled as linear combinations of predictors (five grouping variables) and covariates (age and sex), which were stored in the columns of a “design matrix”; significance thresholds were set at family-wise error (FWE) corrected P < 0.05 using the threshold-free cluster enhancement option.



Statistical Analysis

In this study, SPSS 23.0 software was used to evaluate statistical significance. Differences in age, education, and cognitive scores were assessed using the Student’s t-test. Sex differences were assessed using the Chi-square test. Results were considered statistically significant at p < 0.05.

Estimated years from expected symptom onset (EYO) values were calculated as the age of the participant at the time of assessment in this study minus the age of the parent at symptom onset; if the parent of the participant had not developed CJD symptoms, the age of the grandparent was used to calculate EYO. For example, if the participant was 35 years old, and the parent’s age at onset was 45 years, then the EYO value would be 10. Parental age at onset was determined using a semi-structured interview in which family members were asked about the age of first progressive cognitive decline.



RESULTS


General Characteristics of Study Participants

Asymptomatic family members (n = 13) were recruited from the same kindred [the same participants were reported in our previous FDG-PET study (Lu et al., 2020)]. A detailed family tree was published in the report of the FDG-PET and is provided in Supplementary Figure 1 (Lu et al., 2020). In this kindred, nine family members (four males and five females) have passed away due to CJD. Details of the clinical features and examination results of family members are summarized in Supplementary Table 1.

At baseline, seven asymptomatic carriers and six non-carriers from this kindred were examined. Demographic data and neurological assessment scores are summarized in Table 1. There was no significant difference in age, sex, years of education, MMSE score, or MoCA score between the seven asymptomatic carriers and six non-carriers. NPI-Q scores were 0 in all participants. Mean EYO was 13.7 ± 8.4 years in asymptomatic carriers. Details of clinical features and examination results are presented in Supplementary Table 2.


TABLE 1. Demographic data of mutation non-carriers and carriers at baseline.

[image: Table 1]All seven carriers and two of the six non-carriers underwent follow-up 2 years after baseline assessment. Neither the carriers nor the non-carriers had developed any neurological symptoms during the 2-year follow-up period. No signs of lesions were detected on EEG or regular MRI. Furthermore, there were no significant differences between baseline and follow-up MMSE and MoCA scores in the seven carriers. NPI-Q and CDR scores were 0 in all participants. Detailed clinical features are shown in Supplementary Table 2. Comparisons of the MRI analysis results of asymptomatic carriers at follow-up and baseline are shown in Supplementary Figure 2.

Among 10 patients with symptomatic CJD, three were familial cases with PRNP E200K mutations, and the other seven patients were sporadic cases with no mutations detected. Demographic data and neurological assessment scores for patients with symptomatic CJD are summarized in Table 2. There were no significant differences in age, sex, or years of education between patients with CJD and controls. Details of the clinical features and examination results for the 10 patients with symptomatic CJD are presented in Supplementary Table 3. The results of MRI analysis of patients with CJD and healthy controls are shown in Supplementary Figure 2.


TABLE 2. Demographic data of patients with Creutzfeldt–Jacob disease (CJD) and healthy controls.

[image: Table 2]


Group Differences in WM Diffusion Metrics Among the Groups

At baseline, TBSS analysis showed that there was no significant difference in MD and FA between asymptomatic carriers of the PRNP G114V mutation and non-carriers (FWE correction, p < 0.05). After 2 years, TBSS analysis showed that asymptomatic carriers had increased MD across multiple WM tracts, including the left inferior fronto-occipital fasciculus, left uncinate fasciculus, bilateral anterior thalamic radiation, bilateral cingulate gyrus, bilateral superior longitudinal fasciculus, and bilateral corticospinal tracts (FWE correction, p < 0.05; Figure 1). No reduced FA was observed in any WM tract.


[image: image]

FIGURE 1. Tract-based spatial statistics (TBSS) analysis of asymptomatic carriers at baseline compared with follow-up. Increased mean diffusivity (MD) was detected by TBSS analysis in asymptomatic prion protein gene (PRNP) G114V mutation carriers at follow-up relative to baseline [family-wise error (FWE) correction, P < 0.05]. Significant areas of increased MD (red code) in asymptomatic carriers at follow-up relative to baseline are shown with the skeleton (green code).


Furthermore, significant differences were detected between patients with symptomatic CJD and matched controls (FWE correction, p < 0.05; Figure 2). TBSS analysis showed that patients with CJD had increased MD across multiple WM tracts, including the bilateral cingulate gyrus, forceps major, bilateral anterior thalamic radiation, left uncinate fasciculus, and bilateral superior longitudinal fasciculus. No reduced FA was observed in any WM tracts.


[image: image]

FIGURE 2. TBSS analysis of symptomatic patients with Creutzfeldt–Jacob disease (CJD) compared with healthy controls. Increased MD was detected in patients with CJD compared with healthy controls (FWE correction, P < 0.05). Significant areas of increased MD (red code) in patients with CJD versus healthy controls are shown with the skeleton (green).


Among WM tracts with increased MD in patients with symptomatic CJD, asymptomatic carriers showed overlapping patterns in the bilateral superior longitudinal fasciculus, bilateral anterior thalamic radiation, cingulate gyrus, and left uncinate fasciculus (Figure 3). Details of the observed changes in MD are presented in Figure 4.


[image: image]

FIGURE 3. Overlapping patterns of increased MD were found between asymptomatic carriers and patients with CJD. Overlapping areas of increased MD (red code), significant areas of increase MD (blue code) in asymptomatic carriers at follow-up relative to baseline, and significant areas of increased MD (yellow code) in CJD patients versus healthy controls are shown with the skeleton (green code).



[image: image]

FIGURE 4. Detailed MD changes (FWE correction, P < 0.05) in overlapping white matter (WM) tracts between asymptomatic carriers and patients with CJD are shown. Overlapping patterns were detected in the bilateral superior longitudinal fasciculus, bilateral thalamic radiation, bilateral cingulate gyrus, and left uncinate fasciculus.




DISCUSSION

In this prospective study, we applied DTI to detect global WM involvement in asymptomatic PRNP G114V mutation carriers. We found that changes in WM were characterized by increased MD, accompanied by FA within the normal range. The observed alterations were mainly focused in several WM tracts in asymptomatic carriers, which included patterns overlapping those of patients with symptomatic CJD. Notably, the changes in WM tracts were also correlated with the gray matter metabolic alterations identified in our previous FDG-PET study. To our knowledge, our findings provide the first description of WM abnormalities in the preclinical stage of fCJD, which, together with the gray matter changes revealed by the FDG-PET study, describe pathological imaging changes occurring during the asymptomatic stage of CJD.

In our study, changes were found at follow-up in multiple WM tracts in asymptomatic carriers. Among the detected changes, those in the bilateral superior longitudinal fasciculus, bilateral anterior thalamic radiation, bilateral cingulate gyrus, and left uncinate fasciculus overlapped the patterns detected in patients with CJD. Previous investigations have also detected WM alterations in similar areas, consistent with our data. A DTI study of 26 patients with CJD found MD changes in WM, including in the uncinate fasciculus, superior longitudinal fasciculus, and anterior thalamic radiation (Caverzasi et al., 2014b). Another study applying DTI in 26 patients with CJD identified MD alteration in the cingulate gyrus (Caverzasi et al., 2014a). Notably, related gray matter changes were found in the same participants as those in this study in our previous investigation, which further supports our results.

An FDG-PET study was previously conducted in the same participants included in this investigation. The FDG-PET study focused on gray matter alterations, and the results suggested hypometabolic changes in the parietal and temporal lobes in the preclinical stage of CJD (Lu et al., 2020). Although there is limited evidence supporting WM changes in non-affected carriers, preclinical gray matter changes in the same participants could suggest the involvement of WM. In our FDG-PET study, hypometabolism was observed in the parietal and temporal lobes, while increased MD was found in the superior longitudinal fasciculus, cingulate gyrus, and uncinate gyrus, which are connected to the temporal and parietal lobes (Vogt et al., 2004; Price et al., 2008; Merchant, 2018). These data infer possible metabolic decline in the parietal and temporal lobes, suggesting potential impairment of these WM tracts. Overall, these findings suggest that WM pathological changes occur in patients with preclinical CJD and are potentially correlated with CJD onset.

In our study, increased MD and normal FA were detected in the WM of asymptomatic carriers, while the same alterations were also detected in patients with CJD, and represent pathological imaging changes in the clinical stage of the disease. It may be assumed that the imaging patterns detected in asymptomatic carriers are preclinical pathological changes rather than being secondary to aging; however, the DTI alterations detected differ from those usually reported in patients with CJD (Wang et al., 2013; Caverzasi et al., 2014b), although they are consistent with some other studies with findings that support our results. Notably, a DTI study in patients with familial CJD detected increased MD in several WM tracts, which is consistent with our findings (Lee et al., 2012). Other DTI investigations in patients with sCJD patients also found increased MD in WM (Grau-Rivera et al., 2017). Elevated MD usually appears in patients with demyelination or axonal degeneration, which leads to less restricted movement of water (Lee et al., 2012; Wang et al., 2013; Tromp, 2016); this interpretation is supported by previous histopathological studies, which suggested patchy foci of demyelination in WM (Park et al., 1980; Macchi et al., 1983; Antoine et al., 1996), similar to the pathological changes associated with the second stage of the Braak hypothesis in CJD (Caverzasi et al., 2014b; Iwasaki, 2020). Therefore, we speculate that the increased MD in both asymptomatic carriers and symptomatic patients could be explained by demyelination in the WM. FA reflects the ratio of axial to radial diffusitivity (Wang et al., 2013). We hypothesize that, as the observed WM changes may impair water diffusion in all directions (Matsusue et al., 2004; Wang et al., 2013), which may be attributed to both demyelination and axonal degeneration (Wang et al., 2013), similar alterations in both axial and radial diffusion could account for the observed relative preservation of FA. A previous study of patients with CJD also found that FA was within the normal range, consistent with our findings (Wang et al., 2013). Furthermore, FA preservation was observed in both patients with CJD and asymptomatic carriers, which could further implicate the clinical imaging changes.

A strength of this study is that it shows the earliest known brain changes detected by DTI in the asymptomatic stage of fCJD, which were correlated with the gray matter alterations determined by FDG-PET; however, these results require further confirmation, as the study was limited by the small sample size, since fCJD is a very rare disease. Additionally, the symptomatic patients included in this study were not from the same kindred as the asymptomatic carriers and non-carriers. As our data were collected as part of an ongoing research project, we anticipate that further analyses will be conducted, to investigate the dynamic changes of indices between the asymptomatic and clinical disease stages.



CONCLUSION

In conclusion, the preliminary results from our TBSS analysis indicate increased MD in several WM tracts and suggest the involvement of WM integrity in the preclinical stage of fCJD. Overall, this study may provide new insights into CJD pathogenesis.
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Area under ROC Sensitivity ~ Specificity Predictive Predictive Relative risk for

curve (95% CI) positive value  negative value  delirium (95% CI)
Retrospective cohort  APACHE Il 0595 (0.564,0.626)  88.40% 72.70% 45.40% 72.70% 1.661(1.605, 2.114)
Lymphocyte count  0.707 (0.676,0.739)  60.80% 78.50% 62.20% 79.40% 5.986 (4.671, 7.669)
Prospective cohort  APACHE I 0611 (0540,0.682)  56.30% 61.70% 50.00% 67.40% 2.071 (1.228, 3.509)
Lymphocytes count  0.728 (0.662, 0.795)  71.90% 69.50% 60.00% 79.50% 5.833(3.319, 10.259)
NK cells count 0895 (0.857,0.933)  80.20% 80.80% 72.60% 86.50% 17.049 (8.945, 32.495)

The cut-off values of NK cell count, APACHE Il score, and lymphocyte count were 87 cells/u, 21 points, and 0.96 x 10/, respectively. APACHE Il, acute physiology, and chronic
health evaluation ll: NK cell, natural killer cell: ROC, receiver operating characteristic: Cl, confidence interval.
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Variables Delirium (1 = 96) Non-delirium (n = 151) p-value
Age 747 +64 73859 0305
Sex, male 61(63.5%) 93 (61.6%) 0.758
APACHE I 22074 281%7.0 0.700
SOFA 51+46 58+43 0.622
Lactate 26+28 25+23 0.728
AtICU admission
PCT level, ng/mi 1.1(0.45,6.5) 0.81(0.2,5.1) 0.021
BDG, pg/rmi 82.4 (522, 112.9) 91.6 (413, 156.2) 0245
CRP. mg/L 1012+ 54.4 1352+ 92.8 0334
Neutrophi count (x 10°/L) 11273 13.0+£87 0.369
Lymphocyte count (x107/L) 0.83(0.56, 1.15) 072 (0.40, 1.08) 0.020
NLR 13.6 (7.8, 25.9) 15.7 9.2,27.0) 0399

APACHE I, acute physiology and chronic health evaluation Il; SOFA, sequential organ failure assessment; PCT, procalcitonin; BDG, 1,3-8-D-glucan; CRR, C-reactive protein; NLR,

neutrophil to lymphocyte ratio.
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Cell count (cells/p)

Delirium (n = 96)

Non-delirium (n = 151) p-value
B ymphocyte 89 (45, 144) 96 (45, 181) 0109
Tlymphocyte 509 (289, 799) 483 (302, 734) 0118
D4+ T 302 (196, 479) 294 (186, 465) 0120
cD8*+ T 148 (75, 301) 135 (72, 236) 0.686
NK cell 96 (68, 118) 56 (26, 92) 0.024
c3, gl 0726 +0.332 0781 + 0.369 0.363
C4, gl 0.181 £ 0.065 0167 + 0.062 04128
l0A, gL 258+1.23 248+1.27 0.602
109G, gL 112+44 10.76 + 4.9 0509
laM, g/L 077 +0.49 0.77 £ 0.4 0930

C3, complement factor 3: C4, complement factor 4; Ig, immunoglobuiin; LB,

. B lymphocyte; LY, lymphocyte; NK cell, natural killer cell.
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CJD patients Healthy controls p value

Number of participants 10 10 =
Age (years) 61+77 56+ 5.2 0.146
Sex (male/female) 4/6 5/5 0.661
Years of education 10+4.8 11 4 3.2 0.394
MMSE 44+£75 28+0.8 <0.001
MoCA 1.7+ 3.9 26 +2.7 <0.001
NPI-Q NA 0 =

Data are presented as mean + standard deviation.
MMSE, mini-mental state examination;, MoCA, Montreal cognitive assessment;
NPI-Q, neuropsychiatric inventory questionnaire; and NA, not available.





OPS/images/fnagi-13-655667/fnagi-13-655667-t001.jpg
Non-carriers Carriers p value

Number of participants 6 7 =

Age (years) 32 +8.0 33+ 10.4 0.77
Sex (male/female) 4/2 2/5 0.29
Years of education 11 £33 10 28 0.80
MMSE 29+ 1.2 29+ 0.8 1.00
MoCA 27 £i2T 26 + 51 0.77
NPI-Q 0 0 =

Data are presented as mean + standard deviation.
MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment; and
NPI-Q, neuropsychiatric inventory questionnaire.
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AD (n =15) MCI (n = 15) NC (n =15) P-value

Age (years) 74.40 + 8.33 71.93+7.35 64.07 + 6.10 =
Gender (M/F) 8/7 7/8 8/7 =
MMSE score 20.80 + 2.62 25.93+1.28 29.27 +£ 0.80 <0.001
CDR score 1.01 £0.42 0.47 £0.18 0.00 £ 0.00 <0.001

Data are reported as means =+ standard deviation. Abbreviations: AD, Alzheimer’s
disease; MCI, mild cognitive impairment; NC, cognitive normal controls; MMSE,
Mini-Mental State Examination; CDR, Clinical Dementia Rating Score.
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18F-FBB

Region NC MCI (effect size) AD (effect size)
Precuneus cortex 1.20+0.28 1.58 £ 0.60(0.92) 1.81 £ 0.43(1.68)
Parietal cortex 119+ 020 1.48+0.59(0.65)*  1.75+ 0.37(1.88)*
Anterior cingulate 1.08+0.36 1.42+0.69(0.61)* 1.62 + 0.33(1.56)*
gyrus

Posterior cingulate 1.16+0.28 1.683+0.7000.88* 1.78 +£0.41(1.76)*
gyrus

Frontal cortex 1.01£0.18 1.68 £ 0.93(1.00)* 1.7 &+ 0.32(2.65)*
Temporal cortex 1.10+0.26  1.66 £+ 0.83(0.91)*  1.76 + 0.35(2.71)*
Occipital cortex 1.13+0.20 1.48 +0.54(0.85)*  1.78 + 0.34(2.33)*
Global? 1.13+£043 1.55+0.11(1.34)* 1.73+0.62(1.12)*
Cerebellar cortex 0.92+0.14  0.97 £ 0.34(0.07) 0.99 &+ 0.16(0.19)

(reference region)

Data are presented as means + standard deviation. Abbreviations: AD, Alzheimer’s
disease; MCI, mild cognitive impairment; NC, cognitive normal controls; SUVR,
standardized uptake value ratio. *Significantly different from HC (P < 0.05).
**Significantly different from MCI (P < 0.05). @Arithmetic mean of anterior cingulate
and posterior cingulate gyrus, parietal cortex, frontal cortex, lateral temporal cortex,
and occipital cortex SUVR.
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Participants Age Sex Clinical diagnosis MMSE score CDR score FBB SUVR PIB SUVR

1 57 M NC 29 0 1.03 0.69
2 67 F NC 29 0 1.18 1.16
3 75 M NC? 28 0 1.13 0.75
4 64 F NC 28 0 1.06 0.90
5 63 F NC 30 0 1.4 1.05
6 59 F NC 30 0 1.09 0.94
7 64 M MCI 25 05 1.37 1.14
8 71 M MCI 26 0.5 1.62 1.69
9 73 M MCIP 27 05 1.59 1.81
10 85 F MCI 28 0.5 1.54 1.73
11 76 F MCI 27 0.5 1.48 1.39
12 86 M Early AD 21 1 1.84 1.71
13 78 M Early AD® 24 1 1.69 2.10
14 76 F Early AD 23 1 1.54 1.67
15 70 F Early AD 21 1 1.89 1.74
16 60 F Early AD 21 08 1.70 1.48
17 83 M Moderate AD 18 2 2.09 2.30
Total 71.0+9.10 2559 :+3.66 0534+ 054 1.46 +£0.32 1.47 £ 0.41

Data are reported as means + standard deviation. Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, cognitive normal controls; MMSE,
Mini-Mental State Examination; CDR, Clinical Dementia Rating Score; SUVR, standardized uptake value ratio. @Case d, ?Case b, and ¢Case a in Figure 1.
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Age (years)

Education (years)
Gender (male/ferale)
SBP (mmHg)

BMI (Kg/m?)
Antihypertension (yes/no)
Diabetes (yes/no)
Current smoker (yes/no)
FHS-CVD risk

MCI group (N = 43)

Low risk (N = 17) High risk (N = 26)

60.71 + 6.32 64.50 + 5.64
9.36 +2.80 9734327
o7 18/8.
117.47 £ 7.75 125.58 + 15.62
2278 +3.12 2410 £2.77
o7 11115
onz 5/21
o7 6/20
0.06 £ 0.02 0.24 +0.09

HC group (N = 29)

Lowrisk (N =15)  High risk (N = 14)

58.20 + 4.92 66.79 + 3.68
10.40 +3.44 1143 £279
1/14 6/8
116.93 + 10.84 126.21 + 13.74
2246 £ 1.78 23.94 £ 4.19
0/15 8/6
0/15 3/11
0/15 0714
0.06 +0.02 0.20 £0.08

diagnosis

0933
0.074
0.201
0.987
0770
0.423
0.883
0.072
0.180

Values were described as the mean + standard deviation (SD). The P-values were obtained by two-way analysis of variance (ANOVA). *P < 0.05.

risk

<0.001*
0.365
<0.001*
0.007*
0.055
<0.001*
0.008"
0.072
<0.001*

interaction

0.070
0.668
0.079
0.850
0.938
0.423
0.883
0.072
0.312
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Brain region BA Peak MNI coordinates (mm) Peak Cluster size

F-value (mm3)
X Y z

Main effect of diagnosis

L middle temporal gyrus 21 —60 0 —24 359 1,134

L superior parietal gyrus 5 -33 —45 66 398 945

Main effect of risk

L fusiform gyrus 20 -36 -9 =27 3.24 972

L precuneus 31 -2 —54 18 355 1,877

L cerebellum posterior lobe / -6 ~75 =27 3 1,431

Diagnosis x risk interaction

L hippocampus / —24 -6 24 3.48 1458

Al the regions survived the multiple comparisons based on Gaussian random field theory (GRF) (voxel-wise P < 0.01, cluster-wise P < 0.05, two-tailed). L, left; BA, Brodmann's area.
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Unadjusted Adjusted

OR (95% Cl) p-value OR (95% CI) p-value
Age 1.240 (0.988, 1.554) 0063 1.004 (0.988, 1.021) 0.624
APACHE I 1.028 (1.018, 1.044) <0005 1.024 (1.008, 1.040) 0.003
PCT 1.002 (0.997, 1.007) 0532 1.000 (0.995, 1.006) 0845
Neutrophi 1.014 (0.997, 1.081) 0105 1.008 (0.988, 1.028) 0.435
NLR 1.006 (1.000, 1.011) 0.061 1.013(1.008, 1.029) 0.018
Lymphocyte 1.366 (1.124, 1.660) 0,002 1.586 (1.228, 2.047) <0.005
Stroke history 1.527 (1.124, 2.075) 0007 1.408 (1.024, 1.922) 0.035

APACHE Il, acute physiology, and chronic health evaluation ll: PCT, procalcitonin; NLR, neutrophil to lymphocyte ratio; Cl, confidence interval.
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Variables

Delirium (n = 297)

Non-delifium (1 = 713)

Age
Sex, male
APACHE I
SOFA

Vital sign
Heart rate
Temperature
Respiratory rate
PFO2

Vital sign

Lactate

Treatrent received
Vasopressor
Mecharical ventiation
Early mobilization

746+7.4
173 (58.2%)
20566
59+46

96.8 +20.5

36.5+1.0

185+6.8
293.3 +163.3

24+23

202 (74.7%)
259 (87.2%)
159 (53.5%)

743£7.0
388 (52.2%)
189+£7.9
8.0+47

925+21.8

36.7+09

185+7.0
3418+ 181.4

23427

321 (45.0%)
607 (85.1%)
149 (20.1%)

0.626

<0.005
0.014
<0.005

APACHE Il, acute physiology, and chronic health evaluation Il: SOFA, sequential organ failure assessment.
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Variables Delirium (1 = 297) Non-delirium (1 = 713) p-value

At ICU admission

PCT level, ng/mi 12(0.20%7.8) 088 (0.21 + 4.29) 0.039
BDG, pg/rmi 72.4(32.2,142.2) 7356 (513, 137.4) 0.113
CRP. mg/L 117.9+84.4 12024798 0574
Neutrophi count (x10°/L) 113+4.8 106+ 4.2 0.083
Lymphocyte count (x107/L) 1.00+0.32 0824024 0.001
NLR 135 (7.7, 22.0) 17.1 (9.6, 26.4) 0.028
Vital sign
At 24 h after admission
Neutrophi count (x10°/L) 11.9+8.9 10937 0.084
Lymphocyte count (x107/L) 1.06+0.26 084018 0.013
NLR 12.7 8.0, 236) 12.8(7.8, 18.9) 0318
At 48 h after admission
Neutrophi count (x10°/L) 114+86 10935 0235
Lymphocyte count (x107/L) 1.07 £0.15 0.83+0.49 0.003
NLR 12.5(7.9 +23.7) 14.2(8.1 £ 24.1) 0.455
infection source <0.005
Lung 120 (40.4%) 233 (32.7%)
Bloodstream 25 (8.4%) 63 (8.8%)
Abdominal cavity 87 (20.3%) 254 (35.6%)
Thoracic and mediastinum 9(3.0%) 15 (2.1%)
utl 10 (38.4%) 42 (5.9%)
Blle duct 118.7%) 44(8.2%)
CNs 2(0.7%) 6(0.8%)
Other 13 (4.4%) 26 (3.6%)
Co-morbidities
Hypertension 172 (57.9%) 402 (56.4%) 0324
Stroke history 56 (18.9%) %2 (12.9%) 0.007
Diabetes melitus 83 (27.9%) 206 (28.9%) 0.495
Chronic kidney disease 21(7.4%) 49 (6.9%) 0.659

ICU, intensive care unit: PCT, procalcitonin, BDG, 1, 3--D-glucan; NLR, neutrophil to lymphocyte ratio; UTI, urinary tract infection; CNS, central nervous system.
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Variables

Delirium (n = 297)

Non-delirium (n = 713)

p-value

ICU stay time, day
Hospitalization time, day

28-day mortality

Duration of mechanical ventilation, hour
Duration of vasopressor usage, hour

142+ 14.6
22.4(12.1,40.0)

51(10.9%)
243.0 +309.6
247.2£304.8

59+10.9
16.1(9.8,27.9)
91 (11.1%)
100.1 £ 246.2
144.5 & 274.4

0.458
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Mar 2013-Dec 2017 Han2018z0ec2019)
2,526 patients withsepsis patients with sepsis
and aged265 years
Patients withage 265 years
1,061 patients 275 patients
Patients survived for atleast 24 hours Eiusioncriens o o
Patients without recognition dysfunction (n=7)
1,035 patients Patients without neutropenia (n=5)
Patientswithoutrecognition dysfunction 263 patients
1,026 patients Expiredwithin 24 hours (n=11)
Patients withoutneutropenia 252 patients
1,010 patients Lostfollow-up(n=5)
+ 247 patients
297 patients 713 patients =
with delirium withoutdelirium . L
9 patients 151 patients

with Delirium withoutDelirium
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Normal elderly

(n=20)
Age* (years) 64.81+3.19
Sex (malefemale) 19
Scanning status of imaging equipment’
cT1 4
cT2 6
MRI-1 5
MRI-2 5

*Age reported as mean  standard deviation.

Brain atrophy
(n=20)

70.95 £5.55
12:8

o~ N

Normal pressure hydrocephalus
(n=64)

70.77 £ 681
37:27

19
28
23
31

Acquired hydrocephalus
(n=51)

67.01 £5.41
31:20

24
16
18
20

#CT-1 represents the CT instrument of SOMATOM Definition Flash from Siemens, Germany. CT-2 represents the CT instrument of SOMATOM Emotion 16 from Siemens, Germany.
MRI-1 represents the 1.5T MR scanner (Avanto, Siemens, Erlangen, Germany). MRI-2 represents the 3.0T MRl scanner (Prisma, Siemens, Erlangen, Germany). The sfice thickness of
CT image includes: 0.5, 1.0, 1.5, 2.0, 4.8, 5.0mm. The slice thickness of MRI image includes: 1.0, 7.8, 8.0 mm.
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Modality The number of the training set  The number of the testing set

Thick-slice Thin-slice Thick-slice Thin-slice
MRI 1,013 1,629 189 982
cT 2,611 2,596 309 492

For CT and MR datasets, each dataset is divided into two groups. The training set is
only used for model training and optimization, whie the testing set is used to validate the
Sl dnaes o e tariad Frikkil
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Alpha-diversity Prestroke Poststroke

indices n=7)
1 day 3 days 5 days
(n=7) (n=6) (n=4)
Number of Mean 7,110 5,824 6,140 5,744
observed OTUs
SEM 1,130 407 202 344
P-value - NS NS NS
Shannon Mean 8.14 7.46 7.92 7.93
SEM 0.40 0.27 0.18 0.31
P-value - 0.05 NS NS
Evenness Mean 0.638 0.596 0.630 0.635
SEM 0.022 0.017 0.013 0.022
P-value - 0.02 NS NS

P-value, paired t-test comparing the mean prestroke values vs. each time point
poststroke. SEM, standard error of mean,; NS, not significant, P > 0.05.
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Lesion volume MLS Hemorrhage volume

Phylum  Bacteroidetes r=0.6318 r=0.5920 r=0.6310
P=0.0205 P =0.0330 P =0.0207
Firmicutes r=-0.7999 r=-0.7415 r=-0.8202

P=0.0010 P =0.0037 P =0.0006

Proteobacteria r=0.8500 r=0.7837 r =0.8856
P=0.0002 P =0.0015 P < 0.0001

Fusobacteria r=0.6817 F=0.5170 r=0.4576

P =0.0103 NS NS

Family  Lactobacillaceae  r=—-0.7057 r=—0.7150 r=-0.6911
P=0.0070 P =0.0060 P =0.0089

Enterobacteriaceae  r = 0.8440 r=0.7715 r=0.8802

P =0.0003 P =0.0020 P < 0.0001

Prevotellaceae r=0.7855 r=0.7120 r=0.7905
P=0.0042 P =0.0063 P =0.0013

Desulfovibrionaceae  r=0.7141 r=0.7966 r=0.7107
P=0.0061 P =0.0011 P =0.0065

Enterococcaceae r=0.8270 r=0.7174 r=0.8710
P=0.0005 P =0.0058 P =0.0001
Genus Lactobacillus r=-0.7056 r=-0.7150 r=-0.6910
P=0.0071 P =0.0060 P =0.0089

Prevotella r=0.7355 r=0.7120 r=0.7904

P=0.0042 P =0.0063 P =0.0013

Parabacteroides r=0.6110 r=0.5803 r=0.5573
P=0.0265 P =0.0376 P =0.0479

1, Pearson correlation coefficient; NS, not significant, P > 0.05.
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Method MRI cT

Thick Thin Mixed Thick Thin Mixed
U-Net (Ronneberger et al., 2015) 0.9226 0.7665 0.8353 0.9351 0.7987 0.8513
U-Net++ (Zhou et al., 2018) 0.9159 0.8495 0.8602 0.9421 0.7797 0.8424
Ours 0.9323 0.9056 0.9099 0.9365 0.8697 0.8954

For each trained model, we tested it on thick-slice data only, thin-slice data only, and the combination of these two data. We can see that our method outperforms the other two
state-of-the-art methods by a large margin, especially on the thin-slice images. Bold values indicate the best performance.
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Exp. Thick Thin
Thick

v 0.9390

2 o 0.0034
3 v v 09323

MRI
Thin
0.8199

0.0108
0.9056

Mixed

0.8391
0.0110
0.9099

Thick

0.9438
00109
0.9365

cT
Thin

0.8345
0.0006
0.8697

Mixed

0.8767
0.0069
0.8954

Trained our model with different thickness images. “Thick” represents our model is trained with labeled thick-slice images, and “Thin" means the model is trained with thin-slice images
without annotations. We can see with the help of the semi-supervised training technique we proposed, our method can gain a significant improvement on thin-slice images. Bold values

indicate the best performance.
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Method cT

Subarachnoid hemorrhage

(n=24)
U-Net 0.9091
U-Net++ 0.8903
Ours 0.9407

Trauma
(=13

0.9143
0.8835
0.9454

Tumor
=3

0.9387
09219
0.9364

Subarachnoid hemorrhage
(=24

0.9085
0.9004
0.9105

MRI

Trauma
(n=10)

0.8729
0.8649
0.8919

Tumor
=4

0.92
0.9274
0.9231

Divide patients with acquired hycrocephalus into cerebral hemorrhage group, brain trauma group, and brain tumor group according to the cause of the disease. Using our method to
autometically segment the images of the three groups of patients, the resuils of GT images show that the Dice of the three groups are 0.94, 0.95, and 0.94, respectively. The results of
the MRI image showed that the Dice of the three groups were 0.91, 0.89, 0.92, respectively. Bold values indicate the best performance.
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Day Cluster Sub-regions Cluster size t-value Paxino’s atlas
(Total) x y z
3 Cluster 1 507 ~59723 46668 3.1200 -9.9579
Right-olfactory cortex 83 ~5.3672 4.6602 32190 -9.4779
Right-visual cortex 31 ~4.4835 46536 28755 -8.9979
7 Cluster 1 709 59146 -3.1826 1.2896 —2.7579
Left-parietal association cortex 61 53679 -33144 1.1826 -3.2879
Left-sensory cortex 373 59146 -3.1826 1.2896 ~2.7579
Cluster 2 165 5.9085 ~1.3408 02183 -0.8379
Left-motor cortex 158 5.9085 ~13406 02183 -0.8379
31 Cluster 1 32 4.781 57394 65273 ~9.9579
Right-flocculonodular lobe 21 4.781 57394 65273 -9.9579

L, left; R, right. The ROIs were drawn according to the rat anatomic atlas (Paxino and Watson, 4th edtion).

"The t-values were the maximum values of the two-sample t-tests for the ROIs with statistical significance (showing the greatest sttistical significance within a cluster). A positive t-value
means increased FC, while a negative t-value means the opposite. Comparison was performed for L and L + S groups, with the L group as baseline. p < 0.001 and a cluster size of
20 was considered as statistically significant.
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Day Cluster
(Total)

3 Cluster 1

Cluster 2

Cluster 3

Cluster 4

7 Cluster 1

31 Cluster 1

Cluster 2

Sub-regions

Right-orbital cortex

Right-visual cortex
Right-sensory cortex

Left-retrosplenial cortex

Left-parietal association cortex

Right-olfactory bulb

Left-hippocampus

Right-sensory cortex

Cluster size

80
80
402
87
110
248
163
29

69

164
144
154
154
53

53

t-value

—4.2017
-4.2017
5.4930
5.1701
5.4734
42736
42736
47769
4.7769
-5.6104
-5.6104
-5.1868
—5.1868
4.4788
4.4788

x

2.4818
2.4818
3.2489
31171
3.5018
-0.6197
06197
—2.1034
—2.1034
1.4882
1.4882
—-4.4751
—4.4751
5.6206
5.6206

Paxino’s atlas

y

4.9159
49159
0.8785
1.0547
0.7093
1.1396
1.1396
—0.1988
—0.1988
2.8678
2.8678
3.5214
3.5214
2.6984
2.6984

z

3.0021
3.0021
-3.7179
—4.1979
-8.2879
—4.1979
—4.1979
-3.2879
-8.2879
7.3221
7.3221
-5.6379
—5.6379
-1.3179
-1.3179

L, left; R, ight. The regions of interest (ROs) were drawn according to the rat anatomic atlas (Paxino and Watson, 4th edition).

*The t-values were the meximum values of the two-sample t-tests for the ROIs with statistical significance (showing the greatest statistical significance within a cluster). A positive t-value
means increased FC, while & negative t-value means the opposite. Comparison was performed for L and CON groups, with the V group as baseline. p < 0.001 and a cluster size of 20

was considered as statis

ically significant.
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mRNA

IL-1p

TNFa

p-actin

Forward primer (5 — 3')
5/-ATGAGAGCATCCAGCTTCAAAT
[X:3
5/-CAAGAGCCCTTGCCCTAA

5-CCCATCTATGAGGGTTACGC-3'

Reverse primer (5' — 3)

5'-CACACTAGCAGGTCGTCAT
CATC-3'
5'-CAGAGCAATGACTCCAAAG
TA-Z
&-TTTAATGTCACGCACGATTT
c-3
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Subjects

Control cp
Numbers 45 23
Mean age (years) 625+ 84 63.2+4.1
Sex, M/F 21/24 10113
Mean MMSE score 278+16 204 +33
Mean duration of disease (years) 108+ 0.5

MMSE, Mini-Mental State Examination;

Data are displayed as the mean + SEM.
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Protein definition

spot No.* Accession GINo. ~ Score  Sequence coverage (%)  pl® Mwe Variation ratio  p-value
118 Cofilin-2 6671746 110.26 239 877 187095 +9.48 0.0014
147 Heat shock protein beta-1 4504517 40.20 1.7 598 227825 +5.23 0.0084
196 Retinol-binding protein 4 18088326 63.16 237 576 230100 +5.45 0.0011

209 Triosephosphate isomerase 1906326 170.29 57.1 565 307917 +25.37 0.0854
263 Cathepsin B 6651089 50.39 76.1 588 378216 +10,000 0.0217
313 Haptoglobin 202156 30.27 159 613 458615 +5.20 0.0018
332 Alpha-1-antitrypsin 189163542 150.21 61.4 537 467365 +2.27 0.0004
375 Clusterin 355594753 80.21 225 468 524945 +2.63 0.0434
406 Cormplement factor B 4261689 110,63 365 667 855329 +10,000 0.0059
453 M-H4 262050538 80.26 232 653  103358.1 —4352 0.0038

Serum proteins from GP patients and controls were separated by DIGE and compared DeCyder 7.0 (GE Healthcare). Spots with p < 0.05 and variation ratio >1.5-fold between groups
were considered as the differential spots. “Ratio = 10,000” means the spot presented only in one group. Their identities were determined by LC-MS/MS as described in “Materials and
Methods” section. Spot numbers comespond to those in Figure 2. *Spot numbers correspond to those in Figure 2B. °pl is the theoretical calculated from the amino acid sequence
of the predicted mature protein. MW refers to the theoretical molecular mass is kDa calculated from the amino acid sequence.
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Authors Disease Medicinal plant Effects on the level of IL-17A

Zhang Y. et al. (2015) D Matrine Reduction
Fragoulis et al. (2017) D Kavalactones methysticin Reduction
Chen et al. (2019) AD Oxymatrine Reduction
Sanadgol et al. (2017) Ms Ellagic acid Reduction®
Zhang J. et al. (2015)/Wang et al. (2008) Ms Tripchlorolide Reduction®
Wang et al. (2012) Ms Huperzine A Reduction®
Zhao et al. (2011) Ms Matrine Reduction
Singh et al. (2007) Ms Resveratrol Reduction

AD, Aizheimer's disease; MS, Multiple sclerosis; 2Ellagic acid decreases IL-17A s dose-dependent; b Tripchiorolide suppressed the mRNA levels of IL-17A; *Huperzine A down-regulates
mRNA and protein levels of IL-17A.





