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Editorial on the Research Topic
 Neuroinflammation and Cognition



Aging is a complex process, and one of the major risk factors for onset and progression of various neurodegenerative diseases. Increased human longevity has magnified the negative impact that aging can have on cognitive performance. The number of individuals 65 years or older will increase exponentially over the next several decades, and age-related cognitive impairment is expected to have a detrimental impact on individuals, their families, and society. An early sign of age-related cognitive decline in humans and rodent models is impaired executive function and spatial memory performance. Synaptic plasticity in the mammalian central nervous system has been the subject of intense investigation, and is regarded as a principal candidate for cellular mechanisms involved in learning and memory. Senescent physiology including altered synaptic plasticity and cell excitability contributes to the decline in cognitive function associated with aging and age associated neurodegenerative diseases. Neuroinflammation is a common feature of virtually every central nervous system disease, and is being increasingly recognized as a potential mediator of cognitive impairments. Systemic inflammation levels are increased with advanced age and neurodegeneration. The impact of age on neuroinflammatory responses including glial activation, increased production of proinflammatory cytokines, and aberrant neuronal signaling could magnify the deterioration of the central nervous system microenvironment in disease, and may contribute to accelerated cognitive impairment. However, a clear mechanistic understanding of these interactions is lacking. Given the high complexity of aging process and various mechanisms contributing to age-associated cognitive impairment, it is an arduous task to pinpoint on any single factor. This research topic in the Frontiers in Aging Neuroscience has produced a highly informative collection of original research articles (13), reviews (two), and a general commentary that cover comprehensive aspect of neuroinflammation and possible therapeutic interventions in rescuing cognitive impairments.

First, in their original research article, Ianov et al. provided detailed research findings related to gene expression profile in hippocampal sub regions and their association with aging and cognition.The authors employed two next-generation RNA sequencing platforms, Illumina, and Ion Proton, to examine gene expression differences related to brain aging and cognitive impairment in CA1, CA3, and dentate gyrus of the hippocampus. Their results demonstrate differences in gene expression in hippocampal sub regions and indicate regional differences in susceptibility to advanced age and cognitive performance. Rani et al. reported their exciting results in regards to miRNA in circulating microvesicles as being biomarkers for age-related cognitive deficit. The authors demonstrated that miRNA, from extracellular microvesicle enriched plasma samples, correlates with cognitive status in healthy elderly individuals. Bradburn et al. published their results in regards to elevated biomarkers of systemic inflammation and cognitive decline. The authors performed meta-analysis of prospective studies investigating the relationship between established markers of peripheral inflammation, the interleukin-6, with risk of cognitive impairment. Their results provide an evidence that individuals with high baseline interleukin-6 are more likely to develop cognitive decline. Rai et al. investigated the protective role of aqueous extract of Mucuna pruriens (Mp) against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuroinflammation and behavioral abnormalities, and delineated possible signaling pathways. The authors found that oral administration of MPTP in mice significantly and negatively influenced the behavioral performance and induced an increase in various inflammatory markers including glial fibrillary acidic protein, intercellular cell adhesion molecule, and tumor necrosis factor alpha in substantia nigra pars compacta. Treatment with Mp significantly reduced these inflammatory markers. The authors conclude that administration of Mp extract reversed MPTP-induced neuroinflammation and behavioral abnormalities by activating nuclear factor kB/pAKT signaling pathways. Nusrat et al. illustrated with their novel research on the role of acute and chronic cyclosporine A treatment on activation of endogenous neural precursor cells, neuroprotection, and tissue damage. The authors demonstrated that long-term treatment with cyclosporine A activated neural precursor cells, stimulated migration of neural precursor cells to the site of injury, and ameliorated cognitive recovery. Lee et al. in their original research investigated beneficial effects of Antler combined with Liuwei Dihuang pills (ALWPs) on cognition and lipopolysaccharide (LPS)-induced neuroinflammation. The authors found that oral administration of ALWPs rescued LPS-induced short and long-term memory impairment and attenuated microglial activation, possibly by modulating toll-like receptor/focal adhesion kinase/nuclear factor-kB signaling pathways. Hei et al. investigated the expression profile of growth factor neuregulin 1 (NRG1) and tyrosine kinase receptor ErbB4 in the CA1 region of the hippocampus following chronic cerebral hypoperfusion, and their possible relationship with neuronal degeneration and glial activation. The authors demonstrated that the expression of NRG1 and ErbB4/phospho ErbB4 peaked during acute phase and then decreased in the chronic phases of cerebral hypoperfusion. The expression of NRG1/ErbB4 in the CA1 region of the hippocampus was positively correlated with the degree of neuronal apoptosis, but not with glial activation. The study by Yang et al. investigated the influence of naringin dihydrochalcone on cognitive performance and the neuropathology of an Alzheimer's mouse model. Their results illustrate that oral administration of naringin dihydrochalcone ameliorated cognitive function, reduced amyloid plaque burden/Aβ levels, attenuated neuroinflammation, and augmented neurogenesis. The paper by Lin et al. provides evidence for a mediating role of systemic inflammation on the association between age and cognitive function. The study assessed serum concentrations of three inflammatory biomarkers, interleukin 6 (IL-6), tumor necrosis factor alpha, and C-reactive protein, as well as measured processing speed and short-term memory via performance-based tests in 47 young and 46 older generally healthy adults. A mediation analysis showed that the level of IL-6 partially accounted for differences in processing speed between young and older participants. IL-6 also mediated age-related impairment in processing speed within the older but not in the young participant group. The study observed no associations between any of the inflammatory biomarkers and short-term memory. Klein et al. in their innovative research investigated whether microglia in the middle-aged central nervous system responded differently to demyelination process. The authors reveal that in middle-aged animals, microglia, the resident immune cells of the central nervous system, are already altered, and react differently to demyelination. Cichoń et al. in their work evaluated the influence of extremely low-frequency electromagnetic field therapy on neuroplasticity in the rehabilitation of patients following moderate stroke. The authors report that electromagnetic field therapy significantly improved functional recovery in post-stroke patients by ameliorating neuroplasticity processes including upregulation of neurotrophic factors and plasma cytokines. In their original research article, Tiwari et al. explored for the first time the neuroprotective influence of withaferin A against amyloid beta pathology. The authors observed that amyloid beta significantly damaged the neuronal function and morphology, and withaferin A reduced the amyloid beta-induced neurotoxicity.

Rai et al. published their commentary on an article entitled “mild endoplasmic reticulum stress ameliorates LPS-induced neuroinflammation and cognitive impairment via regulation of microglial polarization” by Wang et al. (2017), suggesting that mild to moderate level of endoplasmic stress could provide an alternative therapeutic to delay neuroinflammatory-induced neurodegenerative diseases (Rai et al.).

In their review article, Musella et al. provided an overview of clinical and experimental studies emphasizing the various impacts of advanced age on motor disability and cognitive impairment in multiple sclerosis. The authors raised challenging questions on the putative age-related mechanisms including neuroinflammatory processes in contributing to the onset and progression of neurodegenerative processes related to multiple sclerosis. Sompol and Norris in their well-designed review article described age-associated alterations in Ca2+ regulation and the relation of these alterations to neurodegenerative diseases. The authors described that changes in Ca2+ regulation are usually attributed to neurons and are commonly discussed in the context of neuronal signaling pathways. However, astrocytes also exhibit striking aging and disease-related changes in Ca2+ regulation, especially in regions of marked pathology. The authors further report that the altered expression and activity of the Ca2+-dependent protein phosphatase, calcineurin, in activated astrocytes is a function of age, injury, and disease. Calcineurin is found in a proteolized and highly activated state in astrocytes associated with amyloid deposits and damaged or occluded cerebral blood vessels. Blockade of the calcineurin-dependent transcription factor, the nuclear factor of activated T cells-selectively activated astrocytes, improved synaptic function, reduced excitotoxic damage, and stabilized cognition in a variety of rodent models of injury and disease. Finally, the authors conclude that Ca2+ dysregulation in activated astrocytes results in neurologic dysfunction due to hyper activation of calcineurin.

Aging is characterized by a progressive increase in neuroinflammation, which contributes to cognitive impairment, associated with aging and age-related neurodegenerative diseases including Alzheimer's. However, mechanisms linking neuroinflammation and cognitive impairment are not yet clearly elucidated. Overall, this research topic attracted plenty of interesting original research articles as well as few reviews, and a general commentary, which brought comprehensive knowledge of age-related neuroinflammation and cognitive decline. This collection of remarkable articles delivered detail information on age-associated enhanced neuroinflammation and its influence on cognition. Finally, I hope that this research topic has provided understandings of therapeutic approaches for the treatment of aging-associated neuroinflammation-induced cognitive impairment.
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Aging is one of the main risk factors for the development of many neurodegenerative diseases. Emerging evidence has acknowledged neuroinflammation as potential trigger of the functional changes occurring during normal and pathological aging. Two main determinants have been recognized to cogently contribute to neuroinflammation in the aging brain, i.e., the systemic chronic low-grade inflammation and the decline in the regulation of adaptive and innate immune systems (immunosenescence, ISC). The persistence of the inflammatory status in the brain in turn may cause synaptopathy and synaptic plasticity impairments that underlie both motor and cognitive dysfunctions. Interestingly, such inflammation-dependent synaptic dysfunctions have been recently involved in the pathophysiology of multiple sclerosis (MS). MS is an autoimmune neurodegenerative disease, typically affecting young adults that cause an early and progressive deterioration of both cognitive and motor functions. Of note, recent controlled studies have clearly shown that age at onset modifies prognosis and exerts a significant effect on presenting phenotype, suggesting that aging is a significant factor associated to the clinical course of MS. Moreover, some lines of evidence point to the different impact of age on motor disability and cognitive deficits, being the former most affected than the latter. The precise contribution of aging-related factors to MS neurological disability and the underlying molecular and cellular mechanisms are still unclear. In the present review article, we first emphasize the importance of the neuroinflammatory dependent mechanisms, such as synaptopathy and synaptic plasticity impairments, suggesting their potential exacerbation or acceleration with advancing age in the MS disease. Lastly, we provide an overview of clinical and experimental studies highlighting the different impact of age on motor disability and cognitive decline in MS, raising challenging questions on the putative age-related mechanisms involved.

Keywords: aging, cognition, experimental autoimmune encephalomyelitis, multiple sclerosis, neurodegeneration, neuroinflammation, synaptic plasticity, synaptopathy

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory neurodegenerative disease of the central nervous system (CNS), mainly affecting young adults. Its exact etiology remains unknown, but it is widely accepted that genetically susceptible individuals develop MS after exposure to undefined environmental triggers. MS is primarily characterized by a breakdown in immune tolerance to myelin and neuronal antigens and by a dysfunction of the blood brain barrier (Gourraud et al., 2012; Beecham et al., 2013; Olsson et al., 2017). Typically, infiltrating myelin-reactive lymphocytes (mainly T-cells but also B-cells) attack myelin sheaths and axon antigens on oligodendrocytes and neurons in the CNS. This event causes an inflammatory cascade, formation of large demyelinating plaques in the white matter and gliosis, neuroaxonal degeneration and synaptopathy, leading to an impairment of the neuronal signaling and, later on, to neurodegeneration (Compston and Coles, 2008; Dendrou et al., 2015; Mandolesi et al., 2015). Clinical manifestations include motor impairments, sensory and visual disturbances, fatigue, pain, mood disturbances and cognitive deficits, in relation to the spatiotemporal dissemination of pathological lesion sites in the CNS (Dendrou et al., 2015). Most of MS patients start with a relapsing remitting phase (RRMS), which later develops into a secondary progressive phase (SPMS). In primary progressive MS (PPMS) patients, the relapsing stage is absent and the disease starts already with a progressive loss of neurological functions (Compston and Coles, 2008; Disanto et al., 2010; Lassmann et al., 2012). Innate reparative processes can occur through remyelinating and neuronal repairing processes, which are highly variable among patients (Stangel, 2008; Bramow et al., 2010).

An important feature of adult MS is chronological age, consisting in a defined age interval between the mid-twenties and late-thirties for disease onset and a time limit, after the fifth decade, when the disorder is rarely diagnosed (Polliack et al., 2001; Sanai et al., 2016). Mounting evidence suggests that prognosis of MS appears to be, at least to some extent, dependent of age and not markedly influenced by the initial, exacerbating-remitting or progressive disease course (Confavreux and Vukusic, 2006; Scalfari et al., 2011; Cossburn et al., 2012; Sanai et al., 2016; Roy et al., 2017; Ruano et al., 2017). Many age-related changes affecting the brain could collectively affect neuronal viability and vulnerability in MS: increased iron accumulation, oxidative stress followed by mitochondrial injury, decrease of trophic support from the peri-plaque environment, decline of remyelination, chronic, systemic low grade inflammation as well as a broad increase in the production of inflammatory molecules such as pro-inflammatory cytokines (“inflammaging”; Pizza et al., 2011; Dorszewska, 2013; Dendrou et al., 2015; Di Benedetto et al., 2017; Bolton and Smith, 2018). Although further efforts are necessary to better clarify this aspect, the present review highlights common inflammatory processes occurring in both aging and MS brain that might be critical for understanding why age is an important risk factor for MS disability (motor and cognitive) and progression.

IMMUNE SYSTEM DYSREGULATION IN MS: THE IMPACT OF AGING

Key age-associated changes in the CNS are triggered by microglia, their impaired regulation (low-grade inflammation and inflammaging) and the inflammatory and oxidative stressful environment they build up. Immune challenges, such as infections, surgery, or traumatic brain injuries, result in greater susceptibility to memory impairments and altered synaptic plasticity during aging (Ojo et al., 2015; Cornejo and von Bernhardi, 2016; Matt and Johnson, 2016; Bettio et al., 2017; Di Benedetto et al., 2017). On the other hand, advanced age is associated with a phenomenon called immunosenescence (ISC) which refers to a weakening in integrity and efficiency of the adaptive and innate immune systems (Walford, 1969; Denkinger et al., 2015; Di Benedetto et al., 2017).

In past years, researchers have spent much effort to understand the impact of aging and ISC on adaptive immunity in MS and in its rodent model, experimental autoimmune encephalomyelitis (EAE). From these studies, which were primarily focused on the analysis of biomarkers of ISC at peripheral level (Bolton and Smith, 2018), emerged that a premature ISC might operate during the course of MS and of EAE (Bolton and Smith, 2018). The effects of a prematurely aged immune system and ISC on MS and EAE are still unknown, but emerging data justifies and encourages further investigation. ISC typically affects both adaptive and innate immune systems. The most relevant changes in the adaptive immunity are decreased peripheral naïve T cells and concomitant accumulation of late-stage differentiated memory T cells, with reduced antigen receptor repertoire diversity. This phenomenon results from age-related impairments in the hematopoietic stem cell compartment (which generates few T-cell precursors), and from thymic involution. An increase of circulating cytokines facilitates a systemic and chronic, low-grade, inflammatory state which is typical of aging (termed “inflammaging”). This systemic inflammation may promote neuroinflammation by modulating glial cells, leading to an increased risk for developing neurodegeneration and cognitive impairment (CIs) in healthy individuals (Pizza et al., 2011; von Bernhardi et al., 2015; Di Benedetto et al., 2017). In MS patients, the additional inflammation carried by peripheral immune cell infiltration and by CNS-resident immune cell activation may significantly accelerate the inexorable aging processes in the CNS, and as the resulting stress response is excessive for homeostasis to be properly preserved (Dendrou et al., 2015), prominent neurodegenerative processes progressively follow (Figure 1).
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FIGURE 1. Key neuroinflammatory processes occurring in the central nervous system (CNS) of multiple sclerosis (MS) patients influenced by aging. Immune cell infiltration from the periphery, mainly through the blood–brain barrier, is a prominent feature of early-stage MS (top panel). Peripheral innate and adaptive immune cells, along with activated CNS-resident microglia and astrocytes, promote demyelination, axonal injury and synaptopathy mainly through action of soluble inflammatory (IL-1β, Interleukin-1β; TNF, tumor necrosis factor; IFN-γ, interferon-γ; IL-17, interleukin-17) and neurotoxic mediators. Neuronal damage can be completely or partly resolved due to remyelination, resolution of inflammation and neuroprotective/reparative mechanisms (growth factors). Furthermore, additional mechanisms, from local synaptic plasticity to brain rewiring, intervene to functionally compensate synaptic loss (long-term potentiation, LTP). With advancing years, premature aging processes such as peripheral immunosenescence (ISC) and inflammaging may lead to age-related changes in the blood. Neuronal senescence and unusual microglia (primed) activation as well as astrogliosis (IL-1β; IL-6; TNF; granulocyte–macrophage colony-stimulating factor, GM-CSF; CC-chemokine ligand 2, CCL2) might contribute at exacerbating MS neuroinflammatory processes (synaptopathy, impaired synaptic plasticity, reduced production of brain derived neurotrophic factor (BDNF) and insuline-like growth factor (IGF-1)). Later on (bottom panel), immune cell infiltration wanes, perhaps due to adaptive immune cell exhaustion from chronic antigen exposure. However, chronic CNS-intrinsic inflammation, and other processes influenced by age (such as oxidative stress, mitochondrial injury, iron accumulation and excitotoxicity) might contribute at exacerbating early pathological processes leading to neurodegeneration. Further microglial recruitment and activation might be induced by interaction with astrocytes releasing CCL2 and GM-CSF as occur during aging. Astrocytes can prevent remyelination at sites of neuroaxonal injury by inhibiting progenitor cells from developing into mature oligodendrocyte cells (ODCs). RNS, reactive nitrogen species; ROS, reactive oxygen species.



Accumulating evidence suggests that an exacerbation of common neuropathological aspects of MS and of aging brain, such as synaptic dysfunction and loss (synaptopathy) and synaptic plasticity impairment (Di Filippo et al., 2008; Weiss et al., 2014; Mandolesi et al., 2015; Stampanoni Bassi et al., 2017), might contribute to explain why aging may impact on MS disability.

INFLAMMATORY SYNAPTOPATHY AND SYNAPTIC PLASTICITY IN MS/EAE AND IN AGING BRAIN

Synaptopathy

Synaptophaty refers to a progressive dysfunction and loss of the synaptic compartment of the CNS that is emerging as a pathophysiological feature of MS disease and of its mouse model EAE (Mandolesi et al., 2015; Henstridge et al., 2016). Along with demyelination and axonal damage, synaptopathy contributes to the neurodegenerative decline of the CNS starting since the early phase of the disease. In MS and EAE, neuroinflammation is responsible for an imbalance between the glutamatergic and GABAergic systems in the brain and spinal cord. During acute inflammatory attacks in MS and EAE, pro-inflammatory cytokines (such as tumor necrosis factor (TNF); interleukin-1β (IL-1β)), released from activated microglia and astroglia as well as from infiltrating lymphocytes, trigger a progressive increase of the glutamatergic transmission and an impairment of the GABAergic synaptic response, leading to uncontrolled excitability and possibly to neurodegeneration (Centonze et al., 2009; Rossi et al., 2011, 2012, 2014; Mandolesi et al., 2012, 2013, 2017a; Nisticò et al., 2013; Mori et al., 2014a). Synaptopathy has long-lasting effects (such as excitotoxic damage) that can give rise to motor and CIs. It is remarkable that traits of neuroinflammatory synaptopathy are evident also in normal aging brains (Viviani and Boraso, 2011; Barrientos et al., 2015; Bettio et al., 2017), strongly suggesting an exacerbation with age of pathological events occurring in MS (Figure 1). It has been indeed suggested that during aging, peripheral ISC and inflammaging may favor the activation of microglia cells, leading to loss of their neuroprotective functions, to neuronal dysfunctions and tissue damage (Henry et al., 2009; Norden and Godbout, 2013; Matt and Johnson, 2016). The over-production of pro-inflammatory mediators, such as IL-1β, interleukin-6 (IL-6) and TNF, disrupts the delicate balance needed for synaptic homeostasis by modulating ion channels and glutamate receptors (Viviani and Boraso, 2011). In particular, data mainly obtained in animal models suggest that IL-1β and TNF exacerbate or favor excitotoxicity by modulating the N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors in the aging brain, mimicking the alterations occurring in MS and EAE brains (Jasek and Griffith, 1998; Viviani et al., 2003, 2006; Stellwagen et al., 2005; Centonze et al., 2009; Viviani and Boraso, 2011; Grasselli et al., 2013). Inflammatory dependent glutamate excitotoxicity and reduced production of neurotrophic factors (brain derived neurotrophic factor, BDNF; insuline-like growth factor, IGF-1) may impact neuronal functions (Figure 1) in aging brain (von Bernhardi et al., 2010; Dorszewska, 2013; Di Benedetto et al., 2017).

Synaptic Plasticity

Compelling evidence suggests that during aging, neuroinflammation may contribute to impaired long-term potentiation (LTP), which has been classically regarded, together with long-term depression (LTD), as the substrate for learning and memory processes (Viviani and Boraso, 2011; Barrientos et al., 2015; Di Benedetto et al., 2017).

The aged brain seems to be remarkably sensitive to an immune challenge in the periphery due to an unusual hyperactivation of microglia cells that, in cooperation with impairments in key regulatory systems, causes a long lasting neuroinflammatory state and age-related neurobehavioral complications (Norden et al., 2015; Di Benedetto et al., 2017). Age-related cognitive decline following an immune challenge likely depends on an exaggerated inflammatory response. In particular it has been shown in rodents that the pro-inflammatory cytokines IL-1β can impair synaptic plasticity through activation of MAP-kinases JNK and p38 and/or inhibition of BDNF and Arc, essential mediators of hippocampal-dependent memory processes (Barrientos et al., 2015; Lynch, 2015). Furthermore, pro-inflammatory cytokines contribute to negatively influence hippocampal neurogenesis with detrimental consequences for synaptic plasticity phenomena. Therefore, by impairing microglial priming or blocking the excessive brain cytokine response (pharmacologically or through diet and voluntary exercise) it may be possible to effectively attenuate the harmful effects of an immune insult on memory processes, supporting the view that pro-inflammatory cytokines play a pivotal and direct role in inducing long-term memory and cognitive deficits in older individuals (Di Benedetto et al., 2017).

In both MS and EAE, recent studies have shown that inflammatory cytokines are involved in synaptic plasticity alterations. Hippocampal LTP deficits have been detected in EAE mice during the acute phase of the disease, in association with an increased microglial activation, elevated levels of IL-1β, and a selective reduction of NMDA receptors (Di Filippo et al., 2015; Mancini et al., 2017). In MS patients, studies based on transcranial magnetic stimulation (TMS), a non-invasive technique commonly used to detect motor cortex plasticity in humans (Lefaucheur, 2005; Rossini and Rossi, 2007; Ziemann et al., 2008), have shown that synaptic plasticity phenomena are impaired in the progressive forms of the disease, usually diagnosed in people in their 40s (Mori et al., 2013; Stampanoni Bassi et al., 2017). In these patients, that are proned to adaptive immune cell exhaustion form prolonged antigenic exposure, a chronic CNS-intrinsic inflammation and neurodegeneration are prominent, suggesting a concomitant occurrence of cerebral aging and the accumulation of structural brain deterioration (Figure 1). However, a second relevant aspect should be taken in consideration in MS patients. As in other pathological conditions, it is increasingly emerging that synaptic plasticity phenomena, besides having a physiological role in learning and memory processes, drive also important neuroreparative mechanisms (Malenka and Bear, 2004; Pelletier et al., 2009). During MS disease, in the event of an immunological attack, brain damage is eluded by mechanisms of neuroprotection and neurorepair (Weiss et al., 2014; Di Filippo et al., 2015). When these mechanisms eventually fail, an irreversible damage occurs with consequent neuronal denervation. It has been proposed that additional mechanisms, collectively known as brain plasticity, intervene to functionally compensate the deficit of synaptic inputs. The more appropriate synaptic mechanisms underlying brain plasticity and that depend also on the inflammatory milieu are LTP and LTD. In particular, LTP seems to be able to compensate neuronal damage bringing back excitability in synaptic injured neurons. Interestingly, it has been proposed that LTP enhancement might be secondary to alterations of the glutamatergic and GABAergic balance induced by the inflammatory milieu, suggesting that CNS inflammation in MS patients is able to subvert plasticity (Mori et al., 2011, 2012, 2014a; Weiss et al., 2014; Stampanoni Bassi et al., 2017). Furthermore, taking advantage of non-invasive TMS studies, specific brain plasticity alterations have been associated with different disease phenotypes (RR-MS; PP-MS), or phases (remitting, relapsing), indicating that plastic phenomena can modulate disability progression and the clinical manifestation of the disease (Weiss et al., 2014; Stampanoni Bassi et al., 2017).

AGE IS A RISK FACTOR FOR MS: MOTOR DISABILITY, COGNITIVE DECLINE AND PSYCHIATRIC SYMPTOMS

Motor Disability

Evidence exists that increasing age is a significant factor influencing the clinical course of MS. Indeed, age at onset modifies prognosis and exerts a significant effect on the presenting phenotype of this disease (Confavreux and Vukusic, 2006; Tremlett et al., 2006; Scalfari et al., 2011; Tedeholm et al., 2015). Clinical studies reported that a younger onset age was strongly associated with a slower rate of disability accumulation. As shown in an observational study on 1844 patients, aging negatively affects the prognosis in MS, independently of the type of the initial course of the disease, be it exacerbating-remitting or progressive (Confavreux and Vukusic, 2006). Clinical data from the London Ontario database highlight that onset age of patients with the relapsing form of MS strongly influences the time to conversion to secondary progression; compared to age 20, onset at age 40 and at age 50 doubled and tripled risks of developing SP respectively, compared to age 20 (Scalfari et al., 2011). A clinical study on 500 MS patients, grouped by cutoff in onset age, demonstrated that the severity of disabilities was increased during and after an age band of 30 years–35 years (Ramachandran et al., 2014). In agreement, it has been reported that a younger age (20 years–35 years) is correlated with a longer time to reach disability milestone compared with older patients (36 years–65 years; Trojano et al., 2002), confirming that age at onset predicts the disease course. All together these results are in agreement with previous evidence that neurological relapses have only a limited influence on the risk of entering secondary progressive phase and on the latency of entering progression (Confavreux et al., 2000; Scalfari et al., 2010, 2013).

Furthermore, age at onset strongly predicts the probability of a patient to evolve in a primary progressive form of the disease. Kis et al. (2008) reported that the majority (83%) of MS patients with late-onset MS had a primary progressive disease course, whereas the young-onset MS group (94%) developed a relapsing-remitting form. Accordingly, motor deficits were significantly more frequent in the late-onset MS than in patients with young-onset MS (90% vs. 67%; Kis et al., 2008). Similar results were obtained in a previous study on 957 patients with MS, since age at onset predicted the likelihood of developing a primary progressive form and, for RRMS patients, strongly determined the time to conversion to secondary progression (Stankoff et al., 2007).

The impact of aging on brain pathology was also supported by the observation that median age at the time of assigned disability is substantially similar between patients with different clinical course or symptomatology. Among primary progressive and RR-SP patients, median ages at reaching a given disability score were strikingly similar (Scalfari et al., 2011), suggesting that age at onset has a strong impact on the neurodegenerative component of MS.

Cognitive Impairment

Together with motor disability, CI is frequently observed in MS patients (with an occurrence estimates between 40% and 65% of MS patients) and tends to progress over time. CI is present since the clinical onset of MS, more frequently in progressive patients compared to RRMS patients (Huijbregts et al., 2004; Ruet et al., 2013; Planche et al., 2016; Matias-Guiu et al., 2017), although heterogeneous results have been reported (Rao, 1991; Potagas et al., 2008).

In a 10-year longitudinal study, Amato et al. (2001) comparing cognitive capacities of 50 MS patients, found that cognitive dysfunction progressed as MS advances and that neurological and cognitive involvement tended to converge during the follow-up. The percentage of cognitive preserved patients decreased from 74% to 51% during 4 years of follow-up, and to 44% after 10-year assessment. In parallel, at the end of the study about 56% MS patients showed mild and moderate CI (Amato et al., 2001).

The relationship between CI, physical disability and age was further investigated in a larger study that compared prevalence and profile of cognitive deficit across 1040 patients with different clinical phenotypes (Ruano et al., 2017), including 167 clinically isolated syndrome, 759 RR, 74 SPMS and 40 PPMS patients. The multivariable analysis showed that higher disability (evaluated by EDSS) and older patient age, rather than clinical subtype and disease duration were the main determinant of CI. Furthermore, the study supported the evidence that the frequency of CI is increased in the progressive forms of the disease. Indeed, SP and PP patients showed approximately two-fold higher prevalence of CI when compared with RR and CIS patients.

The significant correlation with CI and age was reported also in two different Cross-Sectional studies. In the first study, 245 MS patients and 188 healthy control were evaluated using two measures of processing speed (the preliminary word reading and color naming trials of the Stroop) and the analysis were performed grouping participants into five age cohorts (Bodling et al., 2009).

In the second one, regression analyses were performed between age and several cognitive parameters (six outcomes T25FW, 9HPT, PASAT, SDMT, CVLT-II Learning and BVMT-R Learning) in 698 MS patients and 226 healthy subjects (Roy et al., 2017). Surprisingly in both clinical studies, although older MS patients were at higher risk of motor and cognitive disability, as expected, the interaction between MS and healthy control on cognitive test during lifespan was not significantly different, suggesting that age effects on CI are similar across healthy control and MS patients. Despite further longitudinal studies should be performed to determine and clarify the impact of aging on MS cognitive decline, these preliminary studies leave open interesting questions as discussed in the next paragraphs.

Psychiatric Symptoms

Recent studies have clearly demonstrated that also psychiatric affections are strongly associated with MS pathology. Depression and anxiety are known to be more prevalent among people with MS compared with the general population and individuals with other neurologic conditions (Boeschoten et al., 2017). Recently, several clinical (Imitola et al., 2005; Rossi et al., 2017) and preclinical studies (Haji et al., 2012; Gentile et al., 2016; Mandolesi et al., 2017b) have provided evidence that mood disturbances occur early in MS disease and its mouse model EAE and correlate with peripheral and central inflammation, independently of motor disability. Concerning the correlation between these psychological conditions and aging in MS, conflicting data are emerging. Several cross-sectional studies suggest that younger adults with MS are associated with greater risk for depressive symptoms respect to older patients (Patten et al., 2000, 2003; Chwastiak et al., 2002; Williams et al., 2005; Phillips and Stuifbergen, 2008). Accordingly, Kneebone et al. (2003) observed that older patients (70.6 ± 4.51 years) with MS were less affected by depressive symptoms with respect to younger patients (46.4 ± 8.35 years). Moreover, a significant correlation was found between the younger age at onset and the presence of depression in MS patients (Beiske et al., 2008). Interestingly, Williams et al. (2005) showed that a shorter duration of MS was associated with greater risk for depression. In contrast to these studies, da Silva et al. (2011) found that age was positively associated with depression in MS patients and Mattioli et al. (2011) reported that depressed MS patients were older than those not depressed (43.45 ± 12.15 years vs. 39.96 ± 10.88 years, p = 0.02). Finally, several cross-sectional studies on MS patients failed to replicate a relationship between depression and age (Galeazzi et al., 2005; Tsivgoulis et al., 2007; Bamer et al., 2008; Buchanan et al., 2009).

In conclusion, it is still not clear if aging may have an impact on MS psychiatric symptoms and further cross-sectional and longitudinal studies are needed to better investigate this challenging aspect, considering that a complex interplay of variables influences this form of comorbidity in MS (Boeschoten et al., 2017).

Collectively, these data support the hypothesis that in MS the shift from a predominantly inflammatory phase, dominated by clinical relapses, to a predominantly neurodegenerative phase, dominated by irreversible progression of neurological disability (motor and cognitive), may be mainly driven by biological factors related to aging (Lassmann et al., 2012; Friese et al., 2014; Mahad et al., 2015; Ruano et al., 2017; Zeydan and Kantarci, 2018).

AGING REDUCES THE ABILITY TO RECOVER AFTER A RELAPSE BY AFFECTING BRAIN PLASTICITY

Several results concur with the hypothesis that the capacity of the brain to manage MS pathology depends on the ability to recover after a relapse. Of note, the ability to recover was strongly correlated to reserve of brain plasticity, which are diminished in older patients. A poor recovery of early relapses is indeed associated with an earlier progression of the pathology (Kalincik et al., 2014; Novotna et al., 2015). On the other hand, relapses with a higher impact and poorer recovery in MS patients were positively correlated with age (Kalincik et al., 2014) as well as a reduced ability to recover from initial relapse significantly declined with age (Cossburn et al., 2012). Aging has been indeed related to a decreased capability of functional reorganization and plasticity in MS, likely due to an interaction between cerebral aging and the accumulation of structural brain damage (Schoonheim et al., 2010).

It is now well recognized that MS-associated pathological processes progressively modify brain networks essential for functional domains such as sensorimotor function (Rocca et al., 2005; Tomassini et al., 2012), vision (Jenkins et al., 2010) and cognition (Rocca et al., 2015), by activating adaptive or maladaptive mechanisms. A form of adaptive plasticity can be considered the functional reorganization observed in the brain of MS patients in association to the easily performance of simple tasks; by means of this compensatory mechanism, more complex brain systems are recruited relatively to normal subjects (Pelletier et al., 2009). On the other hand, forms of maladaptive plasticity might also occur, causing functional changes directly linked to disability (Reddy et al., 2002). Functional MRI has contributed notably to improve our understanding of the mechanisms associated with preserved function in MS (Mainero et al., 2006; Filippi and Rocca, 2009; Rocca et al., 2010b, 2005; Enzinger et al., 2016). Thanks to these studies, it has been proposed that (Filippi and Rocca, 2009; Rocca et al., 2015) an increased involvement of the cortical networks might help at containing the functional impact of MS-related damage (Rocca et al., 2002a) and that changes in the organization of cortical areas involved in motor or cognitive tasks at different stages of the disease (Reddy et al., 2000a,b, 2002; Filippi et al., 2002a,b; Pantano et al., 2002; Rocca et al., 2002a,b, 2003a,b; Enzinger et al., 2016), might in part explain the discrepancy between brain injury and clinical disability. The progressive weakeaning of patterns of activation might account for progressive disability or CI in symptomatic MS patients, when compared to controls (Rocca et al., 2002b, 2010a; Ciccarelli et al., 2006) or asymptomatic MS patients (Penner et al., 2003; Mainero et al., 2006; Rocca et al., 2010a).

A deeper understanding of causal and functional relationships were achieved by neurophysiological techniques, predominantly by TMS (Zeller and Classen, 2014). Notably, accumulating evidence obtained through this technique have highlighted the ability of the brain to express LTP-like changes as a determinant factor to counteract disability progression in MS (Weiss et al., 2014; Stampanoni Bassi et al., 2017). Recently, it has been shown that a predictor of disease recovery from relapses is LTP induced by paired associative stimulation (Mori et al., 2014b). Furthermore, it has been observed that LTP induction in the primary motor cortex of patients in the early relapsing-remitting phases of the disease is possible and even enhanced. Conversely, LTP is absent in patients with a progressive form of MS (Mori et al., 2013; Weiss et al., 2014). Thus, it is conceivable that the capability of brain networks to adjust themselves in a plastic manner, allows a patient to accomplish with the focal and diffuse brain damage associated with the disease in the first years after MS onset. On the contrary, the disease likely enters in its more disabling progressive phase when the plastic reserve is exhausted. Accordingly, a study conducted on a cohort of RRMS patients with CI and on a group of cognitively preserved RRMS patients (Mori et al., 2011) revealed that LTP response was present only in the cognitively preserved group. Synaptic plasticity induction by PAS was also explored in RRMS and SPMS patients with stable clinical conditions in the last 3 months (Zeller et al., 2010), resulting in a comparable LTP amplitude between patients and gender, age-matched healthy controls. These observations suggest that alterations of synaptic plasticity emerge at the time of a relapse, as explored by other groups using paired associative stimulation (Mori et al., 2014b) or intermittent-theta burst stimulation (Mori et al., 2011).

Of note, LTP responses are variable among individuals and tend to decline with aging (Müller-Dahlhaus et al., 2008; Freitas et al., 2011). Accordingly, MS patients in their forties suffer from progressive forms during which LTP seems to be impaired. Current hypothesis to explain this inter-individual variability points to a combination of disease, age and likely genetic background (Pascual-Leone et al., 2011; Rossi et al., 2013) but further studies are necessary to clarify how population-level variability in LTP induction is related to MS disease phenotype and expression.

DOES AGING DIFFERENTIALLY AFFECT MOTOR AND COGNITIVE FUNCTION IN MS PATIENTS?

We have summarized several data concurring with the hypothesis that the interaction between cerebral aging and overload of structural brain injury decreases plasticity and capability of functional reorganization in MS (Figure 1). However, unexpectedly, recent studies suggest that aging processes differentially affect motor and cognitive performances in patients with MS (Bodling et al., 2009; Roy et al., 2017). It seems that older MS patients are more susceptible to motor disability, and less to cognitive dysfunction. Although longitudinal studies, which should include both healthy controls and different MS subgroups, are demanded to better clarify this aspect, some speculations on this topic might be raised. Among different hypotheses, it has been suggested that in older MS patients, shorter axonal fibers are more prone to resilience and compensation than single long fibers that intervene in motor function. It might be also possible that a prominent and progressive damage of the spinal cord would also have a greater consequence on motor function over time. Furthermore, it is possible that a considerable effect on cognitive rather than motor abilities is played by the influence of cognitive reserve (CR) and personality traits (Sumowski et al., 2013; Roy et al., 2016). CR is indeed emerging as a second mechanism that might contribute at limiting cognitive deficits in MS patients (Rocca et al., 2018). Of note, the theory of CR emerged from aging and dementia studies to justify the inter-individual differences in the ability of managing with brain damage and the consequent cognitive deficits by means of pre-existing compensatory mechanisms (Stern, 2002). According to the CR theory, recent studies showed that intellectual enrichment (such as educational level, vocabulary knowledge, employment status), protects MS patients against the negative effect of disease-related damage on cognitive performance (Sumowski et al., 2009; Benedict et al., 2010; Ghaffar et al., 2012; Amato et al., 2013; Pinter et al., 2014; Rocca et al., 2018). In particular, it has been suggested that CR may have a protective role in preserving cognitive functions, mitigating the effect of structural damage on cognitive performance. However, in recent 2-years MS longitudinal study emerged that the CR protective role may diminish with disease progression.

Notably, it should be also taken in consideration that brain compensatory and adaptive mechanisms might depend on a genetic background. In this regard, recent evidence suggests that genetic determinants influence inter-individual differences in both MS severity and synaptic excitability (Rossi et al., 2013). In particular, four single nucleotide polymorphism (SNPs: rs4880213, rs6293, rs1805247, rs7301328) of the NMDAR genes were evaluated to search for associations with both synaptic excitability and disease outcome in RRMS and PPMS patients, considering that LTP is dependent on the synaptic activation of the glutamate NMDA receptor. This study showed that the specific T allele of the rs4880213 SNP of the NR1 subunit was correlated to an increase of neuronal excitability measured by means of paired TMS protocol. Furthermore, the same SNP was associated with better compensation of brain damage in RR-MS but with higher severity of PP-MS. Accordingly, these results supported the idea that potentiation of glutamatergic NMDAR-dependent synaptic transmission has a role in both adaptive plasticity and excitoxicity in MS patients. More interestingly, enhanced NMDAR function was found to preserve cognitive abilities in that cohort of patients, thus confirming the role played by NMDARs and NMDAR-dependent synaptic plasticity during learning and memory processes (Collingridge and Bliss, 1995; Nicoll and Malenka, 1999; Bennett, 2000; Cooke and Bliss, 2005, 2006). Notably, both RR-MS and PP-MS carrying the T allele of rs4880213 SNP showed a better performance at the Paced Auditory Serial Addition Test and the Symbol Digit Modalities Test, indicating residual NMDAR-dependent plasticity also in PP-MS. The above mentioned clinical tests explore cognitive domains frequently altered in MS, and impaired NMDAR-dependent synaptic plasticity in MS patients has been associated with poor performances at both tests (Mori et al., 2011). This evidence supports the idea that genetic determinants (SNPs) in combination with age and disease, might explain inter-individual variability of LTP responses (Pascual-Leone et al., 2011).

Although both genetic variability and CR could in part contribute to explain a potential less impact of age on cognitive decline, collectively these data clearly indicate that compensatory mechanisms of the brain can be potentially activated and responsive to therapeutic interventions even in PPMS patients (Feinstein et al., 2015). In this regard, despite some controversial results, it seems that increased physical activity is promising for cognitive benefits in MS (Dalgas and Stenager, 2012; Motl and Pilutti, 2012; Beier et al., 2014; Briken et al., 2014; Sandroff et al., 2014, 2016a; Motl et al., 2017). Indeed, in a randomized controlled trial of 42 patients with progressive MS (31 SPMS and 11 PPMS) with moderate physical disability (EDSS score 4–6), patients committed to several forms of exercise, rather than a wait list group, showed a significant amelioration in aerobic fitness and several secondary outcome measures, including cognitive performance (Briken et al., 2014). This study highlighted for the first time that physical activity specifically target cognition in patients with progressive MS but further studies are needed to identify the best type of exercise for cognitive recovery (Sandroff et al., 2016b; Motl et al., 2017; Ontaneda et al., 2017). Of note, in the aging context, it is emerging that exercise, as well as pharmacological treatments, may effectively block the detrimental effects of an immune challenge by preventing microglial priming or blocking the overstated brain cytokine response. This evidence not only suggests that these interventions may be useful therapeutic treatments, but also supports the view that a dysregulation of the fine interplay between the immune and nervous systems can have profound impacts on long-term plasticity and cognitive function in older individuals, as occurs in MS (Di Benedetto et al., 2017).

CONCLUSION

MS patients are indubitably exposed to the biological consequences of age, but the precise contribution of aging-related factors to MS neurological disability and the underlying molecular and cellular mechanisms are still unclear. Recent experimental and clinical investigations in the field of both aging and MS have shed a light onto common neuroinflammatory pathological mechanisms that are likely prematurely activated or exacerbated in MS patients, influencing the expression of the MS disease course. Here, we emphasize how a dysregulated synergy between the immune and nervous systems in the course of MS disease causes inflammation-dependent synaptic dysfunction, plasticity and degeneration with important implications on motor and cognitive functions. Since the early phase of MS, inflammatory dependent synaptopathy and synaptic plasticity perturbations seem to occur even independently of demyelination. As MS disease progresses, besides a decrease in remyelinating processes, brain repair and plasticity become exhausted while excitotoxic and neurodegenerative processes are exacerbated in association to a chronic CNS inflammation, supporting a late contribution of aging processes (Figure 2). Accordingly, cognitive dysfunction is now recognized to be an early symptoms of MS disease and for this reason it is included in diagnostic, follow-up and therapeutic evaluations (Nasios et al., 2018).
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FIGURE 2. Sequence of pathological and reparative events occurring during MS disease course, leading to severe neurological impairments. With advancing aging, neurodegenerative and neuroinflammatory processes are exacerbated causing severe cognitive and motor deficits. Inflammation is present at all stages of the disease, starting from an early phase dominated by peripheral immune cells invasion into the CNS to a progressive and chronic CNS inflammation. Since the early phase of the relapsing/remitting forms demyelination, synaptopathy and axonal damage occur causing progressive neurodegeneration. To avoid brain damage and to functionally compensate for eventual deficits of synaptic inputs, mechanisms of neuroprotection, remyelination and synaptic plasticity intervene. The transition from relapsing-remitting course MS (RRMS) to secondary progressive MS (SPMS) is likely to be the point at which the compensatory brain plasticity reserve bypassing of neuronal injury is exhausted. Usually after the fifth decade, regardless of the preceding disease course and severity, the inevitability and the rate of neurological decline are highly consistent.



Finally, we highlighted unexpected results obtained from clinical studies conducted on MS patients and healthy controls, revealing a milder effect of aging on MS cognitive function relative to motor disability. Although further investigations are necessary to clarify this aspect, it would be interesting to investigate also which compensatory mechanisms in MS brain are specifically involved. Considering the emerging view of a bidirectional communication between the nervous system and immune system, in which neuroinflammatory processes can be adaptive and beneficial (Schwartz and Deczkowska, 2016), it may be suggested that in the aging MS brains, a vicious interaction between the compromised immune and neuronal systems culminates in a protective and adaptive mechanisms of the neuro-immune system.

In conclusion, a more precise comprehension of the temporal (with age) and spatial distribution and activity of immune players in MS brain in association with specific stages of disease, genetic determinants and brain plasticity reserve is essential to determine the deep nature of the pathology, and thus the ideal strategy required to treat it.
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Background: Elevated biomarkers of systemic inflammation have been reported in individuals with cognitive decline, however, most of the literature concerns cross-sectional analyses that have produced mixed results. This study investigates the etiology of this association by performing meta-analyses on prospective studies investigating the relationship between baseline interleukin-6 (IL-6), an established marker of peripheral inflammation, with cognitive decline risk in non-demented adults at follow-up.

Methods: We reviewed studies reporting peripheral IL-6 with future cognitive decline, up to February 2017 by searching the PubMed, Science Direct, Scopus and Google Scholar databases. Studies which contained odds ratios (ORs) for the association between circulating baseline IL-6 and longitudinal cognitive performance in non-demented community dwelling older adults were pooled in random-effects models.

Results: The literature search retrieved 5,642 potential articles, of which 7 articles containing 8 independent aging cohorts were eligible for review. Collectively, these studies included 15,828 participants at baseline. Those with high circulating IL-6 were 1.42 times more likely to experience global cognitive decline at follow-up, over a 2–7-year period, compared to those with low IL-6 (OR 1.42, 95% CI 1.18–1.70; p < 0.001). Subgroup and sensitivity analyses suggests that this association is independent of the study sample size, duration of follow-up and cognitive assessments used.

Conclusions: These results add further evidence for the association between high peripheral inflammation, as measured by blood IL-6, and global cognitive decline. Measuring circulating IL-6 may be a useful indication for future cognitive health.

Keywords: inflammation, cognitive aging, inflammaging, interleukin-6, meta-analysis, cognitive decline, longitudinal studies, prospective studies

INTRODUCTION

Globally, the number of older adults (≥60 years old) is projected to increase by 56%, from 901 million to 1.4 billion, over the next 14 years and surpass 2 billion by the year 2050 (United Nations, 2015). Analysis involving European studies of aging suggest that the prevalence of cognitive decline in older adults is as high as 28% (Scafato et al., 2010). Some, but not all, of those who experience cognitive decline may go on to develop mild cognitive impairment (MCI). Those with MCI are then at an increased risk of developing dementia (Korolev et al., 2016). The underlying pathogenesis behind this heterogenous transition from cognitive aging to dementia is still under debate but, evidence suggests that systemic inflammation may be a contributing factor (Cunningham and Hennessy, 2015).

Systemic inflammation gradually increases with age, commonly referred to as inflamm-aging. Of the cytokines implemented in the inflamm-aging process, interleukin-6 (IL-6) is regarded as one of the main inflammatory components resulting in the age-associated pathologies (Franceschi and Campisi, 2014). Physiologically, IL-6 is a hormone-like cytokine with pleiotropic capabilities including roles in immunological homeostasis (Hunter and Jones, 2015), such as upregulating acute phase response proteins (e.g., C-reactive protein), and signaling within the central nervous system (CNS) (Spooren et al., 2011; Erta et al., 2012).

Dysregulation of IL-6 has been implicated in the modulation of various cognitive functions (Donzis and Tronson, 2014) and previous meta-analyses have reported associations between upregulated peripheral IL-6 with Alzheimer's disease (AD) (Swardfager et al., 2010; Lai et al., 2017) and postoperative cognitive dysfunction (Peng et al., 2013). These studies report associations between peripheral inflammation during and after the onset of neuropathologies. Exploring these associations longitudinally in the non-demented, however, may provide a better insight into the pathological roles peripheral inflammation plays in the CNS.

The current state of the literature concerning IL-6 and cognitive decline in prospective cohorts of old adults has so far produced mixed findings (Weaver et al., 2002; Yaffe et al., 2003; Dik et al., 2005; Jordanova et al., 2007; Rafnsson et al., 2007; Schram et al., 2007; Singh-Manoux et al., 2014), with some stating a significant association between baseline IL-6 with cognitive decline while others failed to replicate such results. Further, systematic analyses remain inconclusive (Li and Yu, 2017).

The aim of this study was to collate the current data from the literature and perform a meta-analysis for longitudinal studies reporting the association between baseline peripheral IL-6 and future cognitive decline in adults without dementia. This approach is warranted in order to increase the statistical power and thus provide clarity to such an association.

METHODS

Search Strategy

All analyses were performed according to the PRISMA guidelines (Liberati et al., 2009). We searched the published literature in the Scopus, PubMed, Science Direct and Google Scholar databases up to February 2017.

Search terms were as follows: (“Interleukin-6” OR “IL-6”) AND (cognition OR “cognitive decline” OR “cognitive function” OR “cognitive impairment” OR “cognitive loss” OR memory) AND (aging OR aging) AND (health OR healthy) AND (longitudinal OR prospective). We also manually searched any relevant references cited within retrieved articles. A standardized review protocol has not been published.

Eligibility Criteria

Studies were included if they met the following criteria: (i) a prospective cohort design; (ii) cognition performance was used at baseline and at follow-up; (iii) non-demented older subjects at baseline; (iv) IL-6 measured in unstimulated blood (e.g., ex vivo blood was not stimulated by lipopolysaccharide); (v) reported odds ratios (ORs) for the association of baseline IL-6 and future global cognitive decline; (vi) the study population consisted of community-dwelling adults; (vii) the article was available in English. Exclusion criteria included: (i) participants with dementia or cognitive impairment were included at baseline; (ii) the association between baseline IL-6 and cognitive decline was not reported; (iii) the study design was cross-sectional or interventional.

Where multiple publications utilized the same cohort source, the study containing the majority of required data was preferred. Where studies reported alternative statistics, as opposed to ORs, authors were contacted via e-mail and the desired logistical analysis was requested. Two authors agreed to this approach (Rafnsson et al., 2007; Schram et al., 2007) and provided ORs. Unsuccessful requests were otherwise discarded from the review.

Data Extraction

All data were reviewed and extracted by two independent investigators (SB and CM). Results were compared and disagreements were settled through discussion.

The following characteristics and data were extracted from each paper: number of subjects at baseline, proportion of females at baseline, age at baseline, length of study follow-up, assessment of global cognition, OR and 95% confidence intervals (CIs) for adjusted model, and confounders adjusted for in the regression analysis. Where studies stratified subjects into more than two groups (e.g., tertiles, quartiles), high and low IL-6 are defined as those in the highest and lowest grouping, respectively. For studies categorizing IL-6 into two groups, via a median split, high and low IL-6 subjects are defined as those above and below the median. For those reporting tertile groupings, those in the second tertile were classed as intermediate IL-6. Where multiple cognitive assessments were used to assess different cognitive domains, we chose the assessment and outcome reflecting global cognitive decline. Where multiple model testing was applied, we extracted the model with the most adjustments for potential confounders.

Quality Assessment

Each paper included within the meta-analyses was subject to quality assessment by two authors via the Newcastle-Ottawa Quality Assessment Scale for cohort studies (Wells et al., 2000). This scale is based on three categories (population selection, comparability and outcome) with a combined maximum score of 9 points. Ratings were compared between authors and disagreements were settled through discussion.

Statistical Analysis

The Review Manager (RevMan; version 5.3.5; Copenhagen, Denmark) software was used to pool the individual studies of interest. Results were deemed statistically significant when p < 0.05. Analysis is presented as ORs based on the likelihood of cognitive decline in the highest baseline IL-6 group compared to the lowest group using a random-effects method.

To investigate heterogeneity between studies, we used the I2 index which describes the percentage of variation across the studies in the pooled analysis that is due to inconsistency rather than by chance.

Post-hoc sensitivity analyses were carried out to investigate the impact of between study methodological difference on the meta-analyses including, follow up time, cohort size, Newcastle-Ottawa Quality Assessment Scale score and IL-6 measurement method and grouping, as appropriate.

Publication bias was assessed through visual inspection of each Begg's funnel plot and the Egger's test. Analysis was performed using the Stata (StataCorp LP; version 14.2; College Station, TX, USA) software.

RESULTS

Study Selection

Our search strategy returned 5,642 potential articles for inclusion on baseline IL-6 and prospective cognitive functioning, of which 70 were deemed relevant through title and abstract screening (Figure 1). After the removal of duplicate findings, 34 articles remained for full-text analysis. Of these, 27 articles were excluded as they did not meet our inclusion criteria, leaving 7 articles eligible for review. Schram et al. (2007) reported two independent cohorts (Rotterdam and Leiden 85-plus), therefore these were treated as separate studies. Thus, in total 8 studies were included in the review and the study characteristics are described in Table 1. Quality assessment determined that all studies had a high quality score (range: 7–9) (Table 2) with an agreement rate of 86% between author ratings.
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FIGURE 1. Flowchart summarizing the literature search for the meta-analysis.




Table 1. Study characteristics included in the meta-analysis.
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Table 2. Quality assessment of the included studies via the Newcastle-Ottawa Quality Assessment Scale.
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Study Characteristics

In total the studies contained 15,828 participants at baseline. Three studies (Yaffe et al., 2003; Rafnsson et al., 2007; Singh-Manoux et al., 2014) reported proportions of global cognitive decline upon follow-up (8,700 at baseline; 792 declined at follow-up; 9%). All the studies contained a mix of male and female participants. Follow-up periods ranged from 2 to 7 years.

Two studies measured IL-6 from the serum (Dik et al., 2005; Singh-Manoux et al., 2014) and six, including both independent cohorts presented in the Schram et al. study, measured IL-6 from plasma (Weaver et al., 2002; Yaffe et al., 2003; Jordanova et al., 2007; Rafnsson et al., 2007; Schram et al., 2007). All the studies quantified IL-6 from the blood by using an enzyme-linked immunosorbent assay (ELISA) technique.

Assessments of global cognitive functioning consisted of either the Mini-Mental State Examination (MMSE), Modified MMSE (3MS) or a battery of assessments (Table 3). Further, the definition of global cognitive decline differed between studies, however, three of the studies which used the MMSE as the assessment (Schram et al., 2007; Singh-Manoux et al., 2014) had identical definitions (Table 3). All studies included adjustments for age, gender and education at a minimum in their models (Table 3).


Table 3. Summary of global cognitive assessments and definitions used in each study included in the meta-analysis.
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Association between High Baseline IL-6 and Global Cognitive Decline: Meta-Analysis

Those with high baseline IL-6 were 1.42 times more likely to encounter global cognitive decline at follow-up, compared to those with low IL-6 (OR 1.42, 95% CI 1.18–1.70, p < 0.001; Figure 2A). No study heterogeneity was evident (I2 = 14%, p = 0.32; Figure 2A).
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FIGURE 2. Forest plot for the association between high (A) and intermediate (B) peripheral levels of interleukin-6 and future global cognitive decline analysis.



Association between High Baseline IL-6 and Global Cognitive Decline: Subgroup Analysis

Subgroup analysis determined the association was independent of the sample size used (<1,000/≥1,000 participants at baseline), duration of follow-up (<4/≥4 years) and the method used to assess global cognitive performance (MMSE/others) (Table 4). The association, however, was no longer evident when including only studies of lower quality (<8 points). The significance remained after removing studies which categorized IL-6 as above/below median (Weaver et al., 2002; Dik et al., 2005), as opposed to upper and lower grouping (OR 1.41, 95% CI 1.16–1.71; p < 0.001; 6 studies) and those which used serum to measure IL-6 (Dik et al., 2005; Singh-Manoux et al., 2014) opposed to plasma (OR 1.39, 95% CI 1.14–1.69; p = 0.001; 6 studies).


Table 4. Subgroup analyses for the association between high peripheral IL-6 and global cognitive decline analysis.
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Association between High Baseline IL-6 and Global Cognitive Decline: Risk of Bias Analysis

No publication bias was evident based on visual inspection of Begg's funnel plot (Figure 3A) or through an Egger's test (p = 0.379).
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FIGURE 3. Begg's funnel plots for the association between high (A) and intermediate (B) peripheral levels of interleukin-6 and future global cognitive decline analysis. Funnel plot displays the log(odds ratio) against the standard error, with the pooled effect (solid line) and pseudo 95% confidence limits (dashed lines).



Association between Intermediate Baseline IL-6 and Global Cognitive Decline: Meta-Analysis

Five of the aforementioned studies (Weaver et al., 2002; Rafnsson et al., 2007; Schram et al., 2007; Singh-Manoux et al., 2014) also provided data for the association of cognitive decline in those with intermediate (second tertile group) baseline concentrations of IL-6. There was no significant association between those with intermediate baseline IL-6 and the likelihood of cognitive decline at follow-up, compared to those with low IL-6 (OR 1.13, 95% CI 0.90–1.42; p = 0.28; Figure 2B). No significant study heterogeneity (I2 = 0%, pP = 0.59; Figure 2B) was evident.

Association between Intermediate Baseline IL-6 and Global Cognitive Decline: Risk of Bias Analysis

No publication bias was observed when visually inspecting the Begg's funnel plot (Figure 3B) and through an Egger's test (p = 0.216).

DISCUSSION

Individually, many studies included within these analyses did not report significant findings. However, from a collective analysis containing 15,828 older adults who were community-dwelling at baseline, those with high baseline IL-6 were 1.42 times more likely to develop global cognitive decline during a follow-up period of 2–7 years, compared to those with low IL-6.

This is the first meta-analysis to investigate baseline IL-6 and longitudinal global cognitive decline in non-demented adults. Our results suggest that there is an association with high, but not intermediate, baseline concentrations of IL-6 and an increased likelihood of global cognitive decline upon follow-up. Interestingly, three of the included studies (Schram et al., 2007; Singh-Manoux et al., 2014) defined cognitive decline as a change of ≥3 points in MMSE scores between baseline and follow-up. The MMSE is a popular cognitive assessment frequently utilized in large, population based cohorts. It has previously been suggested that a change in MMSE scores of between 2 and 4 points indicated a reliable change at the 90% confidence level in non-demented older adults (Stein et al., 2012). Based on this and to reduce heterogeneity between studies, it may be useful if future studies adopt this definition when the MMSE is applied to define cognitive decline.

Mechanisms underlying bidirectional neuro-immune interactions are becoming increasingly understood (Engelhardt et al., 2017; Pavlov and Tracey, 2017) with numerous routes into the CNS being documented. For example, IL-6 has been shown to directly cross the BBB in a murine model, albeit at a low level, via a saturable transport system (Banks et al., 1994). It is also proposed that peripheral cytokines may have greater access to the CNS through the circumventricular organs (CVOs), brain regions which have a high permeability to the circulating milieu. For example, in rats peripheral injections of IL-6 resulted in the activation of cells within the CVOs (Harré et al., 2003), suggesting a potential pathway from periphery to CNS. Other routes into the CNS include indirect signal propagation at the BBB (Eskilsson et al., 2014). There is also a significant relationship between IL-6 concentrations in the plasma and cerebrospinal fluid (CSF) in those with AD (Sun et al., 2003) and a lagged correlation has been observed in healthy subjects (Agorastos et al., 2014). It is also possible that the aged CNS is more susceptible to peripheral inflammatory cytokines. For example, Montagne and colleagues have shown that the BBB in humans becomes damaged and permeability is increased within regions responsible for learning and memory, such as the hippocampus, during aging (Montagne et al., 2015). Additionally, recurrent insults toward the BBB, due to recurrent infections or even increased exposure to exogenous IL-6 (de Vries et al., 1996), have also been shown to increase BBB permeability (Varatharaj and Galea, 2017). Therefore, it is possible that BBB dysfunctions, both age-associated and the presence of underlying infections, may be present within these populations. Taken together, there is potential for peripheral IL-6 to gain access into the CNS and this is further exacerbated during aging.

The periphery to CNS routes raises the possibility of peripheral IL-6 as a contributing factor toward neuroinflammation. Conversely, raised IL-6 levels in the circulation may merely be a reflection of the neuroinflammatory processes occurring during neurodegeneration and cognitive decline. For example, in rats it has been shown that IL-6 is secreted from the brain following intracerebroventricular injections of labeled IL-6 (Chen et al., 1997) and following a cerebroventricular inflammatory insult (Romero et al., 1996). Further, in humans, the brain has been shown to secrete IL-6 into the circulation following prolonged exercise (Nybo et al., 2002). Considering the plethora of sources of IL-6 production within the CNS, including astrocytes, microglia and neurones and that IL-6 is upregulated during neurodegeneration (Erta et al., 2012), it could be possible that some CNS-derived IL-6 may spill over into the periphery. To elaborate on the cause or effect conundrum, future studies should explore the effect of chronic low-grade increases in peripheral IL-6 levels and the effect this has on the CNS in vivo.

Physiologically, IL-6 is essential for developmental functions within the CNS including promoting neural differentiation, modulating adult neurogenesis and controlling neurotrophic expression (Erta et al., 2012). However, prolonged and exacerbated IL-6 exposure to the brain has been associated with numerous neuropathological outcomes. For example, incubating rat hippocampal precursor cells in vitro with recombinant IL-6 reduced neurogenesis by approximately 50% and increased the number of apoptotic cells (Monje et al., 2003). Furthermore, the overproduction of IL-6 by astroglia in transgenic mice decreased neurogenesis rates within the dentate gyrus by 63% as well as reducing the proliferation, survival and differentiation of neural progenitor cells (Vallières et al., 2002). Corroborating this, and complementing our findings, research utilizing magnetic resonance imaging has found strong associations between high blood IL-6 concentrations with hippocampal gray matter volumes (Marsland et al., 2008; Satizabal et al., 2012), total brain volumes (Jefferson et al., 2007; Satizabal et al., 2012) and an increased rate of cortical thinning over time (McCarrey et al., 2014). These results suggest that long-term exposure of the brain to increased IL-6 can directly impede neurogenesis and neuronal health, which may manifest into cognitive decline.

The current findings that non-demented older adults with high baseline IL-6 are at an increased risk of future cognitive decline could make it possible of identifying at risk individuals. To bring this into a clinical setting, a considerable amount of methodological standardization is required. Firstly, IL-6 peripheral measures are heavily influenced by a circadian rhythm resulting in considerable inter- and intra-subject variability (Agorastos et al., 2014). Further, as noted in our literature analysis, other parameters such as, the type of commercially available ELISA used, the type of collection tubes used for blood collection, and the fasted state of participants, all varied between studies. These methodological issues have been shown to influence cytokine measurements in clinical research (Zhou et al., 2010) and is the reason why we chose to look at categorically defined IL-6 levels as opposed to continuous measures. Exactly what the specific concentrations of IL-6 classed as “high” and “low” will become clearer once these methodological discrepancies have been addressed.

LIMITATIONS

Despite high quality of the studies used in these analyses, we do accept that there are a few limitations. Firstly, the methodological designs varied considerably between the studies included. We anticipated such discrepancies by applying random-effects analysis throughout. Secondly, we cannot rule out publication bias since the power of statistical tests used here to assess publication bias are significantly reduced when there are fewer than 10 studies in the analysis. Also, we cannot rule out confounding effects by underlying factors that are linked to both elevated peripheral IL-6 levels and cognitive decline, such as cardiovascular disease (CVD) (Compté et al., 2013). We did, however, extract the most adjusted models, many included some adjustments for CVD risk (Table 3), which would have minimized such an effect. Additionally, none of the included studies accounted for dietary factors which are known to influence cognition and IL-6 regulation. Recent insights utilizing the Whitehall II cohort indicate an association between dietary patterns, IL-6 concentrations and cognition in older adults (Ozawa et al., 2017). Also measures of obesity, such as BMI, are also known to correlate with peripheral IL-6 concentrations (Charles et al., 2011). Therefore, it would be interesting if future studies expand on this dietary and obesity association. Finally, almost all included studies reported a collated analysis involving a mix of males and females, therefore potential gender effects could not be explored.

CONCLUSION

In conclusion, these results add further evidence for the association between high peripheral inflammation, as measured by blood IL-6, with future cognitive decline. Specifically, those with high IL-6 were 1.42 times more likely to experience global cognitive decline, compared to those with low IL-6. Future studies should focus on exploring the use of circulating IL-6 as a biomarker for future cognitive health and standardizing the processing and measuring of this analyte.

AUTHOR CONTRIBUTIONS

SB: study design, literature search, statistical analysis, quality assessment, writing of the manuscript. JS: quality assessment, writing of the manuscript. CM: literature search, quality assessment, writing of the manuscript.

ACKNOWLEDGMENTS

We would like to thank Dr's Rafnsson and Schram for accepting and performing the requested repeat statistical analysis.

REFERENCES

 Agorastos, A., Hauger, R. L., Barkauskas, D. A., Moeller-Bertram, T., Clopton, P. L., Haji, U., et al. (2014). Circadian rhythmicity, variability and correlation of interleukin-6 levels in plasma and cerebrospinal fluid of healthy men. Psychoneuroendocrinology 44, 71–82. doi: 10.1016/j.psyneuen.2014.02.020

 Banks, W. A., Kastin, A. J., and Gutierrez, E. G. (1994). Penetration of interleukin-6 across the murine blood-brain barrier. Neurosci. Lett. 179, 53–56. doi: 10.1016/0304-3940(94)90933-4

 Charles, B. A., Doumatey, A., Huang, H., Zhou, J., Chen, G., Shriner, D., et al. (2011). The Roles of IL-6, IL-10, and IL-1RA in obesity and insulin resistance in African-Americans. J. Clin. Endocrinol. Metab. 96, E2018–E2022. doi: 10.1210/jc.2011-1497

 Chen, G., Castro, W. L., Chow, H. H., and Reichlin, S. (1997). Clearance of 125I-labeled interleukin-6 from brain into blood following intracerebroventricular injection in rats. Endocrinology 138, 4830–4836. doi: 10.1210/endo.138.11.5533

 Compté, N., Boudjeltia, K. Z., Vanhaeverbeek, M., De, B., Pepersack, T., Tassignon, J., et al. (2013). Increased basal and alum-induced interleukin-6 levels in geriatric patients are associated with cardiovascular morbidity. PLoS ONE 8:e81911. doi: 10.1371/journal.pone.0081911

 Cunningham, C., and Hennessy, E. (2015). Co-morbidity and systemic inflammation as drivers of cognitive decline: new experimental models adopting a broader paradigm in dementia research. Alzheimers. Res. Ther. 7:33. doi: 10.1186/s13195-015-0117-2

 de Vries, H. E., Blom-Roosemalen, M. C. M., Oosten, M., van de Boer, A. G., van Berkel, T. J. C., Breimer, D. D., et al. (1996). The influence of cytokines on the integrity of the blood-brain barrier in vitro. J. Neuroimmunol. 64, 37–43. doi: 10.1016/0165-5728(95)00148-4

 Dik, M. G., Jonker, C., Hack, C. E., Smit, J. H., Comijs, H. C., and Eikelenboom, P. (2005). Serum inflammatory proteins and cognitive decline in older persons. Neurology 64, 1371–1377. doi: 10.1212/01.WNL.0000158281.08946.68

 Donzis, E. J., and Tronson, N. C. (2014). Modulation of learning and memory by cytokines: signaling mechanisms and long term consequences. Neurobiol. Learn. Mem. 115, 68–77. doi: 10.1016/j.nlm.2014.08.008

 Engelhardt, B., Vajkoczy, P., and Weller, R. O. (2017). The movers and shapers in immune privilege of the CNS. Nat. Immunol. 18, 123–131. doi: 10.1038/ni.3666

 Erta, M., Quintana, A., and Hidalgo, J. (2012). Interleukin-6, a Major Cytokine in the Central Nervous System. Int. J. Biol. Sci. 8, 1254–1266. doi: 10.7150/ijbs.4679

 Eskilsson, A., Mirrasekhian, E., Dufour, S., Schwaninger, M., Engblom, D., and Blomqvist, A. (2014). Immune-induced fever is mediated by IL-6 receptors on brain endothelial cells coupled to STAT3-dependent induction of brain endothelial prostaglandin synthesis. J. Neurosci. 34, 15957–15961. doi: 10.1523/JNEUROSCI.3520-14.2014

 Franceschi, C., and Campisi, J. (2014). Chronic inflammation (inflammaging) and its potential contribution to age-associated diseases. J. Gerontol. A Biol. Sci. Med. Sci. 69(Suppl. 1), S4–S9. doi: 10.1093/gerona/glu057

 Harré, E.-M., Roth, J., Gerstberger, R., and Hübschle, T. (2003). Interleukin-6 mediates lipopolysaccharide-induced nuclear STAT3 translocation in astrocytes of rat sensory circumventricular organs. Brain Res. 980, 151–155. doi: 10.1016/S0006-8993(03)02923-8

 Hunter, C. A., and Jones, S. A. (2015). IL-6 as a keystone cytokine in health and disease. Nat. Immunol. 16, 448–457. doi: 10.1038/ni.3153

 Jefferson, A. L., Massaro, J. M., Wolf, P. A., Seshadri, S., Au, R., Vasan, R. S., et al. (2007). Inflammatory biomarkers are associated with total brain volume. Neurology 68, 1032–1038. doi: 10.1212/01.wnl.0000257815.20548.df

 Jordanova, V., Stewart, R., Davies, E., Sherwood, R., and Prince, M. (2007). Markers of inflammation and cognitive decline in an African-Caribbean population. Int. J. Geriatr. Psychiatry 22, 966–973. doi: 10.1002/gps.1772

 Korolev, I. O., Symonds, L. L., and Bozoki, A. C. (2016). Predicting progression from mild cognitive impairment to Alzheimer's Dementia using clinical, MRI, and plasma biomarkers via probabilistic pattern classification. PLoS ONE 11:e0138866. doi: 10.1371/journal.pone.0138866

 Lai, K. S. P., Liu, C. S., Rau, A., Lanctôt, K. L., Köhler, C. A., Pakosh, M., et al. (2017). Peripheral inflammatory markers in Alzheimer's disease: a systematic review and meta-analysis of 175 studies. J. Neurol. Neurosurg. Psychiatry 88, 876–882. doi: 10.1136/jnnp-2017-316201

 Li, D., and Yu, F. (2017). Peripheral inflammatory biomarkers and cognitive decline in older adults with and without Alzheimer's Disease: a systematic review. J. Gerontol. Nurs. 43, 53–60. doi: 10.3928/00989134-20170519-01

 Liberati, A., Altman, D. G., Tetzlaff, J., Mulrow, C., Gøtzsche, P. C., Ioannidis, J. P. A., et al. (2009). The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare interventions: explanation and elaboration. BMJ 339:b2700. doi: 10.1136/bmj.b2700

 Marsland, A. L., Gianaros, P. J., Abramowitch, S. M., Manuck, S. B., and Hariri, A. R. (2008). Interleukin-6 covaries inversely with Hippocampal grey matter volume in middle-aged adults. Biol. Psychiatry 64, 484–490. doi: 10.1016/j.biopsych.2008.04.016

 McCarrey, A. C., Pacheco, J., Carlson, O. D., Egan, J. M., Thambisetty, M., An, Y., et al. (2014). Interleukin-6 is linked to longitudinal rates of cortical thinning in aging. Transl. Neurosci. 5, 1–7. doi: 10.2478/s13380-014-0203-0

 Monje, M. L., Toda, H., and Palmer, T. D. (2003). Inflammatory blockade restores adult hippocampal neurogenesis. Science 302, 1760–1765. doi: 10.1126/science.1088417

 Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A. P., Zhao, Z., et al. (2015). Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85, 296–302. doi: 10.1016/j.neuron.2014.12.032

 Nybo, L., Nielsen, B., Klarlund Pedersen, B., Møller, K., and Secher, N. H. (2002). Interleukin-6 release from the human brain during prolonged exercise. J. Physiol. 542, 991–995. doi: 10.1113/jphysiol.2002.022285

 Ozawa, M., Shipley, M., Kivimaki, M., Singh-Manoux, A., and Brunner, E. J. (2017). Dietary pattern, inflammation and cognitive decline: the Whitehall II prospective cohort study. Clin. Nutr. Edinb. Scotl. 36, 506–512. doi: 10.1016/j.clnu.2016.01.013

 Pavlov, V. A., and Tracey, K. J. (2017). Neural regulation of immunity: molecular mechanisms and clinical translation. Nat. Neurosci. 20, 156–166. doi: 10.1038/nn.4477

 Peng, L., Xu, L., and Ouyang, W. (2013). Role of Peripheral Inflammatory Markers in Postoperative Cognitive Dysfunction (POCD): a meta-analysis. PLoS ONE 8:e79624. doi: 10.1371/journal.pone.0079624

 Rafnsson, S. B., Deary, I. J., Smith, F. B., Whiteman, M. C., Rumley, A., Lowe, G. D. O., et al. (2007). Cognitive decline and markers of inflammation and hemostasis: the Edinburgh Artery Study. J. Am. Geriatr. Soc. 55, 700–707. doi: 10.1111/j.1532-5415.2007.01158.x

 Romero, L. I., Kakucska, I., Lechan, R. M., and Reichlin, S. (1996). Interleukin-6 (IL-6) is secreted from the brain after intracerebroventricular injection of IL-1 beta in rats. Am. J. Physiol. 270, R518–R524.

 Satizabal, C. L., Zhu, Y. C., Mazoyer, B., Dufouil, C., and Tzourio, C. (2012). Circulating IL-6 and CRP are associated with MRI findings in the elderly: the 3C-Dijon Study. Neurology 78, 720–727. doi: 10.1212/WNL.0b013e318248e50f

 Scafato, E., Gandin, C., Galluzzo, L., Ghirini, S., Cacciatore, F., Capurso, A., et al. (2010). Prevalence of Aging-Associated Cognitive Decline in an Italian elderly population: results from cross-sectional phase of Italian PRoject on Epidemiology of Alzheimer's disease (IPREA). Aging Clin. Exp. Res. 22, 440–449. doi: 10.3275/6970

 Schram, M. T., Euser, S. M., de Craen, A. J. M., Witteman, J. C., Frölich, M., Hofman, A., et al. (2007). Systemic markers of inflammation and cognitive decline in old age. J. Am. Geriatr. Soc. 55, 708–716. doi: 10.1111/j.1532-5415.2007.01159.x

 Singh-Manoux, A., Dugravot, A., Brunner, E., Kumari, M., Shipley, M., Elbaz, A., et al. (2014). Interleukin-6 and C-reactive protein as predictors of cognitive decline in late midlife. Neurology 83, 486–493. doi: 10.1212/WNL.0000000000000665

 Spooren, A., Kolmus, K., Laureys, G., Clinckers, R., De Keyser, J., Haegeman, G., et al. (2011). Interleukin-6, a mental cytokine. Brain Res. Rev. 67, 157–183. doi: 10.1016/j.brainresrev.2011.01.002

 Stein, J., Luppa, M., Maier, W., Wagner, M., Wolfsgruber, S., Scherer, M., et al. (2012). Assessing cognitive changes in the elderly: reliable change indices for the Mini-Mental State Examination. Acta Psychiatr. Scand. 126, 208–218. doi: 10.1111/j.1600-0447.2012.01850.x

 Sun, Y. X., Minthon, L., Wallmark, A., Warkentin, S., Blennow, K., and Janciauskiene, S. (2003). Inflammatory markers in matched plasma and cerebrospinal fluid from patients with Alzheimer's disease. Dement. Geriatr. Cogn. Disord. 16, 136–144. doi: 10.1159/000071001

 Swardfager, W., Lanctôt, K., Rothenburg, L., Wong, A., Cappell, J., and Herrmann, N. (2010). A Meta-Analysis of Cytokines in Alzheimer's Disease. Biol. Psychiatry 68, 930–941. doi: 10.1016/j.biopsych.2010.06.012

 United Nations (2015). Population Division World Population Prospects 2015. Available Online at: http://esa.un.org/unpd/wpp/Download/Probabilistic/Population/ (Accessed January 22, 2016).

 Vallières, L., Campbell, I. L., Gage, F. H., and Sawchenko, P. E. (2002). Reduced hippocampal neurogenesis in adult transgenic mice with chronic astrocytic production of interleukin-6. J. Neurosci. 22, 486–492.

 Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

 Weaver, J. D., Huang, M. H., Albert, M., Harris, T., Rowe, J. W., and Seeman, T. E. (2002). Interleukin-6 and risk of cognitive decline: MacArthur studies of successful aging. Neurology 59, 371–378. doi: 10.1212/WNL.59.3.371

 Wells, G., Shea, B., O'Connell, D., Peterson, J., Welch, V., Losos, M., et al. (2000). The Newcastle - Scale for Assessing the Quality of Nonrandomised Studies in Meta-Analyses.pdf. Available Online at: http://www.medicine.mcgill.ca/rtamblyn/Readings/The%20Newcastle%20-%20Scale%20for%20assessing%20the%20quality%20of%20nonrandomised%20studies%20in%20meta-analyses.pdf (Accessed October 21, 2016).

 Yaffe, K., Lindquist, K., Penninx, B. W., Simonsick, E. M., Pahor, M., Kritchevsky, S., et al. (2003). Inflammatory markers and cognition in well-functioning African-American and white elders. Neurology 61, 76–80. doi: 10.1212/01.WNL.0000073620.42047.D7

 Zhou, X., Fragala, M. S., McElhaney, J. E., and Kuchel, G. A. (2010). Conceptual and methodological issues relevant to cytokine and inflammatory marker measurements in clinical research. Curr. Opin. Clin. Nutr. Metab. Care 13, 541–547. doi: 10.1097/MCO.0b013e32833cf3bc

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

Copyright © 2018 Bradburn, Sarginson and Murgatroyd. 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) or licensor 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: 06 August 2018
doi: 10.3389/fnagi.2018.00236





[image: image2]

Systemic Inflammation Mediates Age-Related Cognitive Deficits

Tian Lin1†, Gene A. Liu1†, Eliany Perez1, Robert D. Rainer1, Marcelo Febo2, Yenisel Cruz-Almeida3,4 and Natalie C. Ebner1,3,4*


1Department of Psychology, University of Florida, Gainesville, FL, United States

2Department of Psychiatry, University of Florida, Gainesville, FL, United States

3Pain Research and Intervention Center of Excellence, University of Florida, Gainesville, FL, United States

4Center for Cognitive Aging and Memory, Department of Clinical and Health Psychology, University of Florida, Gainesville, FL, United States

Edited by:
Ashok Kumar, University of Florida, United States

Reviewed by:
Lisa M. Renzi-Hammond, University of Georgia, United States
Sarah J. Barber, San Francisco State University, United States

* Correspondence: Natalie C. Ebner, natalie.ebner@ufl.edu

†These authors have contributed equally to this work.

Received: 30 March 2018
 Accepted: 18 July 2018
 Published: 06 August 2018

Citation: Lin T, Liu GA, Perez E, Rainer RD, Febo M, Cruz-Almeida Y and Ebner NC (2018) Systemic Inflammation Mediates Age-Related Cognitive Deficits. Front. Aging Neurosci. 10:236. doi: 10.3389/fnagi.2018.00236



The association between systemic inflammation and cognitive deficits is well-documented. Further, previous studies have shown that systemic inflammation levels increase with age. The present study took a novel approach by examining the extent to which systemic inflammation levels mediated age-related cognitive decline. Forty-seven young and 46 older generally healthy adults completed two cognitive tasks measuring processing speed and short-term memory, respectively. Serum concentrations of three inflammatory biomarkers (including interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), C-reactive protein (CRP)) were measured in each participant. Both cognitive measures showed age-related deficits. In addition, levels of IL-6 and TNF-α were elevated with age. IL-6 partially mediated the difference in processing speed between the young and the older participant age group; there was no mediation effect for TNF-α and CRP. Considering chronological age, IL-6 partially accounted for age-related impairment in processing speed within older but not young participants. No effects were found for short-term memory. Evidence from this research supports the role of inflammatory processes in age-related cognitive decline. Processes involved in this mediation and differences in inflammatory influence on specific cognitive functions are discussed.
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INTRODUCTION

Systemic Inflammation and Cognitive Impairment

Mounting evidence associates cognitive impairment with systemic immune activation. For example, elevated serum levels of pro-inflammatory cytokines, including interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α) and C-reactive protein (CRP), lead to impairments in overall cognition (Weaver et al., 2002; Schram et al., 2007) as well as impairments in specific functions, such as reduced processing speed (Bettcher et al., 2014), executive function (Heringa et al., 2014) and memory (Teunissen et al., 2003). These associations between systemic inflammation and cognitive impairment have been found in young (Brydon et al., 2008), middle-aged (Marsland et al., 2008, 2015), and older (Athilingam et al., 2013; Tegeler et al., 2016) adults. Furthermore, within older adults, this inflammation−cognition link has been documented among generally healthy individuals (Brydon et al., 2008; Heringa et al., 2014; Nadkarni et al., 2016; Tegeler et al., 2016) and in clinical samples with conditions like dementia (Trollor et al., 2010), heart failure (Athilingam et al., 2013) and late-life depression (Charlton et al., 2018). However, to our knowledge, previous studies have not directly examined the mediatory role of systemic inflammation on cognitive aging.

Systemic inflammation leads to elevated circulating pro-inflammatory cytokines, including IL-6, TNF-α and CRP, which can interact with the central nervous system through three main routes: (i) pro-inflammatory cytokine transport proteins enable limited active transport across the blood brain barrier (BBB), allowing for central action (Dantzer et al., 2008; Fung et al., 2012). (ii) Systemically produced cytokines can stimulate afferent nerves (e.g., the vagal nerve), which then transmit the currently heightened inflammatory status to lower brain stem regions. In particular, the vagal nerve projects to the nucleus of the solitary tract and higher neural regions (e.g., hypothalamus, amygdala and bed nucleus of the stria terminals; McCusker and Kelley, 2013). (iii) Circulating cytokines reach the circumventricular organs, which reside outside the BBB. There, cells expressing toll-like receptors respond to the increased inflammatory state, eliciting further production and release of pro-inflammatory cytokines, which can then enter the brain through volume diffusion (Vitkovic et al., 2000; Dantzer et al., 2008; McCusker and Kelley, 2013; Sankowski et al., 2015).

These three pathways, when stimulated peripherally, will activate microglia and astrocytes in the brain to produce pro-inflammatory cytokines, propagating the signal into the neural environment (Dantzer et al., 2008; Sankowski et al., 2015). This leads to comparable inflammation levels in the brain and the periphery (McCusker and Kelley, 2013). Elevated neuroinflammation can result in structural and functional impairment in the brain (Varatharaj and Galea, 2017), such as hippocampal atrophy (Sankowski et al., 2015; Varatharaj and Galea, 2017) and increased substantia nigra activity (Brydon et al., 2008), both of which have been associated with cognitive deficits (Brydon et al., 2008; Sankowski et al., 2015; Varatharaj and Galea, 2017).

Systemic Inflammation and Cognitive Aging

Pro-inflammatory cytokines can alter mitochondrial dynamics, decreasing metabolic efficiency and producing reactive oxygen species (ROS; Sankowski et al., 2015; van Horssen et al., 2017). ROS, in turn, can further elicit inflammatory immune response (Giunta, 2008; van Horssen et al., 2017), resulting in a positive feedforward loop. With accumulating oxidative stress and free radical damage, microglia and astrocytes become more likely to express a “primed” phenotype and morphology (Norden et al., 2015), characterized by an elevated baseline inflammatory state, a more vigorous pro-inflammatory response after reaching a lowered threshold, and resistance to any efforts to return to homeostasis (Norden and Godbout, 2013; Norden et al., 2015). The likelihood of progressing towards this primed phenotype increases with age as individuals are exposed to a greater amount of immune challenges. This increased risk for chronic low-grade inflammation in advanced age has been termed “inflammaging” (Giunta, 2008; Perry and Teeling, 2013; Dev et al., 2017; Charlton et al., 2018). A heightened inflammatory state, as seen with inflammaging, could partially explain the cognitive declines commonly observed in normal aging (Ownby, 2010).

Supporting this argument, recent research has reliably correlated increased inflammatory biomarker levels and diminished cognitive function in older adults (Bettcher et al., 2014; Heringa et al., 2014; Papenberg et al., 2016; Tegeler et al., 2016; Dev et al., 2017). These studies indicate that elevated systemic inflammation could be a risk factor for cognitive decline in old age, but do not directly imply that systemic inflammation mediates the age effect on cognitive functions. While some studies reported lower baseline cognitive scores in older adults with higher levels of systemic inflammation, these studies did not find evidence associating levels of systemic inflammation and rate of cognitive decline (Alley et al., 2008; Gimeno et al., 2008; Todd, 2017; but see Schram et al., 2007; Singh-Manoux et al., 2014). The present study, therefore, directly tested the mediation effect of systemic inflammation on age-related cognitive impairment in a sample with a wide age range across adulthood. One previous study examined the link between systemic inflammation and cognition in a sample with a relatively wide range (mean age = 65 years, SD = 11; Teunissen et al., 2003), but did not specifically test the mediation of systemic inflammation on cognitive aging.

The Present Study

Adopting a novel methodological approach that considered between-group and within-group age effects, we expanded previous research in testing the role of systemic inflammation as a mediator of the age−cognition link in generally healthy adults. In particular, we addressed the following specific research questions: (i) Does systemic inflammation account for differences in cognitive performance between the young and the older age group? We predicted that greater systemic inflammation in the older compared to the young age group will mediate age-related cognitive impairment (i.e., reduced processing speed and short-term memory; Hypothesis 1; mediation of the between-group age effect). (ii) Does systemic inflammation account for age-related differences in cognitive performance within young and older age groups? We predicted that greater systemic inflammation associated with greater chronological age will mediate cognitive impairment in both the young and the older age group (Hypothesis 2; mediation of the within-group age effect). (iii) Does the extent to which systemic inflammation accounts for age-related differences in cognitive performance vary between young and older age groups? We predicted that the mediation of the within-group age effect will be more pronounced in the older compared to the young age group (Hypothesis 3; moderated mediation of the within-group age effect).

MATERIALS AND METHODS

Participants

We recruited participants through: (i) handout and flyer distribution on campus and the community; (ii) HealthStreet, a university community outreach service; and (iii) mail-outs via two university participant registries particularly geared towards older individuals. Exclusion criteria were based on eligibility requirements for a larger project and included pregnancy (determined via pregnancy tests given to all women under 63 years), breastfeeding, psychological disorder, severe mental illness, excessive smoking or drinking and magnetic resonance imaging (MRI) incompatibility (as reported elsewhere; Ebner et al., 2015, 2016). The final sample for this report included 47 young (M = 22.3 years, SD = 2.73, 18–31 years, 47% female) and 46 older (M = 71.2 years, SD = 5.08, 63–80 years, 52% female) generally healthy adults.1 A basic metabolic panel, participants’ responses to a series of questions related to overall health, including diagnoses and medication intake, and a review of bodily systems by a licensed physician confirmed health status. All participants were Caucasian and fluent in English. As summarized in Table 1, older participants had more years of education than young participants. There was no difference between young and older participants in their self-reported physical and mental health.

TABLE 1. Means (SD)/median (Q1, Q3) and age-group differences in demographic, sleep, stress, health, cognitive and inflammation measures.
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Procedure

This data analysis was part of a larger project that comprised a phone screening and two campus visits. This report only includes data from the phone screening and the first campus visit (for additional publications from the larger project, see Ebner et al., 2015, 2016, 2018).

During the initial phone screening, older adults first underwent the Telephone Interview for Cognitive Status (TICS; M = 35.45, SD = 2.38, Min = 30, Max = 41, cut off ≤30; Brandt et al., 1988). All participants then completed the lab’s internal Health Screening and Demographics Form soliciting a range of information, including marital status, current medications, exercise habits and non-medicinal substance use such as caffeine, nicotine, alcohol and recreational drugs.

The phone screening was followed by a campus visit where, after receiving informed written consent, behavioral measures for short-term memory and processing speed (in this order; see details below) were administered. Next, a licensed physician conducted a review of all major bodily systems (i.e., eyes, ears, nose, throat; pulmonary; genito-urinary; gastrointestinal; neurological; cardiovascular; musculoskeletal) before a professional phlebotomist performed a blood draw to conduct the basic metabolic panel and to determine serum inflammation biomarker levels for IL-6, TNF-α and CRP. Personality and social relationship data were also collected, as reported elsewhere (Ebner et al., 2018). Participants were instructed to stay hydrated and avoid food, exercise and sexual activity for 2 h before the visit. They were also instructed to avoid smoking, caffeine, alcohol and recreational drugs for 24 h before the visit. Controlling for individual diurnal cycles, all screening visits began in the morning, usually around 8:00 a.m.

Cognitive Measures

Processing Speed

The Digit Symbol-Substitution Task (DSST) from the Wechsler Adult Intelligence Scale (WAIS; Wechsler, 1981) was used to measure processing speed. In this task, participants are given a table pairing the digits 1 through 9 with nine distinct symbols (e.g., the number three is paired with a cross). Next, participants are presented with a sequence of 93 digits, ranging from 1 through 9. The goal is to identify individual digits, consider their corresponding symbol, and write that symbol in the space provided immediately below each respective digit, as quickly and accurately as possible. Participants are given 90 s to work through as much of the sequence as time permits. The number of correct responses was used to indicate processing speed, with higher scores indicating faster processing speed.

Short-Term Memory

The Rey Auditory Verbal Learning Test (RAVLT; Rey, 1964) was used to measure short-term memory. In this task, participants read a list of 15 words (letters per word: M = 5.0; word frequency: M = 55.8, SD = 86.3), one every 2 s, for concrete objects (e.g., “desk”, “ranger”). Immediately after, participants are asked to write down each word they can recall. The number of words correctly recalled was used to indicate short-term memory, with more recalled words indicating better short-term memory.

Inflammation Biomarker Collection and Assay

Using serum tubes, a professional phlebotomist drew 10 mL of blood. After five inversions, samples rested at room temperature for 30–60 min to clot before 1600× g centrifugation at 4°C for 15 min and were immediately stored at −80°C. Before assays, samples thawed on ice. Using Human Quantikine Enzyme-linked Immunosorbent Assay (ELISA), serum IL-6, TNF-α and CRP levels were measured in duplicate according to instructions from the manufacturer (R and D System, Minneapolis, MA, USA; CRP: DCRP00; IL-6: HS600B; TNFα: HSTA00D). Intra-assay coefficient of variation (CV) was less than 6% for IL-6, 15% for TNF-α and 3% for CRP, and inter-assay CV was less than 14% for IL-6, 17% for TNF-α and 8% for CRP. IL-6 and TNF-α levels were significantly higher in older than young participants (Table 1). IL-6 levels were significantly related with CRP levels in both young and older participants and with TNF-α levels in older but not young participants. In contrast, TNF-α and CRP levels were not related in either of the age groups (Table 2).

TABLE 2. Bivariate correlations among the three inflammations markers in young and older participants.
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Statistical Analysis

We conducted two separate analytic models to determine the extent to which systemic inflammation accounted for age effects on processing speed and short-term memory, respectively. In each model, the cognitive performance measure served as the dependent variable. Age-group contrast (categorical variable; young participants = −1; older participants = 1) and chronological age (continuous variable) served as the two independent variables in each model to capture both the between-group and the within-group age effects. To remove multicollinearity between the age-group contrast and the chronological age variables, we centered the chronological age variable separately in each age group. The three systemic inflammation biomarker levels served as mediators in the models. In addition, we considered the interaction between the age-group contrast and chronological age on the three systemic inflammation biomarkers and the cognitive performance measure and we considered the interaction between the age-group contrast and the three systemic inflammation biomarkers on the cognitive performance measure. This model specification allowed us to determine the extent to which the mediation of systemic inflammation of the within-group age effect on the cognitive measures varied between young and older participants (i.e., moderated mediation of the within-group age effect).

We used PROCESS macro on SPSS (Hayes, 2013) for model testing. The program reports the results for the mediation of the within-group age effects. However, it does not report the indirect effects of the between-group age effects. We followed guidelines by VanderWeele and Vanstellandt (VanderWeele and Vansteelandt, 2009; Valeri and VanderWeele, 2013) to calculate these indirect effects for each inflammation biomarker. We set significance thresholds of p < 0.05 (two-tailed test) for all main effects and interactions. We applied bias-corrected bootstrap with 10,000 resampling for calculation of the 95% confidence interval (CI) to determine the significance of each indirect effect.

RESULTS

Mediation Effect of Systemic Inflammation on the Link Between Age and Processing Speed

IL-6

The effect of age-group contrast on IL-6 was significant (B = 0.31, t(89) = 2.22, p = 0.03) in the moderated mediation model (Figure 1A), with higher IL-6 levels in the older compared to the young group. In contrast, neither the main effect of chronological age (B = 0.04, t(89) = 0.88, p = 0.38) nor its interaction with the age-group contrast (B = 0.04, t(89) = 0.92, p = 0.36) was significant. That is, even though IL-6 levels were higher for individuals in the older compared to the young group, higher chronological age in each age group was not associated with higher IL-6 levels. The main effect of IL-6 levels on processing speed was significant (B = −2.11, t(83) = −2.52, p = 0.01), while the interaction between IL-6 levels and age-group contrast was not significant (B = −0.07, t(83) = −0.08, p = 0.93). That is, individuals with higher IL-6 levels had lower processing speed with comparable effects across the two age groups. Further, IL-6 levels mediated the between-group age effect on processing speed (Effect = −0.68, 95% CI = [−1.76, −0.06]) and the within-group age effect on processing speed in the older (Effect = −0.17, 95% CI = [−0.47, −0.02]) compared to the young (Effect = −0.003, 95% CI = [−0.27, 0.35]) group.
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FIGURE 1. Effects (B (SE)) of chronological age (centered), age-group contrast and interleukin 6 (IL-6) (A), tumor necrosis factor alpha (TNF-α) (B), and C-reactive protein (CRP) (C), and their interactions on processing speed. To improve readability, separate figures show the results from the three systemic inflammation biomarkers while all variables were considered in a single model. Solid lines indicate significance at p < 0.05.



TNF-α

Similar to IL-6, the effect of age-group contrast on TNF-α was significant (B = 0.22, t(89) = 3.68, p < 0.001) in the moderated mediation model (Figure 1B), with higher TNF-α levels in the older compared to the young group. In contrast, neither the main effect of chronological age (B = −0.01, t(89) = −0.41, p = 0.68) nor its interaction with the age-group contrast (B = 0.02, t(89) = 0.95, p = 0.34) on TNF-α levels was significant. That is, consistent with findings for IL-6, even though levels of TNF-α were higher for individuals in the older compared to the young group, higher chronological age in either age groups was not associated with higher TNF-α levels. Neither the main effect of TNF-α (B = −1.79, t(83) = −0.71, p = 0.48) nor its interaction with age-group contrast (B = 0.77, t(83) = 0.31, p = 0.76) on processing speed was significant, suggesting no association between TNF-α levels and processing speed in either age group. Furthermore, TNF-α levels did not mediate the between-group age effect on processing speed (Effect = −0.22, 95% CI = [−1.21, 0.31]) nor the within-group age effect in either the young (Effect = 0.06, 95% CI = [−0.16, 0.81]) or the older (Effect = −0.01, 95% CI = [−0.14, 0.03]) group.

CRP

The effect of age-group contrast on CRP was not significant (B = 131.01, t(89) = 0.75, p = 0.46) in the moderated mediation model (Figure 1C), suggesting comparable CRP levels in the young and older groups. Also, neither the main effect of chronological age (B = 45.49, t(89) = 0.88, p = 0.38) nor its interaction with the age-group contrast (B = 21.93, t(89) = 0.42, p = 0.67) on CRP was significant, suggesting no age-related changes in CRP in either age group. In addition, neither the main effect of CRP (B = 0.001, t(83) = 1.04, p = 0.30) nor its interaction with the age-group contrast (B = −0.0003, t(83) = −0.50, p = 0.62) was significant, suggesting no association between CRP levels and processing speed in either age group. Also, CRP did not mediate the between-group age effect on processing speed (Effect = 0.04, 95% CI = [−0.11, 0.50]) or the within-group age effect on processing speed in either the young (Effect = 0.02, 95% CI = [−0.15, 0.36]) or older (Effect = 0.02, 95% CI = [−0.07, 0.23]) group.

Direct Age Effects After Controlling for the Effects of IL-6, TNF-α and CRP

In the moderated mediation model, the effect of age-group contrast on processing speed was significant (B = −8.44, t(83) = −3.79, p < 0.001). That is, after accounting for the effect of the three biomarkers on processing speed, the older group still showed lower processing speed than the young group. In addition, neither the main effect of chronological age (B = −0.27, t(83) = −0.99, p = 0.33) nor its interaction with the age-group contrast (B = −0.29, t(83) = −1.06, p = 0.29) on processing speed was significant.

Mediation Effect of Systemic Inflammation on the Link Between Age and Short-Term Memory

IL-6, TNF-α and CRP

As shown in Figures 2A–C, neither the main effects of the three inflammation biomarkers nor their interaction with age-group contrast on short-term memory was significant. Thus, our data did not support an effect of systemic inflammation on short-term memory in either age group. In addition, none of the inflammation biomarkers mediated the between-group age effects nor the within-group age effects on short-term memory in the young or older age groups. These results indicated that inflammation biomarker levels did not account for age-related difference in short-term memory in our sample.
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FIGURE 2. Effects (B (SE)) of chronological age (centered), age-group contrast, and IL-6 (A), TNF-α (B), and CRP (C), and their interactions on short-term memory. To improve readability, separate figures show the results from the three systemic inflammation biomarkers while all variables were considered in a single model. Solid lines indicate significance at p < 0.05.



Direct Age Effects After Controlling for the Effects of IL-6, TNF-α and CRP

In the moderated mediation model, the effect of age-group contrast on short-term memory was not significant (B = −0.78, t(83) = −1.37, p = 0.17). In contrast, the main effect of chronological age on short-term memory was significant (B = −0.16, t(83) = −2.33, p = 0.02), while its interaction with age-group contrast was not significant (B = 0.06, t(83) = 0.83, p = 0.41). That is, after accounting for the effect of the three inflammation markers on short-term memory, the age-related decline in short-term memory was comparable for the age groups2.

DISCUSSION

Going beyond previous work, the present study took a novel methodological approach by examining the mediation of systemic inflammation (i.e., serum levels of IL-6, TNF-α and CRP) on age-related cognitive impairments (i.e., deficits in processing speed and short-term memory). We found that systemic inflammation partially explained differences in cognitive performance associated with increased age. In particular, IL-6 levels accounted for the age-group difference in processing speed, supporting Hypothesis 1 (mediation of the between-group age effect). Further, IL-6 levels accounted for the age-related differences in processing speed within the older but not the young age group, supporting Hypothesis 3 (moderated mediation of the within-group age effect). However, our data did not support Hypothesis 2 (mediation of the within-group age effect). Neither of the remaining two examined inflammatory biomarkers (i.e., TNF-α, CRP) nor short-term memory yielded any significant effects. Of note, the sample size in the present study was relatively small, limiting the statistical power to detect small effects and calling for future replication of our findings in a larger sample. Next, we discuss the novel findings generated in this work and their implications in more detail.

Age-Moderated Mediation of the Effect of Systemic Inflammation on Cognitive Aging

Previous work has documented a relationship between systemic inflammation and cognitive performance throughout adulthood, spanning young (Brydon et al., 2008), middle-aged (Marsland et al., 2008, 2015) and older (Athilingam et al., 2013; Tegeler et al., 2016) adults. The present study, however, represents the first direct test of a mediation effect of systemic inflammation on age-related cognitive impairment. In particular, our results suggest that the difference in systemic inflammation (measured by serum IL-6 levels) between young and older adults partially accounted for the difference in processing speed between these age groups. Additionally, IL-6 levels mediated age-related differences in processing speed within the older but not the young age group. Combining these two findings, the mediation of systemic inflammation on age-related variances in cognitive performance may become more pronounced with increased age (i.e., moderated mediation).

Two possible mechanisms may underlie the observed moderated mediation. First, age may increase the impact of systemic inflammation on cognition. In line with this suggestion, Baltes’s (1997) life-span developmental theory (see also Kwasnicka et al., 2016) proposes that biological factors become increasingly influential on behavior as older adults experience reduced functioning and less effective compensatory processes to counter functional decline. However, in the present study we did not find a significant age-moderation of the effect of IL-6 levels on processing speed (Figure 1A). That is, the association between IL-6 levels and processing speed was comparable between young and older adults. Similarly, a previous study showed that an experimentally-induced elevation in inflammatory cytokine response (i.e., typhoid vaccination) consistently hindered reaction times among young participants (Brydon et al., 2008). This suggests that systemic inflammation produces similar impairments regardless of individual age. Therefore, individuals with higher systemic inflammatory levels, regardless of age, are more likely to show cognitive impairments. Thus, our data combined with previous studies, does not support the age-related enhancement in the association between systemic inflammation and cognitive impairment as an explanation for the observed moderated mediation.

Second, systemic inflammation levels increase with age, possibly because older adults face more immune challenges and become increasingly likely to display mild chronic inflammation (inflammaging; Giunta, 2008; Perry and Teeling, 2013; Dev et al., 2017; Charlton et al., 2018). With chronic conditions, primed microglia can yield deleterious effects on their local neuro-environment, eliciting even greater inflammation, which may further prime microglia. This, in combination with continued accumulation of immune challenges, implies that inflammation levels, and their subsequent influence on cognition, may accelerate with time (Norden et al., 2015). Previous longitudinal studies, however, found no associations between systemic inflammation levels and the rate of cognitive decline (Alley et al., 2008; Gimeno et al., 2008; Todd, 2017). Importantly, these earlier studies focused on cohorts of older adults only. Further, while participants were tracked for about 10 year periods, this time span may have been too short to capture causal effects (Todd, 2017). Following from this argument, findings from the present study, which investigated a wider age range, showed that IL-6 levels partially accounted for the variance in processing speed between young and older adults. However, the cross-sectional nature of the present study does not allow causal conclusions of a mediation of inflammation on cognitive aging. Future longitudinal studies with longer data collection periods (e.g., across adulthood) are warranted.

Domain-Specificity of the Mediation Effect of Systemic Inflammation on Cognitive Aging

While participants showed age-related cognitive impairments in both cognitive tasks, systemic inflammation only accounted for the age-related differences in processing speed but not short-term memory. In line with these findings, previous work had documented domain-specificity in the inflammation−cognition link. Heringa et al. (2014), for example, showed that older adults’ low-grade inflammation level, determined by the composite scores of various inflammatory biomarkers, including IL-6, IL-8, TNF-α and CRP, was negatively associated with processing speed, attention and executive functioning, but not other cognitive domains, including memory. Similarly, Tegeler et al. (2016) showed that higher levels of IL-6, IL-10 and CRP were associated with poorer executive function and processing speed, but not memory. In line with this correlational evidence, a recent intervention study found that participants who received antioxidant supplementation (e.g., resveratrol) for 90 days, compared to those in a control group who received placebo, showed improvement on processing speed (Anton et al., 2018; for a recent meta-analysis, also see Marx et al., 2018).

Importantly, microglial cells, which potentially represent the central mechanism for the neurological effects of inflammation, are widespread in the brain (Sankowski et al., 2015; van Horssen et al., 2017). This means that cognitive processes that integrate various areas across the brain may be more immediately vulnerable to inflammaging. Furthermore, a previous study reported a positive correlation between processing speed and whole-brain white matter volume, but not white matter volume from any sub-region in healthy young adults (Magistro et al., 2015). In addition, diffusion tensor imaging showed that processing speed in older adults was correlated with white matter integrity in diffuse areas of the frontal and parietal lobes (Kerchner et al., 2012). These results imply that processing speed is a cognitive process requiring coordination between various brain regions. Therefore, evidence from the present and previous studies associating systemic inflammation and processing speed, but not short-term memory (a more functionally localized process), supports the argument that systemic inflammation may cause global and diffuse brain damage with variable effects on individual cognitive domains.

We used the DSST to measure processing speed. Although the DSST has been commonly used as a measure of processing speed, previous research suggests that in addition to processing speed, other cognitive components such as executive function, visual scanning and memory contribute to performance in the DSST (Joy et al., 2003). Thus, participants’ performance in the DSST may not only reflect their processing speed but represent a broader cognitive functioning composite. Future studies could apply multiple cognitive tasks and adopt a latent factor approach to clarify the associations between systemic inflammation and various cognitive functions.

In contrast, Charlton et al. (2018) reported an association between elevated inflammatory cytokines (i.e., IL-6) and memory impairment in older adults with late-life depression, but not in a healthy control group. Importantly, cytokine measures in individuals with late-life depression were compared with measures in relatively healthy older adults. The study showed a significant correlation between inflammation biomarker levels and the severity of depressive symptoms. Thus, it is possible that psychological conditions, like depression, introduce additional inflammation in peripheral and central immune systems, enhancing the impact of inflammation on various neurological structures and functions. As a result, more localized cognitive domains (e.g., memory) could become more vulnerable in these clinical conditions. Consistent with this notion is evidence of an age-related decline in hippocampal sub-region volume in adults with hypertension, but not individuals with normal blood pressure (Bender et al., 2013). Further supporting this argument, previous studies suggest elevated systemic inflammation as a risk factor for cognitive impairment (e.g., dementia, Fung et al., 2012; Hoogland et al., 2015; Marsland et al., 2015) among older adults. Thus, it is possible that the present study’s exclusion criteria (e.g., no major illnesses, disorders, obesity), resulting in a sample of individuals with a relatively high health status, especially compared to older adults in the larger population, may have contributed to the lack of correlation between systemic inflammation and short-term memory.

The present study was embedded in the context of a larger project, which only included Caucasian individuals to avoid potential confounds in some of the central project outcomes. There is evidence, however, that racial minorities experience higher levels of inflammation (Paalani et al., 2011; Stepanikova et al., 2017), which may further contribute to age-related cognitive deficits within those populations (Windham et al., 2014; Goldstein et al., 2015). Thus, the lack of racial/ethnic diversity in the present sample limits the generalizability of our findings. Directly comparing racial/ethnic groups or analysis on a population-representative sample in future research will determine applicability of the present findings.

CONCLUSION

The present study directly tested the mediatory role of systemic inflammation on age-related differences in two cognitive domains (i.e., processing speed, short-term memory). Our findings establish systemic inflammation as a potential mechanism underlying cognitive impairments in aging. These results highlight the importance of reducing inflammation to promote cognitive health. Preventive measures, like regular erobic exercise and medications to reduce inflammation, adopted across the entire lifespan, may prove particularly important to protect against cognitive decline, especially among older adults.
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FOOTNOTES

1^The original sample included 105 participants. Four young and eight older participants had missing inflammation biomarker data, resulting in a final sample size of 93 participants for the present analysis.

2^Given an age-group difference in years of education in the current sample (Table 1), we conducted parallel analyses in which we considered years of education as covariate. The pattern of findings did not change by adding this covariate.
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Multiple sclerosis (MS) is a chronic inflammatory CNS disease, which causes demyelinated lesions and damages white and gray matter regions. Aging is a significant factor in the progression of MS, and microglia, the immune cells of the CNS tissue, play an important role in all disease stages. During aging, microglia are functionally altered. These age-related changes probably already begin early and might influence the progression of CNS pathologies. The aim of the present study was to investigate whether microglia in the middle-aged CNS already react differently to demyelination. For this purpose, several microglia markers (ionized calcium binding adaptor molecule 1 (Iba-1), P2RY12, F4/80, CD68, major histocompatibility complex II (MHCII), macrophage receptor with collagenous structure (Marco), Translocator protein 18 kD (TSPO), CD206, and CD163) were analyzed in the acute cuprizone demyelination model in young (2-month-old) and middle-aged (10-month-old) mice. In addition, microglial proliferation was quantified using double-labeling with proliferating cell nuclear antigen (PCNA) and bromodeoxyuridine (BrdU), which was injected with the onset of remyelination. To compare age-related microglial changes during de- and remyelination in both gray and white matter, the hilus of the dorsal hippocampal dentate gyrus (DG) and the splenium of the corpus callosum (CC) were analyzed in parallel. Age-related changes in microglia of healthy controls were more pronounced in the analyzed gray matter region (higher levels of F4/80 and Marco as well as lower expression of CD68 in middle-aged mice). During de- and remyelination, a stronger increase of the microglial markers Iba-1, CD68 and TSPO was observed in the splenium of the younger groups. There was a significant reduction of P2RY12 during demyelination, however, this was age- and region-dependent. The induction of the anti-inflammatory markers CD206 and CD163 was stronger in the middle-aged group, but also differed between the two analyzed regions. De- and remyelination led to a significant increase in PCNA+ microglia only in young groups within the white matter region. The number of BrdU+ microglia was not changed during de- or remyelination. These results clearly show that microglia are already altered during middle-age and also react differently to CNS demyelination, however, this is highly region-dependent.
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INTRODUCTION

With increasing age, microglia, the resident immune cells of the CNS parenchyma, undergo functional changes (reviewed in Mosher and Wyss-Coray, 2014). Aging microglia seem to become more reactive to pro-inflammatory stimuli, and at the same time, also more resistant to deactivation, which together lead to an exaggerated and longer lasting inflammatory response. This process has been described as “microglial priming” (reviewed in Norden and Godbout, 2013; Norden et al., 2015), and may influence the progression of CNS pathologies (reviewed in Perry and Holmes, 2014). Additionally, there is evidence that microglia functions (such as phagocytosis and proteostasis), which are important for CNS homeostasis and in reaction to CNS pathologies, become impaired during aging (reviewed in Mosher and Wyss-Coray, 2014). These age-related microglial changes most likely already start during adulthood (e.g., Bardou et al., 2013; Lee et al., 2013; Hefendehl et al., 2014), until, at extreme ages, microglia become senescent and dystrophic (reviewed in Streit et al., 2014). The exact time sequence and functional impact of microglial age-related changes, however, need to be studied more extensively.

Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS, which causes demyelination not only in white matter regions, but also damages gray matter and leads to axonal loss and neurodegeneration (reviews of MS pathology: Mallucci et al., 2015; Baecher-Allan et al., 2018). In young adults, MS is the main cause of non-traumatic neurological disabilities (Browne et al., 2014). Despite different MS disease patterns, aging is a very important factor in the progression of MS pathology and increasing disability (Confavreux and Vukusic, 2006; Manouchehrinia et al., 2017).

Microglia accumulate in active MS lesions and play an important role in all stages of MS pathology (reviewed in Jack et al., 2005; Rawji and Yong, 2013; O’Loughlin et al., 2018). There are indications that microglia can facilitate myelin repair by phagocytosing myelin and cell debris, secreting pro-regenerative signals (e.g., growth factors and cytokines), and by influencing oligodendrocyte lineage cells (reviewed in Napoli and Neumann, 2010; McMurran et al., 2016; Miron, 2017). However, with increasing disease duration and age, myelin regeneration becomes less successful, and it is possible that age-related changes in microglia are one factor contributing to this failure in myelin repair. Even though this hypothesis is not new, most preclinical studies on microglia in models for MS or demyelination used animals of a young age, which could conceivably influence the results.

The aim of the present study was to investigate whether microglia in the middle-aged (10-months-old) CNS react differently to demyelination than young microglia (2-months-old). For this purpose, we performed a comprehensive analysis of microglia using cell- and activity-specific markers in combination with markers for proliferation in the acute cuprizone demyelination model. This model is a well-studied and reproducible toxic model, which induces demyelination followed by spontaneous remyelination (Kipp et al., 2009; Praet et al., 2014; Tagge et al., 2016). Similar to the pathology in human MS patients, in the cuprizone model demyelination and axonal damage not only occur in white matter regions, like the corpus callosum (CC), but also in gray matter (Goldberg et al., 2015), for example, in the hippocampus (Hoffmann et al., 2008; Koutsoudaki et al., 2009; Norkute et al., 2009; Sun et al., 2016). To compare age-related microglial changes in both gray and white matter after demyelination, the hilus of the hippocampal dentate gyrus (DG) and the splenium of the CC were analyzed in parallel. The hippocampus was chosen as a target of our investigation, since MS patients often suffer from episodic memory impairment, which might be caused by pathological changes (such as altered connectivity, microstructural damage, atrophy and demyelination) in this region (Geurts et al., 2007; Sicotte et al., 2008; Dutta et al., 2011; Hulst et al., 2015; Planche et al., 2017). Recently, it has been shown that the CA4/DG subfield is the first region of the hippocampus that is atrophied at the earliest stages of MS (Planche et al., 2018). While studies about aging microglia often focus on changes affecting the old CNS, we specifically chose to analyze middle-aged—not old—animals, since in MS patients also around middle age, regeneration starts to fail and irreversible disabilities occur (Confavreux and Vukusic, 2006; Manouchehrinia et al., 2017). The results of this analysis should provide insight into the extent of age-related changes in middle-aged microglia, which could be a useful background for other studies, for example, to test new treatment strategies to enhance remyelination.

Studies about microglia largely depend on antibodies that recognize microglia activity state-specific antigens. This is an ongoing topic of research, and the list of useful markers and antibodies is constantly growing. Two markers that are strongly expressed in microglia surveying the healthy CNS, and thus, are ideal for general morphological analyses, are: (i) ionized calcium binding adaptor molecule 1 (Iba-1), which is (like most conventionally used microglia markers) expressed by microglia and infiltrating macrophages, and plays a role in calcium homeostasis (Imai et al., 1996; Ito et al., 1998); and (ii) the G-protein-coupled purinergic receptor P2RY12, which distinguishes microglia from CNS-infiltrating monocytes and other peripheral macrophages (Sasaki et al., 2003; Butovsky et al., 2014; Bennett et al., 2016). Despite their use as general markers for microglia, the expression of Iba-1 and P2RY12 is differentially affected by inflammatory stimuli, which lead to an up-regulation of Iba-1 (e.g., Mori et al., 2000; Ito et al., 2001), whereas P2RY12 is increased during anti-inflammatory conditions (e.g., Moore et al., 2015; Beaino et al., 2017). Also F4/80, an adhesion G protein-coupled receptor that is expressed in mature mouse macrophages and microglia and may be involved in the induction of peripheral immune tolerance, is often analyzed (reviewed in Gordon et al., 2011). In contrast to Iba-1 and P2RY12, F4/80 is expressed at relatively low levels in microglia. One of the most widely used markers for microglial activation, CD68 (also ED1 or macrosialin), is a lysosomal/endosomal-associated protein, that plays a role in microglial phagocytosis (Fulci et al., 2007), however, its exact function is still unknown (reviewed in Sierra et al., 2013). Another popular microglia activation marker is major histocompatibility complex II (MHCII). In contrast to professional antigen-presenting cells, the expression of MHCII is low in microglia in the healthy CNS, however, it can be upregulated upon activation (reviewed in Sierra et al., 2013). The macrophage receptor with collagenous structure (Marco) is a class A scavenger receptor that has been associated with a pro-inflammatory microglial activation (reviewed in Colton, 2009; Sierra et al., 2013), and plays a role in defense against bacterial meningitis (Braun et al., 2011) and in binding amyloid-β (Brandenburg et al., 2010). Translocator protein 18 kD (TSPO), another pro-inflammatory marker, is involved in the transport of cholesterol across mitochondrial membranes, and is increased in neuroinflammatory diseases in microglia and astrocytes. TSPO is of particular interest, since it is used as a target for PET imaging, for example with the tracer PK11195 (reviewed in Jacobs and Tavitian, 2012). This PET signal is increased in healthy aged humans (Schuitemaker et al., 2012), and was also shown to correlate in MS patients with age, disease progression and clinical outcome (reviewed in Airas et al., 2018). Two markers that typically used to identify anti-inflammatory microglia are the mannose receptor CD206, which is not only expressed in microglia, but also in astrocytes (Burudi et al., 1999; Régnier-Vigouroux, 2003) and plays a role in the phagocytosis of pathogens (reviewed in Sierra et al., 2013), and the hemoglobin-haptoglobin scavenger receptor CD163, which is expressed in microglia and perivascular macrophages (reviewed in Colton, 2009; Thomsen et al., 2013). Proliferating microglia are often identified using co-labeling with proliferating cell nuclear antigen (PCNA). In addition, the generation and subsequent survival and fate of microglia can be detected after labeling proliferating cells in vivo using for example bromodeoxyuridine (BrdU).

MATERIALS AND METHODS

Animals and Cuprizone Treatment

Male C57BL/6J mice, at the ages of 2 and 10 months, were obtained from Janvier and afterwards kept in the animal facility of the Paracelsus Medical University in Salzburg, Austria under standard animal housing conditions with food and water ad libitum. Mice were divided into four different treatment groups per age, with six animals in each group, resulting in a total number of 48 animals. Control animals received a diet of standard food pellets (ssniff Spezialdiäten) for 8 weeks. For demyelination, animals in the respective groups received standard food pellets pre-mixed with 0.2% cuprizone (ssniff Spezialdiäten) for 6 weeks. To allow for remyelination, afterwards a normal diet consisting of standard food pellets was resumed for 1 or 2 weeks. For the analysis of proliferation of microglia and their subsequent survival during the remyelination period, animals received i.p. injections of BrdU (50 mg/kg body weight, in PBS) on six consecutive days starting on the first day after cuprizone administration. All experimental procedures were approved by the Federal State Government Salzburg, Austria (permit 20901-TVG/61/14-2016) and carried out in compliance with international ethical guidelines.

The percentage of weight change over the course of the experiment was calculated for each animal by subtracting the mean weight on the 2 days before the start of cuprizone treatment from the mean weight on the last 2 days before tissue collection.

Tissue Preparation

Perfusion fixation and tissue preparation were done as previously described (Couillard-Despres et al., 2005). In short, mice were terminally anesthetized by injection (i.p.) of ketamine (273 mg/kg body weight), xylazine (71 mg/kg body weight) and acepromazine (4 mg/kg body weight) in a physiological NaCl solution and then transcardially perfused with a 0.9% NaCl (w/v) solution followed by phosphate-buffered 4% paraformaldehyde (pH 7.4). Afterwards, brains were extracted, postfixed overnight in 4% paraformaldehyde, cryoprotected in 30% sucrose (w/v in PBS), and sectioned on dry ice with a sliding microtome (Leica SM 2000R). For quantitative analysis, a representative tenth of one brain hemisphere was collected (i.e., every tenth section, with an interval of 400 μm between sections). The 40 μm-thick sections were stored at −20°C in a cryoprotection solution (equal parts glycerin, 0.2 M phosphate buffer, ethylene glycol and H2O).

Immunohistochemistry

Immunohistological stainings were done according to a protocol that was previously described in detail (Kandasamy et al., 2014), with the addition of an antigen retrieval step after the first washing of the tissue sections. In this step, the sections were incubated in 10 mM citrate buffer (pH 6.0) in a steamer at 100°C for 20 min, followed by washing in PBS for 3 × 5 min. For two antibodies, CD163 and CD206, the antigen retrieval was shortened, i.e., the hot citrate buffer was put on the sections only for 10 min at RT. For each staining, a tenth of a hemisphere was used for immunohistochemistry.

The following antibodies and dilutions were used: primary antibodies: rat anti-myelin basic protein (anti-MBP; 1:150, MCA409S, AbD Serotec), goat anti-Iba-1 (1:500, Ab107159, Abcam), rabbit anti-P2RY12 (1:500, 55043A, AnaSpec), rabbit anti-CD68 (1:500, AB125212, Abcam), rat anti-MHCII (1:100, 14-5321-82, eBioscience), rat anti-Marco (1:200, MCA1849, AbD Serotec), rabbit anti-TSPO (PBR; 1:250, Novus Biologicals, NBP1-95674), mouse anti-CD206 (1:200, Ab8918, Abcam), rabbit anti-CD163 (1:200, Bs-2527R, Bioss), mouse anti-PCNA (1:500, A1111, Santa Cruz), rat anti-BrdU (1:500, OBT003G, Serotec), and rat anti-F4/80 (1:150, MCA497G, BioRad). Secondary antibodies (all diluted 1:1,000): rabbit anti-rat biotinylated (BA-4001, VectorLab), donkey anti-goat Alexa 488 (A11055, Mol Probes), donkey anti-rat Alexa 488 (A21208, Molecular Probes), donkey anti-mouse Alexa 488 (A21202, Life Tech), donkey anti-rabbit Alexa 568 (A10042, Life Tech), donkey anti-goat Alexa 647 (705605147, Jackson IR), donkey anti-rabbit Alexa 647 (A1573, Life Tech), and donkey anti-rat Alexa 647 (712-606-150, Jackson IR). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) at a concentration of 0.5 μg/μl (Sigma-Aldrich).

Microscopy and Image Processing

For quantitative analysis of the MBP staining, images were taken with a Zeiss Axioplan (5× objective) and the AxioCam MRC5 Zeiss Imaging Software (version 4.30.01). For the analysis of fluorescent stainings, z-stacks (spanning the whole 40 μm thickness of the section) were generated with a confocal scanning laser microscope (Zeiss LSM 700) equipped with LSM software (ZEN 2012) using the 20× objective and 0.5× zoom. For the figures, representative images were chosen from those taken for analysis. From the confocal images, orthogonal maximum intensity projections were created using the Zen 2012 blue edition software. If necessary, brightness and contrast were adjusted for the whole image.

Quantitative Analysis of Immunohistochemistry

All image analysis was done blinded (i.e., without knowing group or mouse number) using the software ImageJ 1.48 (GNU General Public License). The percentage area covered by an immunohistological staining was determined using the “Analyze particles” function of ImageJ. For each animal, four tissue sections were used to analyze staining in the two target regions. The light microscopic images of MBP staining were quantified in an area of 160 × 90 μm in the hilus of the dorsal hippocampal DG and an area of 220 × 220 μm in the splenium of the CC. For the fluorescent images of the other markers, first a maximum intensity projection of the z-stacks was created in ImageJ, and then an area of 200 × 100 μm was analyzed in the hilus of the dorsal hippocampal DG and an area of 320 × 320 μm in the splenium of the CC.

For analysis of cell numbers (of Iba-1+ PCNA+ and Iba-1+ BrdU+ cells), the total numbers of stained cells within the hilus of dorsal hippocampal DG (without the subgranular zone) and the splenium of the CC were counted in a tenth of a hemisphere using the “Cell Counter” plug-in (cell_counter.jar, version 2, GNU General Public License) for ImageJ and then multiplied per 10.

Statistical Analysis

Data are shown as means + standard deviation (SD). All statistical analysis was done with Prism 7 (Graphpad Software Inc., San Diego, CA, USA). For the analysis of the statistical significance of the effects of age and treatment on immunohistological parameters, statistical significance was determined with a two-way ANOVA (factors: age and treatment) followed by a Tukey’s post hoc test in which each group was compared to all others. The effect of the different treatments on the change of body weight during the experiment were analyzed separately for each age group using a one-way ANOVA with a Tukey’s post hoc test or a Kruskal-Wallis one-way analysis followed by a Dunn’s multiple comparisons test depending on whether the data was normally distributed or not (as assessed by a Shapiro-Wilk test). The resulting p-values of the comparisons between different treatments of the same age group are represented as: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, whereas the p-values of age-related differences within the same treatment are shown as: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001. Other significant differences (i.e., between different treatments across the two age groups) are not shown.

RESULTS

De- and Remyelination in Young and Middle-Aged Mice

To analyze age-related changes after demyelination, four different groups (control, demyelination, remyelination 1 week, and remyelination 2 weeks) were compared at two different ages. In the young group the 6–8 week treatment started at 2 months, and in the middle-aged group at 10 months of age (for experimental design see Figure 1A). For the analysis of the extent of de- and remyelination, a staining for MBP was used (Figure 1B). In the hilus of the dorsal DG of the hippocampus, both age groups were significantly demyelinated, which was followed by remyelination starting 1 week after cuprizone withdrawal. During demyelination, MBP levels were slightly, but significantly, lower in the younger group (Figure 1C). In the splenium of the CC, regardless of the age group, a reduction of MBP was found in the demyelination group. This observed change in myelination, however, was not significant (Figure 1D). In comparison to the control groups of the same age, no significant differences in the percentage change of body weight over the duration of the experiment were observed in the de- or remyelination groups (Supplementary Figure S1). This indicates that food intake was not negatively affected by the addition of cuprizone to the food pellets.
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FIGURE 1. Experimental design and analysis of de- and remyelination. (A) Overview of the different treatment groups and the timeline of the experiment. All four treatment groups (controls, demyelination, 1 week remyelination and 2 weeks remyelination) were compared at two different ages: young (starting in 2-month-old animals) and middle-aged (starting in 10-month-old animals). To analyze proliferation and subsequent survival of microglia during remyelination, controls and the remyelination groups received six BrdU injections starting as soon as the demyelination-inducing cuprizone treatment was stopped. The red lines indicate the time of tissue collection. (B) Myelination was analyzed using staining for myelin basic protein (MBP). The analyzed regions of interest are indicated by rectangles. (C) In the hilus of the dorsal hippocampal dentate gyrus (DG), both age groups were significantly demyelinated, followed by remyelination beginning 1 week after the end of the cuprizone treatment. After six weeks of cuprizone treatment, demyelination was slightly, but significantly, more severe in the young group. (D) In the splenium of the corpus callosum (CC), the observed myelin changes during de- and remyelination were less pronounced. Values are shown as means + standard deviation (SD n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, age-related differences: ##p < 0.01. Bars: (B) 500 μm.



Divergent Spatial and Temporal Expression of “General” Microglia Markers

In the hilus of the hippocampal DG (Figure 2A) in both age groups, Iba-1 immunoreactivity was significantly increased during demyelination, which lasted until the first week of remyelination (Figure 2B). P2RY12, however, was significantly down-regulated in both age groups during demyelination (Figure 2C). In the older animals, the down-regulation of P2RY12 was significantly more pronounced than in the younger age group, and persisted for a longer duration (until the first week of remyelination; Figure 2C).
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FIGURE 2. Different patterns of ionized calcium binding adaptor molecule 1 (Iba-1), and P2RY12 during de- and remyelination in the hilus of the DG. (A) Iba-1 (green) and P2RY12 (red) labeling. Cell nuclei are stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; blue). (B) In both age groups, Iba-1 staining was significantly increased during demyelination until the first week of remyelination. (C) P2RY12 labeling was significantly decreased in both age groups during demyelination, and this was more pronounced and longer lasting in the middle-aged animals. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, age-related differences: ###p < 0.001. Bars: (A) 100 μm.



In the splenium of the CC (Figure 3A) in the young group, the upregulation of Iba-1 lasted longer than in the hilus of the DG (until the second week of remyelination; Figure 3B). At this time point, the level of Iba-1 expression in the splenium of the older group had already returned to control levels resulting in a significant age-related difference in Iba-1 expression (Figure 3B). Interestingly, a significant downregulation of P2RY12 in the splenium was observed only in the younger group during de- and remyelination (Figure 3C). In the older group, P2RY12 expression did not change significantly in the splenium in response to de- or remyelination (Figure 3C).
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FIGURE 3. Age- and region-dependent differences in Iba-1 and P2RY12 during de- and remyelination in the splenium of the CC. (A) Iba-1 (green) and P2RY12 (red) labeling. Cell nuclei are stained with DAPI (blue). (B) In young mice, Iba-1 was up-regulated during all phases of de- and remyelination, while in the middle-aged group Iba-1 returned to control levels after 2 weeks of remyelination, resulting in an age-related difference at this time point. (C) A significant reduction of P2RY12 in the splenium was observed only in the younger group during de- and remyelination. In the middle-aged group P2RY12 levels were not changed during de- or remyelination. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, age-related differences: ####p < 0.0001. Bars: (A) 100 μm.



In the hilus of the hippocampal DG (Figure 4A, upper rows), we found a significantly higher F4/80 expression in all older groups compared to the young ones (Figure 4B). In addition, F4/80 was reduced in all young groups following de- and remyelination (significant after demyelination and 2 weeks of remyelination; Figure 4B). In contrast, in the splenium of the CC (Figure 4A, lower rows), no significant changes in F4/80 expression were observed (Figure 4C).
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FIGURE 4. F4/80 levels are affected by age and cuprizone treatment in the hilus of the DG, but not in the splenium of the CC. (A) F4/80 (white) staining in the hilus of the DG (two upper rows) and the splenium of the CC (two lower rows). Cell nuclei are stained with DAPI (blue). F4/80 is relatively low in all groups. (B) In the hilus of the hippocampal DG, F4/80 levels were higher in middle-aged groups compared to young ones. In young mice, F4/80 was significantly reduced after demyelination and 2 weeks of remyelination. (C) In contrast, in the splenium of the CC no significant changes in F4/80 expression were found. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05 and **p < 0.01, age-related differences: ##p < 0.01 and ####p < 0.0001. Bars: (A) 100 μm.



CD68 and MHCII React Differently to De- and Remyelination

When analyzing CD68 expression in the hilus of the hippocampal DG (Figure 5A), the first unexpected finding was that the expression of this marker was higher in the younger controls compared to the middle-aged ones (Figure 5B). In the younger de- and remyelination groups, the percentage of CD68 staining decreased significantly in comparison to controls, whereas the opposite was observed for the older groups (Figure 5B). These opposed regulation patterns resulted in a significantly higher CD68 expression in the middle-aged group after 2 weeks of remyelination in comparison to the younger one (Figure 5B). The percentage of MHCII staining was subtly, but significantly, reduced in the hippocampal hilus of the younger group after 2 weeks of remyelination (Figure 6C). In contrast, in the middle-aged group, a small, not significant, increase in MHCII was observed during de- and remyelination, which resulted in a significant age-related difference after 2 weeks of remyelination with higher levels of MHCII in the middle-aged group (Figure 5C).


[image: image]

FIGURE 5. Age-related heterogeneity in CD68 and major histocompatibility complex II (MHCII) in the hilus of the hippocampal DG. (A) CD68 (white) and MHCII (green) labeling. Cell nuclei are stained with DAPI (blue). (B) There was an age-related difference of CD68 staining in the control groups (higher in the younger controls). In the young groups, the percentage of CD68 staining decreased significantly during de- and remyelination, whereas the opposite was observed for the middle-aged groups. These different patterns led to a significantly higher CD68 level in the middle-aged group in comparison to the younger one after 2 weeks of remyelination. (C) MHCII expression was significantly reduced in the younger group after 2 weeks of remyelination. At the same time point, there was a significant age-related difference, with higher levels of MHCII in the middle-aged group. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01 and ****p < 0.0001, age-related differences: ###p < 0.001 and ####p < 0.0001. Bars: (A) 100 μm.
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FIGURE 6. Age-related differences in CD68, but not in MHCII, in splenium of the CC. (A) CD68 (white) and MHCII (green) labeling. Cell nuclei are stained with DAPI (blue). (B) CD68 was significantly increased during de- and remyelination only in the younger group leading to significant age-related differences (with higher values in the younger group) after demyelination and 2 weeks of remyelination. (C) MHCII staining was not significantly changed by de- or remyelination in both age groups. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05 and **p < 0.01, age-related differences: ##p < 0.01. Bars: (A) 100 μm.



In the splenium of the CC (Figure 6A), there were no differences between the controls of the two age groups, neither in the expression of CD68 (Figure 6B), nor MHCII (Figure 6C). Interestingly, de- and remyelination significantly increased CD68 only in the younger group resulting in significant age-related differences after demyelination and 2 weeks of remyelination (Figure 5C). MHCII expression was not significantly altered during de- or remyelination in both age groups in the splenium, and the expression of this marker was generally much lower than in the DG hilus (Figure 6C).

TSPO, but Not Marco, Is Influenced by De- and Remyelination

In the hilus of the hippocampal DG (Figure 7A), a significantly higher expression of Marco was found in the older control group compared to the younger one (Figure 7B). De- and remyelination, however, did not significantly affect the (very low) expression of this classical pro-inflammatory marker. In the same region, there were no age-related differences in TSPO expression, but in both age groups a significant TSPO increase was found during demyelination and the first week of remyelination (Figure 7C).


[image: image]

FIGURE 7. Translocator protein 18 kD (TSPO), but not macrophage receptor with collagenous structure (Marco), reacts to de- and remyelination in the hilus of the hippocampal DG. (A) Marco (green) and TSPO (white) labeling. Cell nuclei are stained with DAPI (blue). (B) Marco staining was significantly higher in the middle-aged control group compared to the young one. De- and remyelination did not significantly change the levels of Marco. (C) TSPO was significantly increased during demyelination and the first week of remyelination in both age groups. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: **p < 0.01 and ****p < 0.0001, age-related differences: ##p < 0.01. Bars: (A) 100 μm.



In the splenium of the CC (Figure 8A), no significant effects of age or treatment on Marco expression were found (Figure 8B). In contrast, TSPO was significantly increased in both age groups during de- and remyelination, however, the TSPO levels were significantly higher in the younger groups during de- and remyelination (Figure 8C).
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FIGURE 8. Age-related differences in cuprizone-induced increase of TSPO in the splenium of the CC, while Marco remains unaffected. (A) Marco (green) and TSPO (white) labeling. Cell nuclei are stained with DAPI (blue). (B) No significant effects of age or treatment on Marco levels were observed. (C) In both age groups, TSPO was significantly increased during de- and remyelination. TSPO levels were significantly higher in the younger de- and remyelination groups. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, age-related differences: ##p < 0.01 and ###p < 0.001. Bars: (A) 100 μm.



Age and Region Affect Induction of CD206 and CD163 During Remyelination

In the hippocampal hilus (Figure 9A), de- and remyelination had no significant effect on the expression of CD206 in either age group (Figure 9B). In the middle-aged group, there was a significant upregulation of CD163 during the whole de- and remyelination phase, while in the younger group a similar pattern was observed, but the increase in CD163 was only significant 2 weeks after remyelination (Figure 9C). In the splenium (Figure 10A), CD206 was only significantly elevated in the middle-aged group after 2 weeks of remyelination (Figure 10B). For CD163, no significant changes were observed in this region (Figure 10C).
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FIGURE 9. Age-related differences in cuprizone-induced increase of CD163 in the hilus of the hippocampal DG, while CD206 is unchanged. (A) CD206 (green) and CD163 (white) labeling. Cell nuclei are stained with DAPI (blue). (B) In both age groups, de- and remyelination did not significantly affect CD206 staining. (C) In the middle-aged group, CD163 was significantly upregulated during de- and remyelination. In the younger group, the CD163 increase was only significant 2 weeks after remyelination. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05, **p < 0.01 and ****p < 0.0001. Bars: (A) 100 μm.
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FIGURE 10. Increase of CD206 during remyelination in middle-aged mice in the splenium of the CC, while CD163 is unaffected. (A) CD206 (green) and CD163 (white) labeling. Cell nuclei are stained with DAPI (blue). (B) CD206 was significantly elevated in the middle-aged group after 2 weeks of remyelination. (C) CD163 was not significantly affected by age or treatment. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: *p < 0.05. Bars: (A) 100 μm.



Increased Proliferation of Microglia in the Splenium of the CC in the Young Group

No significant increase in proliferating microglia (PCNA+) was found during de- or remyelination in the hippocampal hilus (Figure 11A), which could be due to the very high variance within the demyelination groups in both age groups (Figure 11C). In accordance with these results, the number of Iba-1+ BrdU+ cells (Figure 11B) was also not increased during de- or remyelination in either age group (Figure 11D).
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FIGURE 11. No significant changes in numbers of proliferating microglia (PCNA+ and BrdU+) in the hilus of the hippocampal DG. (A) Proliferating cell nuclear antigen (PCNA; green) and Iba-1 (red) labeling. Cell nuclei are stained with DAPI (blue). (B) Bromodeoxyuridine (BrdU; green) and Iba-1 (red) labeling. Cell nuclei are stained with DAPI (blue). (C) No significant effects on the number of proliferating PCNA+ microglia was observed. (D) The number of Iba-1+ BrdU+ cells was also not affected during de- or remyelination in either age group. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. Bars: (A) 100 μm.



In the splenium of the CC (Figure 12A), the number of proliferating PCNA+ microglia was significantly higher in the middle-aged controls than in the young ones. However, only the younger group was affected by the cuprizone treatment: in this age group, there was a significant increase in proliferating microglia after demyelination and the second week of remyelination. This dynamic resulted in age-related differences at all time points (Figure 12C). The number of BrdU+ microglia in the splenium (Figure 12B) was higher in all middle-aged groups in comparison to the younger ones, however, this was only significant after 1 week of remyelination (Figure 12D). This increase of Iba-1+ BrdU+ cells fits together with the higher proliferation in the middle-aged groups that was observed in the PCNA staining in the controls and 1 week after remyelination during which BrdU was administered to the remyelination groups (Figure 12C). However, de- or remyelination did not affect the number of BrdU+ Iba-1+ microglia in either age group (Figure 12D). This is in accordance with the PCNA data, since in both age groups the number of proliferating PCNA+ microglia was not increased after 1 week of remyelination (during which BrdU was injected).
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FIGURE 12. Age-related differences in the number of proliferating microglia (PCNA+ and BrdU+) in the splenium of the CC. (A) PCNA (green) and Iba-1 (red) labeling. (B) BrdU (green) and Iba-1 (red) staining. (C) The number of proliferating PCNA+ microglia was significantly increased in the middle-aged control group compared to the younger one. In young mice, there was a significant increase in PCNA+ microglia after demyelination and 2 weeks of remyelination. Thus, age-related differences in PCNA+ Iba-1+ cell numbers were found in all treatment groups. (D) The number of BrdU+ microglia was higher in the middle-aged group after 1 week of remyelination (a similar tendency was also observed in the other two groups). De- or remyelination did not affect the number of BrdU+ Iba-1+ microglia. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: ****p < 0.0001, age-related differences: #p < 0.05, ##p < 0.01 and ###p < 0.001. Bars: (A) 100 μm.



DISCUSSION

The results of the present study show that microglia in the middle-aged CNS are already subtly changed in comparison to young microglia and that they also react differently to demyelination in the cuprizone model. The observed age-related microglial changes differed between the two analyzed regions, hilus of the dorsal hippocampal DG a gray matter region functionally involved in learning and memory, and the splenium of the CC as a typical white matter region.

In both age groups, the analysis of MBP confirmed cuprizone-induced de- and remyelination, which was even more pronounced in the analyzed hippocampal region than the splenium of the CC. This is in agreement with work by others showing that in the cuprizone model demyelination occurs in the splenium of the CC (Steelman et al., 2012; Le Blon et al., 2016; Tagge et al., 2016) and the hippocampus (Hoffmann et al., 2008; Koutsoudaki et al., 2009; Norkute et al., 2009; Sun et al., 2016). Thus, the cuprizone model is well suited for studies on demyelination in the hippocampus, a region which is also affected in human MS patients (Geurts et al., 2007; Sicotte et al., 2008; Dutta et al., 2011; Hulst et al., 2015; Planche et al., 2017) with the hippocampal DG being particularly vulnerable at earliest stages of MS progression (Planche et al., 2018).

For analyzing differences between young and middle-aged mice during de- and remyelination, we first used Iba-1, a classical microglia marker, since it is highly expressed in microglia and is increased after pro-inflammatory stimulation (e.g., Mori et al., 2000; Ito et al., 2001). In the analyzed gray matter region, Iba-1 showed a similar pattern of increase during demyelination and the first week of remyelination for both age groups. However, in the splenium of the CC, the younger group showed a prolonged activation. This pattern fits to the observed changes in TSPO, a pro-inflammatory marker, which, in contrast to Iba-1, is not only expressed in microglia/macrophages, but also in astrocytes. For both Iba-1 and TSPO, a higher induction was observed in the younger group after cuprizone treatment in the analyzed white matter region, whereas there were no age-related differences in the gray matter region. TSPO is of particular interest, since PET tracer studies targeting TSPO have found convincing evidence that microglial activation indeed correlates with MS symptoms: in MS patients, this marker is not only increased in MS lesions and normal appearing gray and white matter, but also correlates with age, disease progression and disability (reviewed in Airas et al., 2018).

An unexpected finding was the significantly lower expression of CD68 in the hilus of the DG in the older controls, since it is well described that CD68 increases during aging in different brain regions (reviewed in Mosher and Wyss-Coray, 2014; Norden et al., 2015). However, one study, which performed a detailed analysis of microglia in different brain regions, found no significant increase in CD68 in old mice (20-months-old) in the DG under control conditions or after LPS injection (Hart et al., 2012). During de- and remyelination, CD68 expression tended to be higher in middle-aged mice than in the younger groups in the hilus of the DG, while the opposite was observed in the splenium of the CC, in which CD68 was up-regulated to much higher levels in the younger groups. Similar to the Iba-1 and TSPO results, this indicates a more extensive and longer lasting activation of microglia in the splenium of younger mice. However, at this point, we do not know how myelin repair is affected by the higher levels of activation markers in young microglia. It could be speculated, for example, that this age-related difference may be indicative for a more active phagocytosis in younger microglia, which has been found in a focal demyelination model (Rawji et al., 2018).

As expected, we found only low levels of MHCII in microglia under control conditions. However, the staining pattern of this marker seems to be associated at least in part with blood vessels, which could be explained by the staining of vessel-associated antigen presenting perivascular macrophages or dendritic cells. Moreover, brain pericytes are also able to express MHCII and inflammatory stimuli (such as IFN-γ) increase the MHCII expression in this perivascular cell type (Pieper et al., 2014). Surprisingly, a reduction of MHCII was found in the young group after 2 weeks of remyelination in the hippocampal DG. This, however, may be of limited functional relevance, since the observed MHCII levels are very low, and in particular are highly variable in the young control.

For two other markers that are induced by pro-inflammatory stimuli, F4/80 and Marco, the expected increase in expression was observed in middle-aged mice, but only in the analyzed gray matter region. Here, Marco was significantly higher in the older controls, and F4/80 was significantly up-regulated in all middle-aged groups, while surprisingly the F4/80 expression in the young groups was further reduced during de- and remyelination. Since most studies on microglial aging are done in old, not middle-aged mice, it is difficult to find comparable results in the literature. An age-related increase in F4/80 was found in the hippocampus of old mice (24-months-old) in one study (Boehme et al., 2014), whereas another group found that F4/80 increased in white matter regions, but not in the DG of old mice (20-months-old; Hart et al., 2012). While an injection of an M1-inducing cytokine cocktail increased Marco expression in young (6-month-old), middle-aged (12-month-old) and old mice (24-month-old mice), that study, however, reported no differences between vehicle-treated animals of different ages (Lee et al., 2013).

P2RY12 is expressed in microglia under physiological conditions, and it has been shown that it can also be used to distinguish microglia from infiltrating macrophages in mice, which is not possible with other commonly used microglia markers (Butovsky et al., 2014). Additionally, P2RY12 is being discussed as an M2-like anti-inflammatory marker, since it has been shown in vitro that P2RY12 expression is increased in microglia following anti-inflammatory stimuli (Moore et al., 2015; Beaino et al., 2017). In the present study, a significant reduction of P2RY12 was found in both age groups in the hippocampal DG, which was even more severe in the middle-aged group. In the splenium, a similar pattern was only observed in the younger group. This reduction in P2RY12 coincided with an upregulation in Iba-1 and TSPO (which were both less pronounced in the splenium of the middle-aged group), suggesting that these markers are inversely regulated. These results are in accordance with other studies, which observed a reduced expression of P2RY12 in active inflammatory lesions in MS patients (Beaino et al., 2017; Mildner et al., 2017; Zrzavy et al., 2017). However, in a study investigating experimental autoimmune encephalomyelitis (EAE), an MS model in which pathology is driven mainly by CD4+ T cells (reviewed in Sonar and Lal, 2017), an increased P2RY12 expression was found during the remission phase (Beaino et al., 2017), which indicates that the regulation of P2RY12 may be more complex. Zrzavy et al. (2017) analyzed P2RY12 and the anti-inflammatory microglia markers CD206 and CD163 in parallel in MS patients. This study showed a different pattern for these markers: P2RY12 was lost in active lesions but reappeared in the center of inactive lesions while the expression of CD163 and CD206 were highest in late active/inactive lesions (Zrzavy et al., 2017). In the present study, we also did not find a correlation between the changes in P2RY12 and the other analyzed M2-like markers, but rather it seems that P2RY12 is negatively correlated with pro-inflammatory markers.

Microglia have been shown to change their activation state during phagocytosis of myelin to more anti-inflammatory and pro-regenerative traits (Boven et al., 2006; van Rossum et al., 2008; Neumann et al., 2009). The anti-inflammatory marker CD206 (which is not only found in microglia, but also in astrocytes) was only significantly up-regulated in the analyzed white matter region after 2 weeks of remyelination in the middle-aged group. However, the CD206 expression was highly variable, particularly during demyelination and early remyelination. In contrast, CD163, a marker for microglia and perivascular macrophages, was significantly increased in both age groups, but this process started earlier in the middle-aged group and was only observed in the analyzed gray matter region. Thus, it seems that middle-aged mice are more likely to display M2-like characteristics than young ones. This difference may have consequences for remyelination, since in MS patients, the M2 marker CD206 is only increased in lesions with ongoing myelin repair (Butovsky et al., 2006; Miron et al., 2013). Others also have found an age-related increase in CD206 in microglia isolated from the cortex of old (24-month-old) mice (Zöller et al., 2018). In contrast, in a focal demyelination model using parabiotic pairs of aged mice (10–12 months-old), it has been shown that there is a lower number of M2-polarized microglia/macrophages (identified with the mannose receptor CD206) in demyelinated lesion, while at the same time remyelination efficiency is reduced. A parabiotic pairing of an aged mouse with a younger one (5–6 weeks-old) increased both the number of lesion-associated M2-polarized cells and remyelination in the older parabiotic partner (Miron et al., 2013). The contrasting results from Miron and colleagues and our study possibly could be due to differences in the investigated demyelination models—e.g., the longer de- and remyelination phases in the cuprizone model. Additionally, at the two analyzed time points, we did not find a difference in the extent of remyelination between the two age groups. However, it would be interesting to do functional studies with M2-polarized microglia/macrophages from aged mice after cuprizone-induced demyelination to find out whether they are indeed beneficial for myelin repair.

A significant increase of PCNA+ proliferating microglia was only observed in the splenium of the CC of the younger group after demyelination and the second week of remyelination. A possible explanation for the few changes in proliferation could be that at 6 weeks of demyelination, which was analyzed in the present study, the peak of microglial proliferation that occurs at 4.5 weeks had already passed (Matsushima and Morell, 2001; Praet et al., 2014). The slightly higher number of Iba-1+ PCNA+ and Iba-1+ BrdU+ cells in the splenium of middle-aged healthy controls in comparison to young ones was unexpected, since it was shown that microglia have a relatively stable turnover rate during aging in different brain regions, such as the CC (Askew et al., 2017). However, in a stroke model an increased number of Iba-1+ BrdU+ microglia has been found in middle-aged mice (13–14 months; Moraga et al., 2015).

Traditionally, microglial activation has often been grouped into the classical pro-inflammatory or “M1” activation and the alternative, more anti-inflammatory, “M2” activation with functions in wound healing and regulation of immune responses (Colton, 2009; Olah et al., 2012; Boche et al., 2013). This classification has been derived originally from peripheral macrophages, however its usefulness has been increasingly challenged (Martinez and Gordon, 2014), in particular for the analysis of microglia (Ransohoff, 2016) as it is probably an oversimplification. Nevertheless, the markers which have been described as more M1- or M2-like are still popular targets for microglia analyses. Our results clearly show that immunohistochemical markers for microglia are useful, but great caution has to be taken when it comes to the interpretation of markers as being representative for specific microglia activity states such as M1, M2, pro- or anti-inflammatory. The markers which are currently used rather highlight the presence of a certain cell component, which, in turn, may more or less correlate with a certain microglia function. Along these lines, the present data clearly shows that the expression patterns of markers that are considered to be within the same “activation category,” i.e., either pro- or anti-inflammatory, differ strongly.

The present study examines microglial alterations only after a relatively acute demyelination period. For follow-up studies, it would be interesting to examine age-related differences in microglial activation at different ages and after repeated and/or longer demyelination periods with the ultimate goal to better model the situation in MS patients suffering from cycles of relapse and remission or from chronic progressive pathology. Also, it would also be important to study both sexes in parallel—the present study only analyzed male mice.

Our results show that microglia changes already start during middle-age, but that they need to be carefully analyzed, in particular, because there are also region-dependent differences. In healthy controls, age-related microglial changes were more pronounced in the analyzed gray matter region (resulting in more F4/80 and Marco as well as less CD68 in middle-aged mice). However, after cuprizone-induced demyelination, specifically in the analyzed white matter region, the activation of microglia in the young CNS seems to be stronger and longer lasting than in the middle-aged CNS (as indicated by increased Iba-1 and TSPO as well as reduced P2RY12). Interestingly, anti-inflammatory characteristics (increased CD206 and CD163) tend to be more pronounced in middle-aged mice. How these age-related microglial alterations might affect regeneration and myelin repair after prolonged or recurrent demyelination requires further investigation.
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FIGURE S1 | Weight changes during the experiment. Percentage weight changes between the first and the last 2 days of the experiment in (A) young and (B) middle-aged mice. In both age groups, no significant differences were observed in relative weight changes in comparison to the respective controls. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a one-way ANOVA and a Tukey’s post hoc test (A) and a Kruskal-Wallis one-way analysis followed by a Dunn’s multiple comparisons test (B).
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An Aqueous Extract of Herbal Medicine ALWPs Enhances Cognitive Performance and Inhibits LPS-Induced Neuroinflammation via FAK/NF-κB Signaling Pathways
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Recent studies have shown that Liuwei Dihuang pills (LWPs) can positively affect learning, memory and neurogenesis. However, the underlying molecular mechanisms are not understood. In the present study, we developed ALWPs, a mixture of Antler and LWPs, and investigated whether ALWPs can affect neuroinflammatory responses. We found that ALWPs (500 mg/ml) inhibited lipopolysaccharide (LPS)-induced proinflammatory cytokine IL-1β mRNA levels in BV2 microglial cells but not primary astrocytes. ALWPs significantly reduced LPS-induced cell-surface levels of TLR4 to alter neuroinflammation. An examination of the molecular mechanisms by which ALWPs regulate the LPS-induced proinflammatory response revealed that ALWPs significantly downregulated LPS-induced levels of FAK phosphorylation, suggesting that ALWPs modulate FAK signaling to alter LPS-induced IL-1β levels. In addition, treatment with ALWPs followed by LPS resulted in decreased levels of the transcription factor NF-κB in the nucleus compared with LPS alone. Moreover, ALWPs significantly suppressed LPS-induced BV2 microglial cell migration. To examine whether ALWPs modulate learning and memory in vivo, wild-type C57BL/6J mice were orally administered ALWPs (200 mg/kg) or PBS daily for 3 days, intraperitoneally injected (i.p.) with LPS (250 μg/kg) or PBS, and assessed in Y maze and NOR tests. We observed that oral administration of ALWPs to LPS-injected wild-type C57BL/6J mice significantly rescued short- and long-term memory. More importantly, oral administration of ALWPs to LPS-injected wild-type C57BL/6J mice significantly reduced microglial activation in the hippocampus and cortex. Taken together, our results suggest that ALWPs can suppress neuroinflammation-associated cognitive deficits and that ALWPs have potential as a drug for neuroinflammation/neurodegeneration-related diseases, including Alzheimer’s disease (AD).
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INTRODUCTION

Microglial cells represent 10–15% of the human brain. Microglia are resident innate immune cells in the central nervous system (CNS) and play a critical role in defending the host in response to exogenous toxins (Kreutzberg, 1996; Hanisch and Kettenmann, 2007; Kettenmann et al., 2011; Tremblay et al., 2011). Upon injury, microglia phagocytize dying cells and any cell debris (Neumann et al., 2009). In addition, microglia maintain brain homeostasis to ensure consistent cytokine levels. In aged brain and rodent models of neurodegenerative disease, microglial activation causes neuroinflammation, synaptic dysfunction and neuronal cell death (Hirsch et al., 2012; Cunningham, 2013; Asai et al., 2015), suggesting an association of neuroinflammation with neurodegenerative diseases. Activated microglial cells significantly increase proinflammatory cytokine levels and Aβ plaque deposition, resulting in impairment of learning and memory (Tan et al., 2013). In Alzheimer’s disease (AD), soluble amyloid-β oligomers and fibrils interact with cell-surface receptors (e.g., integrin, CD14, and the Toll-like receptors TLR2 and TLR4) in microglial cells, and these interactions can also trigger a neuroinflammatory response (Solito and Sastre, 2012; Park et al., 2013; Zhang and Wang, 2014; Heneka et al., 2015). Significantly enhanced microglial activation has been observed in the cortex and hippocampus in mouse models of AD and AD patients, in addition to increased expression of proinflammatory cytokines in the brain, serum, and cerebrospinal fluid (CSF) (Oakley et al., 2006; Dursun et al., 2015; Shal et al., 2018). neuroinflammation has also been implicated in Parkinson’s disease (PD), another neurodegenerative disease. For example, lipopolysaccharide (LPS)-injected wild-type C57BL/6J mice exhibit significantly induced microglial activation, which leads to functional changes such as dopaminergic neuron attenuation in an IL-1-dependent manner, resulting in PD-like behavioral impairment (Tanaka et al., 2013). Interestingly, microglial activation and proinflammatory cytokine levels [e.g., tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6] are significantly increased in the brain, CSF, and serum of PD patients postmortem, suggesting potential roles of these markers in predicting the progression of PD (Mogi et al., 1994; Williams-Gray et al., 2016). Although the molecular mechanisms by which neuroinflammation affects neurodegenerative diseases remain to be clarified, modulating microglia-mediated neuroinflammation in the brain may be a therapeutic strategy for treating or preventing neurodegenerative diseases.

Yukmijuhwang-tang (Liu-wei-di-huang-tang in China, Lokumijio-to in Japan) is a traditional Oriental herbal medicine that contains 6 different herb components: steamed Rehmanniae radix, Discoreae radix, Corni fructus, Hoelen, Moutan Cortex Radicis, and Alismatis radix. Yukmijuhwang-tang is widely used in Asia to treat diabetes mellitus, impaired neurogenesis, and malfunctions of the immune system (Park et al., 2005; Lee et al., 2012). Recent studies have shown that Liuwei Dihuang pills (LWPs), which are prescribed to prevent aging, regulate oxidant and free radical-scavenging activity (Ha et al., 2011; Lee et al., 2012). In addition, LWPs improve learning and memory in aged mice and promote neurogenesis in the dentate gyrus of the hippocampus in a stressed rat model (Wei, 2000; Hsieh et al., 2003; Park et al., 2005; Kang et al., 2006). However, whether LWPs can alter neuroinflammation is unknown.

Deer antler is a traditional herbal medicine that has been reported to restore the immune response, produce anti-inflammatory effects and improve learning and memory. For instance, pilose antler peptide regulates proinflammatory cytokines (e.g., TNF-α and IL-1β) in LPS-induced primary nucleus pulposus cells by inhibiting NF-κB pathways (Dong et al., 2018). Aqueous antler extract (AAE) restores memory impairment in scopolamine (SCOP)-induced memory deficit mice by regulating cholinergic marker enzyme activities (Lee et al., 2010). In addition, secreted molecules from antlers can affect neurite outgrowth and axonal growth (Gray et al., 1992; Li et al., 2007; Pita-Thomas et al., 2010). However, research on the possible roles of antler-derived molecules in inflammation in the brain has been limited.

Based on the literature, we developed ALWPs, which include antler and LWPs (Yukmijuhwang-tang). We anticipated synergistic effects of ALWPs on neuroinflammatory responses and cognitive function. Here, we determined that ALWPs suppressed the LPS-induced neuroinflammatory response in BV2 microglial cells but not primary astrocytes, suggesting that ALWPs can differentially affect neuroinflammatory responses depending on cell type. In addition, ALWPs altered TLR4/FAK/NF-κB signaling to regulate LPS-induced neuroinflammatory responses. Moreover, oral administration of ALWPs to LPS-injected wild-type C57BL/6J mice resulted in rescue of short- and long-term memory and significantly reduced microglial activation. Taken together, these data suggest that ALWPs have potential as an anti-inflammatory drug, including for AD.

MATERIALS AND METHODS

Ethics Statement

All experiments were approved by the Institutional Biosafety Committee (IBC) of the Korea Brain Research Institute (approval no. 2014-479).

Animals

All experiments were performed in accordance with the approved animal protocols and guidelines established by the Korea Brain Research Institute (IACUC-2016-0013). C57BL6/J mice were purchased from Orient-Bio Company (Gyeonggi-do, South Korea). Male wild-type C57BL6/J mice (8 weeks of age, 25–30 g) were housed in a pathogen-free facility with 12 h of light and dark per day at an ambient temperature of 22°C. Water and food were available ad libitum. Mice were housed in groups of 3–5 per cage, randomly assigning animals to control/treatment groups for all experiments. Cotton nestlets were provided to minimize stress effects. Data were analyzed in a semi-automated manner using ImageJ software, and the results were confirmed by an independent researcher who did not participate in the current experiments.

LPS Neuroinflammation Model

Lipopolysaccharide was injected intraperitoneally (i.p.) to evoke neuroinflammation in wild-type C57BL/6J mice as previously described (Lee et al., 2008). The animals were divided into three experimental groups for each experiment: group 1 was treated with phosphate-buffered saline (PBS); group 2 was treated with both LPS and PBS; and group 3 was treated with both LPS and ALWPs (200 mg/kg). To test the effects of ALWPs on cognitive function, 8- to 9-week-old wild-type mice were orally administered ALWPs (200 mg/kg, p.o.) or PBS daily for 3 days. On the third day, 1 h after administration of PBS or ALWPs, LPS was injected i.p. at a dose of 250 μg/kg. The injected dose of LPS was selected based on a previous study (Fruhauf et al., 2015). One hour after LPS injection, the Y-maze test and a training session for the novel object recognition test (NOR) were performed sequentially. The NOR test was conducted 24 h after the NOR training session. To examine the effects of ALWPs on cognitive performance, we used 29 mice for the Y-maze test and 24 mice for the NOR test. In the NOR test, mice that had less than 7 s of exploration time during training and test were excluded from analysis (Taglialatela et al., 2009; Wolf et al., 2016).

Y-Maze Test

The Y-maze test was performed to assess immediate working memory as described previously (Fruhauf et al., 2015). The mice were placed in a Y-shaped maze with 3 arms at angles of 120° from each other (36.5 cm × 7 cm × 15.5 cm) under low red light (4–5 lux). During a 3-min trial, the mice freely moved and explored the arms. The number of arms visited and their sequences were recorded, and alternation triplets were analyzed manually after video recording. The percentage of alternation (%) was calculated using the following formula: number of alternation triples/(total number of arm entries-2) × 100.

Novel Object Recognition (NOR)

The NOR task was performed to assess long-term memory as described previously (Fruhauf et al., 2015). On the training day, mice were placed in an experimental apparatus (30 cm × 30 cm × 25 cm) containing two identical objects under low red light (4–5 lux). The mice moved freely to explore the objects for 3 min. The next day, the mice were placed in the same apparatus with two objects for 5 min for the test sessions. One item was a familiar object, that is, the same object experienced previously, whereas the other was a novel object that the mouse had never experienced before. All trials were videotaped, and the interaction times were measured manually. The times during a mouse passed near or climbed above the object were not counted; only the time during which the mouse was heading to the object was measured. The relative interaction time was calculated as the preference (%) based on the following formula: TNovel/(TFamiliar + TNovel) × 100, where T is the time of interaction with an object.

Antibodies and Chemicals

We used the following primary antibodies: mouse anti-β-actin (Cat No: sc-47778, Santa Cruz Biotechnology, Dallas, TX, United States), mouse anti-p-IκBα (B-9, Cat No: sc-8404, Santa Cruz Biotechnology), mouse anti-IκBα (Cat No: sc-1643, Santa Cruz Biotechnology), rabbit anti-NF-κB (P65, Cat No: sc-8008, Santa Cruz Biotechnology), mouse anti-PCNA (Cat No: sc-56, Santa Cruz Biotechnology), rat anti-mouse CD11b (M1/70, Cat No: ab8878, Abcam, Cambridge, MA, United States), rabbit anti-FAK (Cat No: 13009S, Cell Signaling Technology, Danvers, MA, United States), rabbit anti-p-FAK (Tyr397, Cat No: 8556S, Cell Signaling Technology), rabbit anti-p-NF-κB (Ser536, Cat No: 3033L, Cell Signaling Technology), rabbit anti-ERK (Cat No: 9102S, Cell Signaling Technology), rabbit anti-p-ERK (Thr202/Tyr204, Cat No:9101S, Cell Signaling Technology), rabbit anti-JNK (Cat No: MBS8509129, MyBioSource, San Diego, CA, United States), rabbit anti-p-JNK (Thr183/Tyr185, Cat No: MBS8508944, MyBioSource), rabbit anti-P38 (Cat No: 9212S, Cell Signaling Technology), rabbit anti-p-P38 (Cat No: 9211S, Cell Signaling Technology), rabbit anti-TLR4 (Cat No: PA5-11597, Thermo Scientific, Waltham, MA, United States), and rabbit anti-TLR4 (Cat No: NB100-56566, Novus Biologicals, Littleton, CO, United States). Horseradish peroxidase (HRP)-conjugated anti-mouse (Cat No: ADI-SAB-100-J, Enzo Life Science, NY, United States), and rabbit IgG (Cat No: ADI-SAB-300-J, Enzo Life Science, NY, United States) were used as the secondary antibodies. LPS from Escherichia coli O111:B4 (Cat No: L2880, Sigma, St. Louis, MO, United States) and the TLR4 inhibitor TAK-242 were purchased from Calbiochem (Cat No: 614316, San Diego, CA, United States), and the p-FAK inhibitor PF-573228 (Cat No: S2031) was purchased from Selleckchem (Houston, TX, United States).

Cell Lines and Culture Conditions

BV2 cells were derived from primary mouse microglial cells. BV2 microglial cells (a gift from Dr. Kyoungho Suk at Kyungpook National University) were maintained in high-glucose DMEM (HyClone, Logan, UT, United States) supplemented with 5% fetal bovine serum (FBS, HyClone) in a 5% CO2 incubator. Treatments of BV2 microglial cells were always performed in serum-free DMEM. All BV2 microglial cells used in in vitro experiments were validated by immunostaining with anti-CD11b antibody, as a microglial cell marker. We also used BV2 microglia cells within 10 passages to ensure that healthy cells were used in the experiments. Data from all in vitro experiments were analyzed in a semi-automated manner using ImageJ software, and the results were confirmed by an independent researcher who did not participate in the current experiments.

Primary Astrocyte Cultures

Primary astrocytes were cultured from the cerebral cortices of 1-day-old Sprague Dawley rats. Briefly, the cortices were triturated into single cells in high-glucose DMEM containing 10% FBS and penicillin-streptomycin solution (5000 units/ml penicillin, 5 μg/ml streptomycin; Corning, NY, United States) and plated on 75-cm2 T flasks (0.5 hemisphere/flask) for 2 weeks. To prepare astrocyte-enriched cultures, the microglia were detached by shaking for 2 h at 120 rpm, and the cells remaining in the flask were harvested with 0.1% trypsin. The astrocytes were plated in 12-well culture plates (35-mm dish) pre-coated with poly-D-lysine (Sigma-Aldrich).

Cell-Surface Biotinylation

BV2 microglial cells were treated with ALWPs (500 μg/ml) or PBS for 30 min followed by LPS (1 μg/ml) or PBS for 5.5 h. Surface proteins were then labeled with Sulfo-NHS-SS-Biotin under gentle shaking at 4°C (Cat No: 89881, Thermo Scientific, United States). After 30 min, quenching solution was added to the cells. The surface-labeled cells were lysed in lysis buffer, disrupted by sonication on ice, incubated for 30 min, and clarified by centrifugation (10,000 × g, 10 min). After centrifugation, the lysate was added to immobilized NeutrAvidinTM gel and incubated for 1 h. After washing three times with wash buffer, the samples were incubated for 1 h in SDS–PAGE sample buffer with DTT. Surface proteins were then analyzed by immunoblotting with an antibody recognizing the N-terminus of TLR4.

Cytosol and Nuclear Fractionation

BV2 microglial cells were lysed in cytosol fractionation buffer (10 mM HEPES pH 8.0, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 300 mM sucrose, 0.1% NP-40, and 0.5 mM PMSF) and centrifuged for 5 min at 10,000 rpm. The supernatant was collected as the cytosolic fraction. The remaining pellet was resuspended in nuclear fractionation buffer (10 mM HEPES pH 8.0, 20% glycerol, 100 mM KCl, 100 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF), incubated on ice for 15 min, and centrifuged for 1 min at 10,000 rpm. The supernatant was collected as the nuclear fraction (Nam et al., 2017).

Reverse Transcription PCR (RT-PCR)

To examine the effects of ALWPs on IL-1β, IL-6, COX-2, iNOS, and TNF-α mRNA levels, BV2 or primary astrocyte cells were pretreated with PBS or ALWPs (250 or 500 μg/ml) for 30 min and then treated with PBS or LPS (1 μg/ml) for 5.5 h. RNA was then extracted using TRIzol (Ambion, United States). RT-PCR was performed with the following primers for BV2 cells: IL-1β: Forward (F)′, AGC TGG AGA GTG TGG ATC CC and Reverse (R)′, CCT GTC TTG GCC GAG GAC TA; IL-6: F′, CCA CTT CAC AAG TCG GAG GC and R′, GGA GAG CAT TGG AAA TTG GGG T; IL-18: F′, TTT CTG GAC TCC TGC CTG CT and R′, ATC GCA GCC ATT GTT CCT GG; COX-2: F′, GCC AGC AAA GCC TAG AGC AA and R′, GCC TTC TGC AGT CCA GGT TC; iNOS: F′, CCG GCA AAC CCA AGG TCT AC and R′, GCA TTT CGC TGT CTC CCC AA; TNF-α: F′, CTA TGG CCC AGA CCC TCA CA and R′, TCT TGA CGG CAG AGA GGA GG; GAPDH: F′, CAG GAG CGA GAC CCC ACT AA and R′, ATC ACG CCA CAG CTT TCC AG. For primary astrocytes, the following primers were used for RT-PCR:COX-2: F′, TCC AAC TCA AGT TCG ACC CA and R′, TCC TCC GAA GGT GCT AGG TT; IL-1β: F′, AAA ATG CCT CGT GCT GTC TG and R′, CAG AAT GTG CCA CGG TTT TC; IL-6: F′, TTG CCT TCT TGG GAC TGA TG and R′, TGG AAG TTG GGG TAG GAA GG; iNOS: F′, ATC ATG GAC CAC CAC ACA GC and R′, GGT GTT GAA GGC GTA GCT GA; TNF-α: F′, AGC ACA GAA AGC ATG ATC CG and R′, CTC CCT CAG GGG TGT CCT TA; GAPDH: F′, GTT ACC AGG GCT GCC TTC TC and R′, GTG ATG GCA TGG ACT GTG GT. Image analyses were performed using ImageJ software to measure the average band intensities.

Preparation of ALWPs

ALWPs included LWPs (Yukmijuhwang-tang: Rehmannia glutinosa, Cornus officinalis, Dioscoreae rhizoma, Paeonia suffruticosa, Poria cocos, and Alisma orientale), Lycium chinense, Polygala tenuifolia, Acorus gramineus, and Antler. The ALWP formula was prepared via a three-step extraction process. First, L. chinense (1000 g), R. glutinosa (1200 g), D. rhizoma (500 g), C. officinalis (500 g), P. suffruticosa (360 g), A. orientale (360 g), P. cocos (360 g), and Antler (240 g) were boiled for 12 h at 120°C. Second, the heated mixture was sifted through a filter to remove debris. P. tenuifolia (180 g), A. gramineus (180 g), and P. cocos (90 g) were added to the reaction mixture from the first step and boiled for 1 h to prepare a cohesive agent. Finally, the cohesive agent was air-dried for 72 h and molded into a pill. The pills were stored at 4°C, and the extract was dissolved in PBS and diluted with medium before each experiment. To verify each herbal component of ALWPs and to determine the content of the principal markers, ultra-high-performance liquid chromatography (UHPLC) was performed. In addition, to examine the effects of the individual components of ALWPs on LPS-induced proinflammatory cytokine levels, we calculated the doses of the individual components of the mixture from the composition formula of ALWPs and conducted further experiments.

Liquid Chromatography

Reverse-phase UHPLC was performed on a Waters ACQUITYUHPLC H-Class system (Milford, MA, United States) consisting of a quaternary solvent manager pump, sample manager – TN and photodiode array (PDA) detector. Empower 3 Pro software (Milford, MA, United States) was used for UHPLC data analysis. Chromatographic separation was accomplished on a Perkin Elmer C18 reverse-phase column (Brownlee SPP 100 mm × 1.0 mm I.D., 1.7 μm) at 30°C and monitored at 283 nm for 5-HMF (5-hydroxymethyl-2-furaldehyde, Sigma Aldrich), 231 nm for paeoniflorin (MFDS, Osong, South Korea), 240 nm for morroniside (ChemFaces, Wuhan, China), and 237 nm for loganin (MFDS). A solvent system consisting of acetonitrile (solvent A) and 0.1% formic acid DW (solvent B) was used with a gradient from 2% (solvent A): 98% (solvent B) to 100% (solvent A): 0% (solvent B) over 18 min at a flow rate of 0.4 ml/min. Standard stock solutions were prepared by dissolving standards in 100% methanol to obtain a final concentration of 10 μg/ml. After ultracentrifugation at 9000 rpm and filtration through a syringe filter (0.2 μg, WhatmanTM, Maidstone, United Kingdom), 4 ml of sample was injected six times.

MTT Assays

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates and treated with various concentrations of ALWPs (50–250 μg/ml) for 6 or 24 h in the absence of FBS. The cells were then treated with 0.5 μg/ml MTT and incubated for 3 h at 37°C in a 5% CO2 incubator. After discarding the culture medium, dimethyl sulfoxide (DMSO) was added to dissolve the formazan dye, and the absorbance was measured at 580 nm.

Immunocytochemistry

Cells were plated at a density of 20,000 cells/well on cover slips in 12-well plates (Eppendorf, Hamburg, Germany). Twenty four hour after exchanging the culture medium with serum-free high-glucose DMEM (HyClone), the cells were pretreated with ALWPs (250 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. The cells were then fixed in cold methanol for 8 min, washed with PBS three times, and incubated with one of the following primary antibodies in GDB buffer [0.1% gelatin, 0.3% Triton X-100, 16 mM sodium phosphate (pH 7.4), and 450 mM NaCl] overnight at 4°C: anti-CD11b (M1/70, Cat No: ab8878, 1:200, Abcam), anti-IL-1β (Cat No: sc-7884, 1:200, Santa Cruz Biotechnology), or p-NF-κB (Ser536, Cat No: 3033L, 1:100, Cell Signaling Technology). The next day, the cells were washed with PBS three times and incubated with the following secondary antibodies for 1 h at room temperature: Alexa Fluor 488 and Alexa Fluor 555 (1:200, Molecular Probes, OR, United States). The cells were mounted in DAPI-containing solution (Vector Laboratories, CA, United States), and images were acquired on a single plane using a confocal microscope (Nikon, Japan) and analyzed using ImageJ software.

Immunofluorescence Analysis

To examine the effects of ALWPs on microglial activation, 3-month-old wild-type C57BL/6J mice were orally administered ALWPs (200 mg/kg, p.o.) or PBS daily for 3 days. On the third day, LPS (10 mg/kg) was injected i.p. Three hours later, the mice were perfused and fixed in 4% paraformaldehyde (PFA) solution, and brain tissues were flash-frozen and dissected using a cryostat (35 μm thick). Each brain section was processed for immunofluorescence staining. The sections were rinsed with PBS and incubated with rabbit anti-Iba-1 (1:500, Wako, Japan) to detect microglia. Primary antibodies were diluted with 0.5% bovine serum albumin (BSA) and incubated at 4°C overnight. The following day, the tissues were rinsed with 0.5% BSA and incubated with Alexa Fluor 555-conjugated anti-rabbit IgG (1:500, Molecular Probes) for 1 h at room temperature. The tissues were subsequently mounted on gelatin-coated cover glass and covered with DAPI-containing mounting solution (Vector Laboratories). The stained tissues were imaged using confocal microscopy (TI-RCP, Nikon). Nine mice were used for immunofluorescence analysis.

Western Blotting

Cells were lysed using IPH lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 1 % NP-40, 0.5 M EDTA, 1 mM PMSF, 0.1 M DTT) containing protease and phosphatase inhibitor tablets (Roche, Basel, Switzerland). Equal amounts of protein (10 or 20 μg) were mixed with sample loading buffer (Bio-Rad, Hercules, CA, United States), boiled for 5 min, and separated by SDS–PAGE using a Mini protein Tetra cell system. The separated proteins were transferred to polyvinylidene difluoride membranes (PVDF, Millipore, Temecula, CA, United States) using an electrophoretic transfer system (Bio-Rad). After blocking with 5% non-fat dry milk or 5% BSA for 1 h at room temperature, the membranes were incubated with specific primary antibodies as follows: mouse β-actin (1:5000), mouse anti-p-IκBα (1:1000), rabbit anti-IκBα (1:1000), rabbit anti-NF-κB (P65, 1:1000), mouse anti-PCNA (1:1000), rabbit anti-FAK (1:1000), rabbit anti-p-FAK (Tyr397, 1:1000), rabbit anti-ERK (1:1000), rabbit anti-p-ERK (Thr202/Tyr204, 1:1000), rabbit anti-JNK (1:1000), rabbit anti-p-JNK (Thr183/Tyr185, 1:1000), rabbit anti-P38 (1:1000), rabbit anti-p-P38 (1:1000), rabbit anti-TLR4 (1:1000), and rabbit anti-TLR4 (1:1000) or secondary antibodies (HRP-conjugated anti-rabbit or mouse, 1:10,000). Finally, the membrane were developed with enhanced chemiluminescence detection reagents (ATTO, Japan) (Song et al., 2016). Images were analyzed using Fusion software or ImageJ software.

Cell Migration Assay (Wound-Healing Assay)

The wound-healing assay was performed as previously described (Nam et al., 2017). BV2 microglial cells were seeded in 12-well plates and incubated until the cells reached 80–90% confluence. The cells were then scratched with a cell scratcher (SPL, Gyeonggi-do, South Korea) to create a wound. Images were captured immediately or after 24 h.

Statistical Analyses

All data were analyzed using either unpaired two-tailed t-tests with Welch’s correction for comparisons between two groups or one-way ANOVA for multiple comparisons in GraphPad Prism 6 software. Post hoc analyses were completed with Tukey’s multiple comparison test with significance set at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.0001. Data are presented as the mean ± SEM.

RESULTS

Effects of ALWPs on Cell Viability and Morphology in BV2 Microglial Cells

To assess the effects of ALWPs on cell viability, we treated BV2 microglial cells with PBS or ALWPs (50, 250, 500, 750, or 1000 μg/ml) for 6 h and then conducted MTT assays. ALWPs did not cause cell toxicity at concentrations up to 500 μg/ml, but cell viability was reduced when the ALWPs concentration was 750 μg/ml or higher (Figure 1A).
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FIGURE 1. The effects of ALWPs on cell viability and morphology in BV2 microglial cells. (A,B) BV2 microglial cells were treated with PBS or ALWPs (50, 250, 500, 750, and 1000 μg/ml) at various concentrations for 6 h [(A), n = 8 for each dose] or 24 h [(B), n = 16 for each dose], and cell viability was measured. (C) Morphological changes of LPS-induced and ALWP-treated BV2 microglial cells, scale bar 40 μm (40× confocal images). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p< 0.001.



Next, we examined whether ALWPs affected cell viability under longer treatment times. BV2 microglial cells were treated with PBS or ALWPs (50, 250, 500, 750, or 1000 μg/ml) for 24 h, and MTT assays were conducted. ALWPs slightly decreased BV2 microglial cell viability at the highest doses, with reductions of 17.5 and 19.8% at 750 and 1000 μg/ml, respectively (Figure 1B). Based on these findings, we selected 250 and 500 μg/ml as optimal ALWP concentrations for the subsequent experiments.

To examine whether ALWPs affect cell morphology, we treated BV2 microglial cells with either PBS or ALWPs (500 μg/ml) for 30 min followed by LPS (1 μg/ml) or PBS for 5.5 h. The cells were then fixed and immunostained with an anti-CD11b antibody as a marker for microglia. Compared with the control, LPS-treated cells displayed long, thin, fiber-like structures extending from the cell body (Figure 1C, middle panel), consistent with previous studies (Sheng et al., 2011; Dang et al., 2014). However, cells treated with ALWPs followed by LPS exhibited shorter branches and a rounder cell body shape compared with cells treated with LPS (Figure 1C, lower panel).

ALWPs Significantly Decrease LPS-Mediated IL-1β Levels in BV2 Microglial Cells

Several studies have shown that the components of ALWPs, specifically R. glutinosa and Corni fructus, can regulate inflammation in several organs (Park et al., 2005; Lee et al., 2012). However, whether the components of ALWPs can alter neuroinflammation has not been determined. Thus, we examined whether ALWPs can regulate LPS-mediated proinflammatory cytokine levels. BV2 microglial cells were pretreated with ALWPs (250 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. Total RNA was isolated, and the mRNA levels of proinflammatory cytokines were measured by RT-PCR. Surprisingly, 250 μg/ml ALWPs did not alter any LPS-induced proinflammatory cytokine levels in BV2 microglial cells (Figures 2A–G).
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FIGURE 2. ALWPs inhibit LPS-induced IL-1β levels in BV2 microglial cells. (A–G) BV2 microglial cells were pretreated with ALWPs (250 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. Total RNA was isolated, and the mRNA levels of proinflammatory cytokines were measured by RT-PCR (con, n = 4; LPS, n = 4; ALWPs + LPS, n = 4). (H–N) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. Total RNA was isolated, and the mRNA levels of proinflammatory cytokines were measured by RT-PCR (IL-1β, IL-6, IL-18, iNOS, and TNF-α: con, n = 4; LPS, n = 4; ALWPs + LPS; n = 4, COX-2: con, n = 8; LPS, n = 8; ALWPs + LPS, n = 8). (O) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. Cells were fixed and immunostained with anti-CD11b and anti-IL-1β antibodies. (P) Quantification of the data from (O) (con, n = 70 cells; LPS, n = 80 cells; LPS + ALWPs, n = 82, 40× confocal images). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



We then examined whether higher concentrations of ALWPs can alter LPS-induced proinflammatory responses. BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 30 min, followed by treatment with either LPS (1 μg/ml) or PBS for 5.5 h. Total RNA was isolated, and the mRNA levels of proinflammatory cytokines were examined by RT-PCR. Interestingly, pretreatment with ALWPs followed by LPS significantly reduced the mRNA levels of IL-1β in LPS-stimulated BV2 microglial cells but not the mRNA levels of other proinflammatory cytokines (Figures 2H–N).

To further confirm the findings described above, BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 30 min, followed by treatment with either LPS (1 μg/ml) or PBS for 5.5 h. Immunostaining was performed with anti-CD11b and anti-IL-1β antibodies. Consistent with the findings described above, LPS alone significantly increased IL-1β levels compared with the control treatment, but pretreatment with ALWPs followed by LPS treatment significantly decreased IL-1β levels compared with LPS treatment (Figures 2O,P). These results suggest that ALWPs can selectively affect LPS-induced proinflammatory cytokine levels in BV2 microglial cells.

To determine whether the individual components of ALWPs can alter proinflammatory cytokine IL-1β levels compared with treatment with ALWPs and LPS or with LPS alone, BV2 microglial cells were pretreated with P. cocos or ALWPs (500 μg/ml) for 30 min, followed by treatment with either LPS (1 μg/ml) or PBS for 5.5 h. Total RNA was isolated, and the mRNA levels of IL-1β were examined by RT-PCR. The same methodology was used to treat BV2 microglial cells with A. orientale, D. rhizoma, Antler, P. suffruticosa Andrews, C. officinalis, L. chinense, or R. glutinosa. Consistent with the findings described above, ALWPs blocked LPS-induced proinflammatory cytokine IL-1β mRNA levels compared with LPS (Figures 3A–P, ANOVA with post hoc Tukey’s test, two-tailed t-test of LPS vs. ALWPs + LPS). In addition, we observed that pretreatment with the individual components of ALWPs followed by LPS treatment did not significantly alter IL-1β mRNA levels compared with treatment with LPS alone (Figures 3A–P). These data suggest that the combination of these ten components in ALWPs may have additive/synergistic effects on the neuroinflammatory response.
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FIGURE 3. The effects of each component of ALWPs on LPS-induced IL-1β mRNA levels. (A,B) BV2 microglial cells were pretreated with Poria cocos (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (C,D) BV2 microglial cells were pretreated with Alisma orientale (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (E,F) BV2 microglial cells were pretreated with Dioscoreae rhizoma (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (G,H) BV2 microglial cells were pretreated with Antler (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (I,J) BV2 microglial cells were pretreated with Paeonia suffruticosa Andrews (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (K,L) BV2 microglial cells were pretreated with Cornus officinalis (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (M,N) BV2 microglial cells were pretreated with Lycium chinense (10 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. (O,P) BV2 microglial cells were pretreated with Rehmannia glutinosa (5 μg/ml), ALWPs (500 μg/ml), or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. After treatment, total RNA was isolated, and the mRNA levels of proinflammatory cytokines were measured by RT-PCR (B,D,F,H,J,L,N,P). Quantification of the data from (A) (vehicle, n = 31; LPS, n = 31; P. cocos + LPS, n = 31; ALWPs + LPS, n = 31), (C) (vehicle, n = 13; LPS, n = 13; A. orientale + LPS, n = 13; ALWPs + LPS, n = 13), (E) (vehicle, n = 9; LPS, n = 9; D. rhizoma + LPS, n = 9; ALWPs + LPS, n = 9), (G) (vehicle, n = 12; LPS, n = 12; Antler + LPS, n = 12; ALWPs + LPS, n = 12), (I) (vehicle, n = 12; LPS, n = 12; P. suffruticosa Andrews + LPS, n = 12; ALWPs + LPS, n = 12), (K) (vehicle, n = 9; LPS, n = 9; C. officinalis + LPS, n = 9; ALWPs + LPS, n = 9), (M) (vehicle, n = 17; LPS, n = 17; L. chinense + LPS, n = 17; ALWPs + LPS, n = 17), and (O) (vehicle, n = 41; LPS, n = 41; R. glutinosa + LPS, n = 41; ALWPs + LPS, n = 41). ∗p < 0.05, ∗∗∗p < 0.001.



ALWPs Do Not Alter LPS-Induced Proinflammatory Cytokine Levels in Primary Astrocytes

To examine whether ALWPs can regulate proinflammatory cytokine levels in primary astrocytes, primary astrocytes were first treated with either ALWPs (500 μg/ml) or PBS for 30 min and then treated with LPS (1 μg/ml) or PBS for 5.5, 11.5, or 23.5 h. After the specified treatment period, total RNA was isolated from the cells, and proinflammatory cytokine mRNA levels were measured by RT-PCR. We found that ALWP treatment did not alter LPS-mediated proinflammatory cytokine levels at any time point in primary astrocytes (Supplementary Figure 1).

We then examined whether ALWPs affect proinflammatory cytokine levels in a dose-dependent manner. Primary astrocytes were treated with either ALWPs (500, 750, and 1000 μg/ml) or PBS for 30 min and then treated with LPS (1 μg/ml) or PBS for 5.5 h. The cells were harvested to isolate total RNA, and proinflammatory cytokine levels were measured by RT-PCR. Again, we found that no dosage of ALWPs regulated LPS-mediated proinflammatory cytokine levels in primary astrocytes (Supplementary Figure 2). These data suggest that ALWPs may differentially regulate LPS-induced proinflammatory responses in specific cell types.

ALWPs Decrease LPS-Induced Cell-Surface TLR4 in BV2 Microglial Cells

Several studies have implied that LPS can activate microglial cells by interacting with Toll-like receptors (e.g., TLR4) (Chen et al., 2012; Hines et al., 2013; Yao et al., 2013b; Dai et al., 2015). Therefore, we examined whether TLR4 can alter LPS-induced IL-1β mRNA levels in the presence of ALWPs. BV2 microglial cells were treated with TAK-242 (a TLR4 inhibitor, 500 nM) for 30 min, ALWPs (500 μg/ml) or PBS for 30 min, and finally LPS (1 μg/ml) or PBS for 5 h. Total RNA was then isolated, and IL-1β mRNA levels were measured by RT-PCR. Consistent with the results shown in Figure 3, ALWP treatment followed by LPS decreased IL-1β mRNA levels compared with LPS alone (Figures 4A,B). In addition, treatment with TAK-242, ALWPs, and LPS did not reduce IL-1β mRNA levels compared with treatment with TAK-242 and LPS (Figures 4A,B). These data suggest that ALWPs alter TLR4 to affect LPS-induced proinflammatory cytokine levels.
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FIGURE 4. ALWPs significantly reduced LPS-induced cell-surface levels of TLR4. (A) BV2 microglial cells were pretreated with TAK-242 (a TLR4 inhibitor, 500 nM) for 30 min, followed by treatment with ALWPs (500 μg/ml) or PBS for 30 min and finally LPS (1 μg/ml) or PBS for 5 h. Total RNA was isolated, and IL-1β mRNA levels were measured by RT-PCR. (B) Quantification of the data from (A) (con, n = 20; LPS, n = 20; ALWPs + LPS, n = 20; TAK-242 + LPS, n = 20; TAK-242 + ALWPs + LPS, n = 20). (C) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 30 min, followed by treatment with LPS (1 μg/ml) or PBS for 5.5 h. Cell-surface biotinylation was then conducted with a TLR4 antibody recognizing the N-terminal region of TLR4. (D) Quantification of the data from (C) (Surface TLR4: con, n = 10; LPS, n = 10; ALWPs + LPS, n = 10; Total TLR4: con, n = 4; LPS, n = 4; ALWPs + LPS, n = 4). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



Next, we examined whether ALWPs can modulate cell-surface levels of TLR4. BV2 microglial cells were first treated with ALWPs (500 μg/ml) or PBS for 30 min and then treated with LPS (1 μg/ml) or PBS for 5.5 h. Cell-surface biotinylation was performed with a TLR4 antibody recognizing the N-terminus of TLR4. LPS treatment significantly increased the cell-surface levels of TLR4 (Figures 4C,D). In addition, treatment with ALWPs followed by LPS significantly reduced the cell-surface levels of TLR4 compared with LPS alone (Figures 4C,D). These results suggest that ALWPs inhibit cell-surface levels of TLR4 and thereby decrease the interaction between LPS and TLR4 on the cell surface to regulate proinflammatory responses.

ALWPs Alter FAK Signaling to Modulate LPS-Induced IL-1β mRNA Levels

To investigate the molecular mechanisms by which ALWPs modulate LPS-stimulated proinflammatory responses, we initially tested whether ALWPs modulate MAP kinase signaling cascades, a downstream LPS-induced signaling pathway (Kaminska et al., 2009; Dang et al., 2014; Guo et al., 2016). BV2 microglial cells were treated with ALWPs (500 μg/ml) or PBS for 5 h and then treated with LPS (1 μg/ml) or PBS for 45 min, and western blotting was performed with anti-p-ERK and anti-ERK antibodies. ALWPs did not alter p-ERK or total ERK levels in LPS-stimulated BV2 microglial cells (Supplementary Figures 3A,B). We then examined whether ALWPs can regulate other MAP kinase signaling pathways, including P38 and JNK signaling. Again, ALWPs did not alter the phosphorylation status and total level of P38/JNK in LPS-induced BV2 microglial cells (Supplementary Figures 3C–F).

Next, we examined whether ALWPs can regulate the phosphorylation of focal adhesion kinase (FAK) as a potential target involved in inflammation (Zeisel et al., 2005; Wong et al., 2011; Choi et al., 2015; Lian et al., 2015). BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h and then treated with LPS (1 μg/ml) or PBS for 45 min, and western blotting was performed with anti-p-FAK and anti-FAK antibodies. Cells treated with LPS alone showed an increase in the phosphorylation of FAK compared with the control treatment (Figures 5A,B), and ALWPs significantly decreased LPS-induced FAK phosphorylation compared with LPS treatment in BV2 microglial cells (Figures 5A,B).
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FIGURE 5. ALWPs decreased LPS-induced FAK phosphorylation in BV2 microglial cells. (A) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h, followed by treatment with LPS (1 μg/ml) or PBS for 45 min, and western blotting was performed with anti-p-FAK and anti-FAK antibodies. (B) Quantification of the data from (A) (p-FAK and FAK: con, n = 8; LPS, n = 8; ALWPs + LPS, n = 8). (C) BV2 microglial cells were pretreated with PF-573228 (a FAK inhibitor, 5 μM) for 30 min, followed by treatment with ALWPs (500 μg/ml) or PBS for 30 min and finally LPS (1 μg/ml) or PBS for 5 h. Total RNA was isolated, and IL-1β mRNA levels were measured by RT-PCR. (D) Quantification of the data from (C) (con, n = 30; LPS, n = 30; ALWPs + LPS, n = 30; PF-573228 + LPS, n = 30; PF-573228 + ALWPs + LPS, n = 30). ∗∗∗p < 0.001.



To investigate whether ALWPs alter FAK signaling to affect LPS-induced IL-1β mRNA levels, BV2 microglial cells were treated with PF-573228 (a FAK inhibitor, 5 μM) or vehicle (1% DMSO) for 30 min, ALWPs (500 μg/ml) or PBS for 30 min, and finally LPS (1 μg/ml) or PBS for 5 h. Total RNA was isolated, and IL-1β mRNA levels were measured by RT-PCR. Treatment with PF-573228, ALWPs, and LPS did not reduce LPS-induced IL-1β mRNA levels compared with treatment with PF-573228 and LPS (Figures 5C,D). These results suggest that ALWPs regulate FAK signaling to modulate LPS-stimulated proinflammatory responses.

ALWPs Suppress LPS-Induced NF-κB Levels in the Nucleus

NF-κB plays an important role in neuroinflammation (Lawrence, 2009; Cao et al., 2010; Tilstra et al., 2011; Yao et al., 2013a). NF-κB in microglia is activated by viruses and bacterial toxins such as LPS. For instance, the activation of NF-κB in patients with chronic inflammation has been found to be a critical factor for AD, PD, and osteoporosis, which are autoimmune/inflammatory diseases (Vallabhapurapu and Karin, 2009). Therefore, we examined whether ALWPs can regulate NF-κB subcellular localization. BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h, treated with LPS (1 μg/ml) or PBS for 45 min, and then subjected to subcellular fractionation (nucleus vs. cytosol). We observed that pretreatment with ALWPs followed by LPS did not alter p-IκBα, IκBα, or NF-κB levels in the cytosol compared with LPS treatment (Figures 6A–D). In the nuclear fraction, LPS increased NF-κB levels compared with control treatment (Figures 6E,F). Pretreatment with ALWPs followed by LPS resulted in decreased LPS-induced nuclear NF-κB levels compared with treatment with LPS alone in BV2 microglial cells (Figures 6E,F).
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FIGURE 6. ALWPs decreased LPS-induced nuclear NF-κB (Ser536) levels. (A) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h, followed by treatment with LPS (1 μg/ml) or PBS for 45 min and subcellular fractionation (nucleus vs. cytosol). Western blotting was conducted on the cytosolic fraction using antibodies against p-IκBα, IκBα, NF-κB, and β-actin (as a cytosolic marker). (B–D) Quantification of the data from (A) (p-IκBα: con, n = 12; LPS, n = 12; ALWPs + LPS, n = 12; IκBα: con, n = 12; LPS, n = 12; ALWPs + LPS, n = 12; NF-κB: con, n = 12; LPS, n = 12; ALWPs + LPS, n = 12). (E) Western blotting was performed on the nuclear fraction using antibodies against NF-κB and PCNA (as a nuclear marker). (F) Quantification of the data from (E) (con, n = 12; LPS, n = 12; ALWPs + LPS, n = 12). (G) BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h and then treated with LPS (1 μg/ml) or PBS for 45 min. Cells were fixed and immunostained with anti-CD11b and anti-p-NF-κB (Ser536) antibodies (40× confocal images). (H) Quantification of the data from (G) (con, n = 122 cells; LPS, n = 129 cells; LPS + ALWPs, n = 111 cells). (I) BV2 microglial cells were pretreated with PF-573228 (a FAK inhibitor, 5 μM) or vehicle (1% DMSO) for 30 min, followed by treatment with ALWPs (500 μg/ml) or PBS for 30 min and finally LPS (1 μg/ml) or PBS for 5 h. Cells were fixed and immunostained with anti-CD11b and anti-p-NF-κB (Ser536) antibodies. (J) Quantification of the data from (I) (con, n = 260 cells; LPS, n = 331 cells; LPS + ALWPs, n = 265 cells; LPS + FAK inhibitor, n = 188 cells; LPS + FAK inhibitor + ALWPs, n = 199 cells). Scale bar 20 μm (40× confocal images). ∗p < 0.05, ∗∗∗p < 0.001.



To further confirm our findings, BV2 microglial cells were pretreated with ALWPs (500 μg/ml) or PBS for 5 h, followed by treatment with LPS (1 μg/ml) or PBS for 45 min. Immunocytochemistry was then performed with anti-CD11b and anti-p-NF-κB antibodies. LPS alone significantly increased nuclear p-NF-κB levels, whereas ALWPs significantly decreased LPS-induced nuclear p-NF-κB levels in BV2 microglial cells (Figures 6G,H). These data suggest that ALWPs modulate LPS-induced NF-κB nuclear translocation in BV2 microglial cells.

We then examined whether ALWPs modulate FAK signaling to alter LPS-induced nuclear p-NF-κB levels. BV2 microglial cells were pretreated with the FAK inhibitor PF-573228 (5 μM) for 30 min, followed by treatment with ALWPs (500 μg/ml) or PBS for 30 min and finally LPS (1 μg/ml) or PBS for 5 h. Immunocytochemistry was then conducted with anti-CD11b and anti-p-NF-κB antibodies. Treatment with PF-573228, ALWPs, and LPS further decreased LPS-stimulated nuclear p-NF-κB levels compared with treatment with PF-573228 and LPS or ALWPs and LPS (Figures 6I,J). These data suggest that ALWPs alter FAK signaling to affect nuclear p-NF-κB signaling to modulate the neuroinflammatory response.

ALWPs Reduce LPS-Induced Microglial Cell Migration

Several studies have shown that microglial cell migration is associated with the neuroinflammatory response (Choi et al., 2010; Karlstetter et al., 2011; Bose et al., 2016). To examine whether ALWPs can regulate microglial cell migration, we conducted wound-healing assays in which BV2 microglial cells were pretreated with PBS or ALWPs (500 μg/ml) for 1 h and treated with LPS (0.1 μg/ml) or PBS for 24 h. We found that LPS alone significantly increased BV2 microglial cell migration compared with control treatment (Figures 7A,B). In addition, pretreatment with ALWPs followed by LPS treatment significantly suppressed BV2 microglial cell migration compared with LPS treatment (Figures 7A,B). These data suggest that ALWPs can inhibit LPS-mediated BV2 microglial cell migration.
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FIGURE 7. ALWPs inhibited LPS-induced BV2 microglial cell migration. (A) BV2 microglial cell monolayers were scratched with a fine tip, pretreated with PBS or ALWPs (500 μg/ml) for 1 h, and then treated with LPS (0.1 μg/ml) or PBS for 23 h. Images of the wound gap were acquired at 0 h (i.e., immediately after scratching) and after 24 h. Scale bar 200 μm (4× confocal images). (B) Quantification of the data from (A) (con, n = 16; LPS, n = 16; ALWPs + LPS, n = 16). (C) A working model of the regulation of the LPS-induced neuroinflammatory response by ALWPs. ∗∗∗p < 0.001.



ALWPs Rescue Cognitive Performance and Inhibit Microglial Activation in LPS-Injected Wild-Type Mice

Several studies have shown that microglial activation is a cause of AD and other neurological disorders (Wee Yong, 2010; Hirsch et al., 2012; Asai et al., 2015; Heneka et al., 2015). In addition, enhanced neuroinflammation can lead to memory impairment and eventually results in neurodegenerative diseases (Fang et al., 2010; Tweedie et al., 2012; Kempuraj et al., 2016). Thus, we investigated whether ALWPs can regulate cognitive function in vivo. Wild-type C57BL/6J mice were orally administered ALWPs (200 mg/kg) or PBS daily for 3 days. On the last day, after the treatment with PBS or ALWPs, LPS (250 μg/kg) was injected i.p., and Y-maze tests were performed. In addition, training sessions of the novel object recognition test (NOR) were performed 1 h after LPS injection, followed by the NOR test 24 h later. The LPS-injected wild-type mice exhibited significantly reduced short- and long-term memory compared with PBS-injected wild-type mice (Figures 8A,B). Pretreatment with ALWPs and injection with LPS rescued short- and long-term memory compared with LPS injection alone (Figures 8A,B), suggesting that ALWPs can affect learning and memory in LPS-injected wild-type mice.
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FIGURE 8. ALWPs rescued impaired short- and long-term memory in LPS-injected wild-type C57BL6/J mice. (A,B) Wild-type C57BL6/J mice were orally administered ALWPs (200 mg/kg) or PBS daily for 3 days. On the third day, 1 h after treatment with PBS or ALWPs, LPS (250 μg/kg) was injected intraperitoneally (i.p.). Y-maze tests and training sessions of the novel object recognition test (NOR) were performed 1 h after LPS injection. NOR tests were conducted 24 h after the NOR training session (Y-maze: Veh, n = 9/mice; LPS + Veh, n = 9/mice; LPS + ALWPs, n = 11/mice; NOR test: Veh, n = 6/mice; LPS + Veh, n = 10/mice; LPS + ALWPs, n = 8/mice). (C–G) Wild-type C57BL6/J mice were orally administered ALWPs (200 mg/kg, p.o.) or PBS daily for 3 days. On the third day, LPS (10 mg/kg) was injected i.p Three hours later, immunohistochemistry was performed with an anti-IbaI antibody in the hippocampus [(C–E), CA1: Veh, n = 3/mice; LPS + Veh, n = 3/mice; LPS + ALWPs, n = 3/mice, DG: Veh, n = 3/mice; LPS + Veh, n = 3/mice; LPS + ALWPs, n = 3/mice] and cortex [(F–G), Cortex: Veh, n = 3/mice; LPS + Veh, n = 3/mice; LPS + ALWPs, n = 3/mice]. Scale bar 200 μm (10× confocal images), Scale bar 50 μm (enlarged images), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



Next, we examined whether ALWPs can regulate microglial activation in vivo. Wild-type C57BL/6J mice were orally administered ALWPs (200 mg/kg) or PBS daily for 3 days. On the last day, after the treatment with PBS or ALWPs, LPS (10 μg/kg) was injected i.p. Three hours later, immunohistochemistry was conducted with an anti-Iba-1 antibody, a marker for activated microglia. The LPS-injected wild-type mice exhibited significantly increased microglial activation in the hippocampus (Figures 8C–E) and cortex (Figures 8F,G) compared with PBS-injected wild-type mice. However, pretreatment with ALWPs significantly reduced microglial activation in the hippocampus (Figures 8C–E) and cortex (Figures 8F,G) in LPS-injected wild-type C57BL/6J mice. Taken together, these data suggest that ALWPs not only suppress microglial activation but also rescue impaired short-and long-term memory in LPS-injected wild-type C57BL/6J mice.

Analysis of the Chemical Components of ALWPs by UHPLC

Four chemical standards corresponding to components of ALWPs were used to confirm the ALWP formula by UHPLC as described in the Materials and Methods: 5-hydroxymethyl-2-furaldehyde (5-HMF), morroniside, loganin and paeoniflorin. 5-HMF is one of the components of R. glutinosa, morroniside is present in L. chinense, loganin is present in C. Officinalis in, and paeoniflorin is present in Moutan Cortex Radicis. We observed that the retention times of 5-HMF, morroniside, loganin and paeoniflorin were approximately 4.059, 10.160, 11.494, and 12.019 min, respectively (Supplementary Figure 4). These results indicate that ALWPs contain the corresponding herbal ingredients.

To verify each herbal component of ALWPs by identifying the principal markers and to determine the content of the principal markers, UHPLC was performed. Calibration curves for 5-HMF, morroniside, and paeoniflorin were constructed with standard concentrations ranging from 10 to 100 μg/ml. The calibration curve of loganin was constructed with standard concentrations ranging from 10 to 1000 μg/ml. The regression equations and correlation coefficients (R2) of 5-HMF, morroniside, loganin, and paeoniflorin were as follows: y = 15200× – 8020, R2 = 0.999969; y = 1820× + 760, R2 = 0.999232; y = 397× – 1550, R2 = 0.999733; and y = 1910× – 455, R2 = 0.999335, respectively (Supplementary Figure 5). Using these equations, the quantities of 5-HMF, morroniside, loganin, and paeoniflorin in ALWPs were calculated (Table 1).

TABLE 1. The contents of 5-HMF, morroniside, loganin, and paeoniflorin in ALWPs.
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DISCUSSION

Many studies have shown that neuroinflammation is tightly associated with neurodegenerative diseases, including AD. However, very little research has focused on elucidating the molecular mechanisms underlying neuroinflammation. In this study, we examined the novel effects of ALWPs on cognitive performance and neuroinflammatory responses. Specifically, we found that ALWPs suppressed LPS-induced IL-1β levels in BV2 microglial cells but not in primary astrocytes. ALWPs also modulated TLR4/FAK signaling to decrease LPS-induced IL-1β levels. In addition, ALWPs regulated the nuclear localization of the transcription factor NF-κB, thereby alleviating neuroinflammatory responses. Moreover, we observed that oral administration of ALWPs to LPS-injected wild-type C57BL/6J mice rescued short- and long-term memory and reduced microglial activation.

Proinflammatory cytokines and neuroinflammation have been linked to neurodegenerative disease (Downen et al., 1999; Norden et al., 2016). IL-1 exists in two isoforms, IL-1a and IL-1β, and both are highly involved in neurodegenerative diseases (Shaftel et al., 2008). A recent study showed that chronic activation of LPS or IFN-γ regulates proinflammatory cytokines, including IL-1β, leading to neuronal dysfunction and neuronal death (Papageorgiou et al., 2016). Another study found that activated microglial cells release IL-1β, leading to dopaminergic neuronal death in a PD animal model (Chung et al., 2017). Other studies have demonstrated that the natural compound resveratrol inhibits LPS-induced IL-1β expression in a murine microglial cell line (N9 cells) and in primary microglial cells but not in primary astrocytes (Lu et al., 2010). Interestingly, we observed that ALWPs affected LPS-stimulated IL-1β levels in BV2 microglial cells (Figure 2), whereas no effect on LPS-induced changes in proinflammatory cytokine levels was observed in primary astrocytes (Supplementary Figures 1, 2). Our findings indicate that ALWPs specifically modulate LPS-induced proinflammatory cytokine IL-1β levels and have different effects depending on cell type. We speculate that ALWPs reduce IL-1β levels to regulate neuroinflammation as well as cognitive function. However, we have not fully addressed why ALWPs only regulate IL-1β levels in microglial cells. The effects of ALWPs on LPS-induced IL-1β levels will be investigated at the molecular level in future studies.

Lipopolysaccharide binds to TLR4 on the cell surface of microglial cells, which then release proinflammatory cytokines (Gaikwad et al., 2016). Therefore, TLR4 inhibitors or antagonists are candidates as therapeutic agents targeting neuroinflammation-related diseases. In the present study, ALWPs altered TLR4 signaling to modulate LPS-induced IL-1β levels (Figure 4). It is possible that ALWPs interfere with the association between LPS and TLR4 or between LPS and unknown receptors that interact with LPS because we observed that ALWPs decreased LPS-induced IL-1β levels in the absence of a TLR4 inhibitor. In addition, we observed that ALWPs significantly decreased cell-surface levels of TLR4 (Figure 4). Thus, ALWPs inhibit the interaction between LPS and TLR4 on the cell surface, thereby affecting neuroinflammatory responses. However, it is not clear whether ALWPs affect the interaction between LPS and unknown receptors to alter neuroinflammation. A future study will explore whether ALWPs can modulate the interaction between LPS and TLR4 or unknown receptors to regulate the LPS-induced neuroinflammatory response.

Lipopolysaccharide activates TLR4 and downstream signaling cascades such as MAP kinase signaling (EKR1/2, JNK and P38). MAPK signaling is a key factor for regulating proinflammatory cytokines in microglial cells. The expression of IL-1β is regulated by the MAPK signaling pathway in neuroglial cells, including microglia, astrocytes, and a microglial cell line (BV2) (Kaminska et al., 2009; Dang et al., 2014; Guo et al., 2016). Unexpectedly, we found that ALWPs did not alter the LPS-induced MAPK signaling pathway (Supplementary Figure 3). Thus, we examined another potential target, the FAK signaling pathway, which is a downstream signaling pathway activated by LPS (Wong et al., 2011). LPS treatment increases autophosphorylation of FAK (Tyr397) in murine macrophages and human synoviocytes. In addition, a study has shown that LPS-induced IL-6 levels are associated with FAK phosphorylation (Tyr397) (Zeisel et al., 2005). Thus, we examined the effects of ALWPs on FAK phosphorylation and observed that ALWPs decreased p-FAK (Tyr 397) in LPS-stimulated BV2 microglial cells (Figure 5). In addition, treatment with a FAK inhibitor, ALWPs, and LPS did not reduce LPS-induced IL-1β levels compared with treatment with a FAK inhibitor and LPS (Figure 5). These data suggest that ALWPs suppress FAK phosphorylation (Tyr 397) to regulate LPS-induced IL-1β levels.

NF-κB is a key transcription factor regulating inflammatory cytokines (Shaftel et al., 2008; Lawrence, 2009). Several studies have shown that LPS increases the phosphorylation of NF-κB-p65 in vivo and in vitro (Stylianou et al., 1992; Schutze et al., 1995; Bonaiuto et al., 1997; Dai et al., 2015). In addition, NF-κB binds to the IL-1β promoter region (Hiscott et al., 1993), and treatment with IL-1 agonists increases the phosphorylation of NF-κB (Malinin et al., 1997). Here, we observed that ALWPs downregulated p-NF-κB and translocation in the nucleus in LPS-stimulated BV2 microglial cells (Figure 6). In addition, ALWPs but not the individual components significantly decreased LPS-stimulated proinflammatory cytokine IL-1β levels (Figure 3), suggesting that ALWPs play an important role in regulating NF-κB and IL-1β levels and providing a new mechanism of the anti-inflammatory response.

Microglial cell migration is associated with neuroinflammation. Specifically, microglial migration and the related phagocytic activity can be activated by G-coupled receptors, which include chemokines (Guida et al., 2017). A recent study demonstrated that the chemokine CCL2 modulates microglial cell migration through the MEK/ERK and PI3K pathways (Bose et al., 2016). Karlstetter et al. found that curcumin, one of the major components of turmeric, has anti-inflammatory effects by inhibiting microglial cell migration (Choi et al., 2010; Karlstetter et al., 2011). Therefore, we examined the effects of ALWPs on microglial cell migration and found that ALWPs significantly inhibited LPS-induced BV2 microglial cell migration (Figure 7). Based on the literature and our findings, we speculate that ALWPs modulate BV2 microglial cell migration by altering LPS-mediated IL-1β levels. Thus, we will further investigate how ALWPs regulate BV2 microglial cell migration.

In this study, we examined the anti-inflammatory effects of ALWPs. ALWPs contain ten different herbs, and some of the components of ALWPs are known to be involved in inflammation. For instance, 5-HMF, one of the components of R. glutinosa, a component of ALWPs, inhibits reactive oxygen species (ROS) and NF-κB activity in TNF-α-induced vascular endothelial cells (Kim et al., 2013). Corni fructus, a component of ALWPs, has anti-inflammatory effects by suppressing COX-2 and iNOS levels through the downregulation of NF-κB binding activity in macrophages (Sung et al., 2009). Morroniside is a major component of C. officinalis, a component of ALWPs, and reduces proinflammatory cytokine IL-6 and IL-1β levels in a rat model of acute myocardial infarction (Yu et al., 2018). In addition, type 2 diabetic rats orally administered morroniside, a component of ALWPs, exhibit downregulated NF-κB activity in hepatic tissue (Park et al., 2009). Loganin is one of the components of C. officinalis, a component of ALWPs, and has been shown to suppress ApoCIII-induced proinflammatory cytokines and NF-κB phosphorylation in mouse adipocytes (Li et al., 2016). Thus, each component of ALWPs has antioxidant and anti-inflammatory effects in vascular endothelial cells, hepatic tissue, or adipose cells. However, whether the ten individual components of ALWPs have anti-inflammatory effects in LPS-induced BV2 microglial cells and in the brain is not clear. To test this, we examined the effects of each component of ALWPs on proinflammatory cytokine IL-1β levels and found that ALWPs but not the individual components decreased LPS-mediated IL-1β mRNA levels in BV2 microglial cells (Figure 3). Although each component of ALWPs is known to have a positive effect at the cellular level, we suggest that the combination of these ten ingredients in ALWPs has synergistic effects to reduce neuroinflammation.

Memory loss is one of the clinical symptoms of neurodegenerative diseases and is most commonly associated with AD. Memory deficits have been shown to be closely related to neuroinflammation. Specifically, activated microglia release proinflammatory cytokines that exacerbate memory loss in various diseases (Perry and Holmes, 2014; Lelios and Greter, 2018; Wendeln et al., 2018). In particular, several studies have demonstrated critical roles for IL-1β and TNF-α in the formation of learning and memory. For instance, increased levels of IL-1β are correlated with cognitive deficits in sepsis-associated encephalopathy and a repeated social defeat model (Imamura et al., 2011; McKim et al., 2016). Other studies reported that intrahippocampal injection or chronic overexpression of IL-1β in the hippocampus region leads to impairments of spatial memory (Gonzalez et al., 2009; Moore et al., 2009). Wang et al. reported that the proinflammatory cytokine IL-1β induces memory deficits by modulating the expression of GABAA receptors through the P38 signaling pathway (Wang et al., 2012). Similarly, overexpression of TNF-α in neurons or glial cells impairs synaptic plasticity and learning and memory (Fiore et al., 2000). In addition, chronic LPS administration impairs learning and memory via TNF-α (Belarbi et al., 2012). These studies indicate that inflammation can affect cognitive function. Accordingly, several studies have evaluated the potential of traditional herbal medicines to inhibit neuroinflammation and ameliorate memory loss in inflammation-related diseases. For example, chrysophanol (a component extracted from Rhubarb), a traditional herbal medicine, attenuates memory deficits and neuronal death by inhibiting inflammation in diabetic mice (Chu et al., 2018). Anthocyanins, another herbal medicine, ameliorate hippocampus-dependent memory impairment and prevent neuroinflammation via the JNK/Akt/GSK3β axis in LPS-injected wild-type mice (Khan et al., 2018). In addition, Gu et al. (2016) have shown that paeoniflorin, a component of ALWPs, improves learning and memory and inhibits proinflammatory cytokine levels in a mouse model of AD. Another group reported that loganin, a component of ALWPs, decreases Aβ-induced inflammatory responses and ameliorates memory deficits induced by scopolamine (Hwang et al., 2017). However, there are few studies on the therapeutic effects and related mechanisms of each of the components of ALWPs in inflammation-related cognitive deficits. Based on the literature, we hypothesized that ALWPs affect cognitive performance by inhibiting neuroinflammation. To test this hypothesis, we examined the effects of ALWPs on cognitive function in LPS-injected wild-type mice. Interestingly, we found that ALWPs had anti-inflammatory effects (Figures 2, 3) and attenuated LPS-induced short- and long-term memory deficits in wild-type mice (Figure 8). Future studies will examine whether ALWPs regulate cognitive function through IL-1β as well as whether the individual components of ALWPs are sufficient to enhance learning and memory.

CONCLUSION

In summary, this study showed that traditional herbal medicine ALWPs are a regulator of anti-inflammatory TLR4/FAK signaling cascades in LPS-induced BV2 microglial cells. In addition, treatment with ALWPs followed by LPS alters the subcellular localization of the transcriptional factor NF-κB. Moreover, ALWPs promote short- and long-term memory and inhibit microglial activation. Taken together, these data indicate that ALWPs might be a potential therapeutic anti-neuroinflammatory drug for neuroinflammation-related diseases, including AD.
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Mounting evidence supports a fundamental role for Ca2+ dysregulation in astrocyte activation. Though the activated astrocyte phenotype is complex, cell-type targeting approaches have revealed a number of detrimental roles of activated astrocytes involving neuroinflammation, release of synaptotoxic factors and loss of glutamate regulation. Work from our lab and others has suggested that the Ca2+/calmodulin dependent protein phosphatase, calcineurin (CN), provides a critical link between Ca2+ dysregulation and the activated astrocyte phenotype. A proteolyzed, hyperactivated form of CN appears at high levels in activated astrocytes in both human tissue and rodent tissue around regions of amyloid and vascular pathology. Similar upregulation of the CN-dependent transcription factor nuclear factor of activated T cells (NFAT4) also appears in activated astrocytes in mouse models of Alzheimer’s disease (ADs) and traumatic brain injury (TBI). Major consequences of hyperactivated CN/NFAT4 signaling in astrocytes are neuroinflammation, synapse dysfunction and glutamate dysregulation/excitotoxicity, which will be covered in this review article.

Keywords: Alzheimer’s disease, Ca2+, glia, dementia, astrocytes, neuroinflammation, synapse

INTRODUCTION

The central role of Ca2+ dysregulation in age-related memory deficits and neurodegenerative disease, proposed more than 30 years ago (Gibson and Peterson, 1987; Khachaturian, 1987; Landfield, 1987; Abdul et al., 2009), has been supported time and again by molecular, electrophysiological, biochemical and behavioral studies and is the subject of many excellent reviews (Alzheimer’s Association Calcium Hypothesis Workgroup, 2017; Frazier et al., 2017; Gibson and Thakkar, 2017; Pchitskaya et al., 2018). Neurons are often the focus of studies on Ca2+ dysregulation, and for good reason. Ca2+ signaling is an absolutely essential mechanism for both intra- and interneuronal communication. Moreover, disruption of any of the many neuronal Ca2+ regulatory checkpoints can lead to the structural deterioration of neurons and neuronal death, which are defining features of most neurodegenerative diseases. Nonetheless, it is becoming increasingly clear that Ca2+ dysregulation underlies altered function and viability of other non-neuronal cells during aging and disease, especially astrocytes. Several recent articles have provided comprehensive reviews of Ca2+ signaling mechanisms and Ca2+ dyregulation in astrocytes as a function of disease (Vardjan et al., 2017; Verkhratsky et al., 2017; Zorec et al., 2018). The following review will instead focus on the protein phosphatase calcineurin (CN) as an emerging mechanism for linking astrocytic Ca2+ dysregulation to neuroinflammation, glutamate dysregulation, amyloid pathology and synaptotoxicity. Particular emphasis will be placed on CN interactions with the nuclear factor of activated T cells (NFATs), though other CN-sensitive transcription factors such as nuclear factor κB (NFκB) and forkhead O3 (FOXO3) will also be considered.

Ca2+ DYSREGULATION IN ACTIVATED ASTROCYTES

Astrocytes are abundant and versatile cells that play critical roles in brain metabolism, vascular regulation, interneuronal signaling and defense. Fundamental to many of these duties are Ca2+ ions, which are handled by a sophisticated network of plasma membrane channels, Ca2+ pumps, Ca2+ binding proteins and intracellular stores (for recent comprehensive reviews see; Rusakov, 2015; Bazargani and Attwell, 2016; Shigetomi et al., 2016; Guerra-Gomes et al., 2017). Together, these mechanisms, and others, coordinate dynamic Ca2+ responses (e.g., Ca2+ waves and sparks) that can be propagated within the confines of individual astrocytes and also across large astrocyte syncytia via interconnecting gap junction channels (De Bock et al., 2014; Zheng et al., 2015; Fujii et al., 2017). The recent application of three-dimensional multiphoton imaging to astrocyte Ca2+ transients has highlighted the complexity and heterogeneity of Ca2+ signaling within different astrocyte compartments (e.g., soma, processes and endfeet) and perhaps points to an approaching renaissance in our understanding of the role of astrocytes in brain function and disease. Astrocytic Ca2+ dysregulation appears to be indelibly linked to morphologic transformations (i.e., astrocyte “activation” or “reactivity”) characterized by hypertrophic somata and processes and upregulation of the intermediate filament protein, GFAP (Pekny and Nilsson, 2005; Sofroniew, 2009; Rodríguez-Arellano et al., 2016; Bindocci et al., 2017). Astrocyte activation is triggered by a diverse range of injurious stimuli and is frequently localized to regions of frank pathology (e.g., damaged blood vessels, necrotic tissues and protein aggregates). Along with activated microglia, activated astrocytes provide one of the best neuroanatomical hallmarks of neuroinflammation.

Immunohistochemical studies have revealed the upregulation of numerous Ca2+ signaling mediators in activated astrocytes including: Ca2+ related proteases (Shields et al., 1998, 2000; Feng et al., 2011), L-type voltage-sensitive Ca2+ channels (Xu et al., 2007, 2010; Willis et al., 2010; Daschil et al., 2013; Wang et al., 2015), transient receptor potential vanilloid channels (Shirakawa et al., 2010; Butenko et al., 2012), endoplasmic reticulum Ca2+-release channels and Ca2+ pumps (Grolla et al., 2013), Ca2+-dependent K+ channels (Yi et al., 2016), and Ca2+ binding proteins (McAdory et al., 1998). Most extracellular factors that promote robust astrocyte activation in vivo (e.g., cytokines, reactive oxygen species, protein aggregates, excitotoxins, …etc) also trigger Ca2+ dysregulation (e.g., elevated Ca2+ levels, augmented Ca2+ transients) in primary culture and brain slices (Sama and Norris, 2013). Similar functional indices of Ca2+ dysregulation have been noted in animal models of AD (Takano et al., 2007; Kuchibhotla et al., 2009; Delekate et al., 2014), brain edema (Thrane et al., 2011), stroke (Ding et al., 2009; Rakers and Petzold, 2017) and epilepsy (Ding et al., 2007; Tian et al., 2010). The relationship between Ca2+ dysregulation and astrocyte activation is very likely to be bi-directional in nature. Indeed, Ca2+ modulates the activity of numerous transcription factor pathways (Mellstrom et al., 2008), several of which (e.g., NFκB, JAK/STAT, FOX proteins, peroxisome proliferator-activated receptors (PPARs) and activator protein-1 (AP-1), among others) have been implicated in shaping gene expression programs involved in astrocyte activation (Perez-Nievas and Serrano-Pozo, 2018). So, once astrocytic Ca2+ dysregulation is set in motion by injurious and/or neuroinflammatory factors, there are multiple routes through which Ca2+ could maintain astrocytes in an activated state. Perhaps the most direct link between Ca2+ and the gene regulatory machinery in astrocytes (and most other cell types) is provided by NFAT transcription factors, which are directly activated by the Ca2+-dependent protein phosphatase, CN. Mounting evidence, discussed below, shows that CN/NFATs exhibit clear signs of hyperactivation, and/or increased expression, in subsets of activated astrocytes, while cell-specific targeting approaches suggest that CN/NFAT signaling drives or exacerbates multiple forms of neuropathology.

CN DYSREGULATION AND NEURODEGENERATIVE DISEASE

CN is a highly abundant protein found throughout the brain, appearing at high levels in neurons and low levels in glia in healthy adult animals (Goto et al., 1986a,b; Polli et al., 1991; Kuno et al., 1992). Hyperactive CN signaling is observed in human postmortem brain tissue at early stages of cognitive decline associated with AD, ramping up in later disease stages in parallel with worsening amyloid pathology, neurofibrillary pathology and/or cognitive decline (Liu et al., 2005; Abdul et al., 2009; Wu et al., 2010; Mohmmad Abdul et al., 2011; Qian et al., 2011; Watanabe et al., 2015; Pleiss et al., 2016b). Other human neurodegenerative conditions associated with increased CN signaling include Parkinson’s disease (Caraveo et al., 2014), dementia with Lewy bodies (Martin et al., 2012; Caraveo et al., 2014) and vascular pathology (Pleiss et al., 2016b). Similar changes are often recapitulated to a significant degree in corresponding animal models of aging and neurodegeneration (Foster et al., 2001; Huang et al., 2005; Norris et al., 2005; Shioda et al., 2006; Reese et al., 2008; Mukherjee et al., 2010; Wu et al., 2010; D’Amelio et al., 2011; Martin et al., 2012; Rosenkranz et al., 2012; Furman et al., 2016; Sompol et al., 2017). Moreover, inhibition of CN signaling with the commercial immunosuppressant drugs, tacrolimus and cyclosporine, commonly imparts neuroprotection in experimental models of injury and disease (Kuchibhotla et al., 2008; Wu et al., 2010; Rozkalne et al., 2011; O’Donnell et al., 2016; Xiong et al., 2018), reduces neuroinflammation (Yoshiyama et al., 2007; Rojanathammanee et al., 2015; Fields et al., 2016; Manocha et al., 2017a; Shah et al., 2017), improves synapse function (Chen et al., 2002; Dineley et al., 2010; Cavallucci et al., 2013; Kim et al., 2015), inhibits cognitive loss (Taglialatela et al., 2009; Dineley et al., 2010; Kumar and Singh, 2017; Liu et al., 2017), and may even extend lifespan (Yoshiyama et al., 2007). Consistent with the animal literature, an epidemiological investigation found that daily tacrolimus use reduced the risk of dementia in kidney transplant patients relative to age-matched healthy individuals in the general population (Taglialatela et al., 2015).

The CN holoenzyme consists of a catalytic subunit and a Ca2+-binding regulatory subunit (Norris, 2014). The catalytic subunit contains a critical autoinhibitory domain (AID) and a calmodulin binding site. Ca2+/calmodulin binding to CN is the primary stimulus for driving maximal CN phosphatase activity (Figure 1). When cellular Ca2+ levels are low, the AID masks the catalytic core and maintains CN in an inactive state. Cooperative binding of Ca2+ to the CN regulatory subunit and to calmodulin lead to the rapid displacement of the AID and robust activation of CN. When Ca2+ levels fall, Ca2+/calmodulin rapidly dissociates from CN, reinstating inhibition by the AID. CN is highly sensitive to Ca2+, with a Kd to Ca2+-saturated calmodulin in the picomolar range (Quintana et al., 2005). Thus, even small perturbations in cellular Ca2+ can lead to hyperactivation of CN. Under these conditions, CN activity can still be normalized if Ca2+ levels recover. However, large surges in Ca2+ can trigger the calpain-mediated proteolytic removal or disruption of the CN AID. Without the AID, CN becomes partially (but permanently) uncoupled from local Ca2+ changes and exhibits constitutively high levels of activity (i.e., in the presence or absence of Ca2+). Appearance of the CN proteolytic fragment (ΔCN) is one of the most clear-cut indicators of hyperactive CN signaling (Figure 1). Many commercial CN antibodies (directed to the CN carboxyl terminus) do not detect ΔCN in Western blot applications, which may explain why earlier studies failed to observe elevated CN in neurodegenerative conditions like AD (Gong et al., 1993; Ladner et al., 1996; Lian et al., 2001). In contrast, more recent work (using N terminus antibodies) has found that ΔCN is increased in human AD tissue (Liu et al., 2005; Wu et al., 2010; Mohmmad Abdul et al., 2011; Watanabe et al., 2015), in parallel with calpain activation (Liu et al., 2005; Mohmmad Abdul et al., 2011). The ΔCN fragment has been reported in numerous other experimental models of brain injury and disease including traumatic brain injury (TBI), ischemia and glaucoma (Norris, 2014).
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FIGURE 1. Calcineurin (CN)/nuclear factor of activated T cells (NFATs) signaling in astrocytes and bidirectional interactions with cytokines. Cytokines and other inflammatory factors lead to Ca2+ elevations in astrocytes. Ca2+ binds to calmodulin (CaM), which in turn, binds to and activates CN. CN dephosphorylates NFAT transcription factors, leading to nuclear translocation and induction of cytokine genes. CN activity can be inhibited using the commercially available immunosuppressants, tacrolimus and cyclosporine. Physical interactions between CN and NFATs can be blocked using peptide based reagents like VIVIT. Many cytokines that are induced by the CN/NFAT pathway can stimulate astrocytes in an autocrine or paracrine manner, triggering elevations in intracellular Ca2+, which can lead to further CN activation. Severe Ca2+ dysregulation can convert CN into a constitutively active proteolytic fragment (ΔCN) via calpain dependent proteolysis. Hyperactivation of CN/NFAT maintains chronic neuroinflammation (and astrocyte activation) through continued induction (i.e., a positive feedback loop) of pro-inflammatory cytokine genes.



CN EXPRESSION IS INCREASED IN ACTIVATED ASTROCYTES IN HUMANS AND ANIMAL MODELS

Cell-specific expression patterns of CN in both humans and animal models can exhibit striking changes characterized by intense upregulation in subsets of activated astrocytes (Hashimoto et al., 1998; Celsi et al., 2007; Abdul et al., 2009; Lim et al., 2013; Liu et al., 2015; Watanabe et al., 2015; Pleiss et al., 2016b; Sompol et al., 2017). Recent work using custom antibodies generated toward calpain-dependent proteolysis sites in the CN catalytic subunit, observed extensive labeling for a 45–48 kDa ΔCN proteolytic fragment in astrocytes and, to a seemingly lesser extent, neurons (Pleiss et al., 2016b). ΔCN was especially prominent in activated astrocytes bordering amyloid deposits and microinfarcts in human specimens (Pleiss et al., 2016b). Interestingly, ΔCN-positive and ΔCN-negative astrocytes were often found in the same regions (sometimes side-by-side) and appeared morphologically similar, highlighting the biochemical heterogeneity of activated astrocytes. In an aggressive mouse model of AD (i.e., 5xFAD mice), ΔCN was similarly observed in activated astrocytes in the hippocampus, increasing in direct proportion to elevated GFAP levels (Sompol et al., 2017). These observations are consistent with previous reports that found high levels of calpain activity in activated astrocytes (Shields et al., 1998, 2000; Feng et al., 2011) and suggest that Ca2+ dependent proteolysis of CN is a major outcome of astrocytic Ca2+ dysregulation.

NFATs

There are five primary NFAT family members: NFAT1 (or NFATp, NFATc2), NFAT2 (or NFATc, NFATc1), NFAT3 (or NFATc4), NFAT4 (or NFATc3) and NFAT5, all of which exhibit DNA-binding domains that are structurally similar to the Rel/NFκB family of transcription factors (Rao et al., 1997). Elevations in Ca2+ activate CN, which binds to and dephosphorylates NFATs 1–4 in the cytosol (Figure 1). NFAT5 is activated by osmotic stress and does not interact with CN. Dephosphorylation of NFATs exposes a nuclear localization signal, leading to transport into the nucleus and interaction with specific DNA binding elements. Similar to CN, NFAT activation is typically elevated under neurodegenerative conditions like AD (Abdul et al., 2009; Wu et al., 2010), Parkinson’s disease (Caraveo et al., 2014), and acute brain injury (Serrano-Pérez et al., 2011; Furman et al., 2016). As with other previously mentioned transcription factors (e.g., NFkB, JAK-STAT, AP-1,…etc), NFATs exert broad control over several transcriptional programs via the up- and downregulation of numerous genes, many of which involve cytokines and other classic inflammatory mediators (Im and Rao, 2004; Figure 1). NFATs are very strongly inhibited by the CN-inhibiting drugs tacrolimus and cyclosporine, but can be specifically targeted by a variety of peptide-based reagents. The VIVIT peptide, based on the endogenous CN docking sequence (PxIxIT) located in the N terminus of the regulatory region of NFATs 1–4, prevents CN from binding to and dephosphorylating NFATs (Aramburu et al., 1999). Thus, unlike commercial CN inhibitors, VIVIT impairs CN-mediated activation of NFATs without inhibiting CN activity per se, providing a powerful reagent for teasing apart NFAT-dependent signaling from the broader NFAT-independent actions of CN (Figure 1).

In peripheral tissues, NFATs play key roles in phenotype switching. Activation/anergy of T lymphocytes (Hogan, 2017), myotube formation and fiber-type commitment (Horsley and Pavlath, 2002; McCullagh et al., 2004; Rana et al., 2008), cardiomyocyte hypertrophy (Molkentin, 2004), vascular smooth muscle cell migration and proliferation (Liu et al., 2004; Karpurapu et al., 2010; Kundumani-Sridharan et al., 2013), and bone and joint remodeling (Sitara and Aliprantis, 2010) all depend critically on the NFAT pathway. Though not as extensively investigated in the CNS, several studies suggest that NFATs play a key role in the activation of astrocytes and microglia, as well (Nagamoto-Combs and Combs, 2010; Furman and Norris, 2014). All four CN-dependent NFATs have been identified in primary astrocytes at the mRNA and protein levels (Canellada et al., 2008). NFAT1 was found at higher levels in astrocyte nuclei in postmortem brain sections taken from human subjects with mild cognitive impairment (Abdul et al., 2009). NFAT1 has also been identified in microglia of AD mouse models (Manocha et al., 2017b). However, relative to all other NFAT isoforms, NFAT4 appears to show the greatest association with astrocytes in intact animals, with comparatively much less expression in neurons (Filosa et al., 2007; Serrano-Pérez et al., 2011; Neria et al., 2013; Caraveo et al., 2014; Yan et al., 2014; Furman et al., 2016; Sompol et al., 2017). While one study observed a reduction in NFAT4 protein levels in rats exposed to TBI (Yan et al., 2014), several other studies found that NFAT4 is strongly induced in activated astrocytes as a result of acute injury or progressive amyloid or synuclein pathology (Serrano-Pérez et al., 2011; Neria et al., 2013; Caraveo et al., 2014; Furman et al., 2016; Sompol et al., 2017).

GLIAL CN/NFAT PATHWAY AND NEUROINFLAMMATORY SIGNALING

Similar to actions in lymphocytes, glial CN/NFAT activity appears to play a critical role in regulating immune/inflammatory responses. In primary astrocytes and microglia, the CN/NFAT pathway is robustly activated by many key inflammatory mediators, including cytokines, Aβ, glutamate and vascular injury-associated factors (Fernandez et al., 2007; Canellada et al., 2008; Pérez-Ortiz et al., 2008; Sama et al., 2008; Abdul et al., 2009; Furman et al., 2010; Nagamoto-Combs and Combs, 2010; Rojanathammanee et al., 2015). Little is known about the Ca2+ sources that are responsible for glial CN activation but L-type voltage sensitive Ca2+ channels have been specifically implicated in astrocytes (Canellada et al., 2008; Sama et al., 2008). Overexpression of the hyperactive ΔCN fragment in astrocytes leads to the upregulation of numerous immune/inflammatory related genes (Norris et al., 2005; Fernandez et al., 2007) and functional gene categories linked to the activated astrocyte phenotype (i.e., morphogenesis, cell adhesion and immune response; Norris et al., 2005). Interestingly, many of the genes identified in Norris et al. (2005) are part of the A1 “neurotoxic” astrocyte transcriptional signature described by the Barres lab (Zamanian et al., 2012; Liddelow et al., 2017). Of note, ΔCN triggered a two-to-three fold increase in the A1-associated complement component C3, found recently to drive microglia-mediated synapse loss in mouse models of AD (Hong et al., 2016; Shi et al., 2017). In addition to CN-activation studies, inhibitory approaches in primary cultures have revealed similar roles for CN/NFATs in neuroinflammation. Immune/inflammatory factors sensitive to CN/NFAT inhibition in glial cells include TNFα, GM-CSF, IL-6, CCL2 and Cox2, among others (Canellada et al., 2008; Sama et al., 2008; Nagamoto-Combs and Combs, 2010; Kim et al., 2011; Watanabe et al., 2015; Manocha et al., 2017b).

Bidirectional interactions between CN/NFAT and cytokine factors suggest that the CN/NFAT pathway is ideally suited to maintain positive feedback cycles underlying chronic neuroinflammation (Griffin et al., 1998; Figure 1). Consistent with this possibility, hyperactive CN/NFAT activity has been shown to propagate across local astrocyte networks through a paracrine signaling mechanism (Sama et al., 2008). A significant question remains about the mechanisms that keep these feedback cycles in check. One possibility is that CN/NFAT activity is limited by the expression of endogenous CN inhibitors. Regulator of CN 1 (RCAN1), for instance, is strongly induced by NFAT activity in multiple cell types including astrocytes (Canellada et al., 2008; Sobrado et al., 2012). RCANs are widely considered as CN inhibitors, though, it deserves noting that several studies have revealed permissive effects of RCAN on CN, depending on the presence of key accessory proteins (Liu et al., 2009). Whether RCANs provide a negative feedback mechanism for guarding against progressive Ca2+ dysregulation and neuroinflammation in astrocytes, in the context of neurodegeneration, will require further investigation.

Finally, caution should be taken when interpreting immune/inflammatory actions of CN/NFATs in primary glia which are very sensitive to culturing conditions. When investigated in serum-containing media, primary astrocytes may exhibit a quasi-activated state characterized by elevated basal levels of CN/NFAT activity (Furman et al., 2010). Indeed, addition of standard (10% fetal calf) serum alone induces robust CN/NFAT activity in primary astrocytes previously maintained in serum-free media (Furman et al., 2010). Moreover, treatment with IL1-β, IF-γ, or TNFα, which strongly induce NFAT activity in the absence of sera, elicited significantly muted responses when delivered in the presence of sera. Similar caution is also warranted in studies on intact animals, where the effects of CN/NFAT inhibition may have very different effects on glial activity and neuroinflammation, depending on the nature of the insult. For instance, intracerebroventricular delivery of the VIVIT peptide, or astrocyte-specific expression of VIVIT using adeno-associated virus (AAV), reduced signs of astrocyte and microglial activation in mouse models of AD characterized by progressive amyloid pathology (Abdul et al., 2010; Furman et al., 2012; Rojanathammanee et al., 2015; Sompol et al., 2017), but not in a rat model of TBI characterized by acute trauma (Furman et al., 2016). The reason for these discrepancies is unclear, but could involve CN/NFAT interactions with multiple other transcription factors and signaling pathways (as discussed further below). In any case, the results highlight the importance of context in understanding astrocytic CN/NFAT signaling.

ASTROCYTIC CN/NFAT PATHWAY IN GLUTAMATE DYSREGULATION

Mounting evidence suggest that activated astrocytes may lose protective glutamate buffering properties in some forms of injury and disease. Astrocytes control extracellular glutamate levels, in part, through the use of several excitatory amino acid transporters (EAATs) located in the astrocyte plasmalemma. The EAAT2/GLT-1 protein is responsible for the bulk of glutamate uptake in several brain regions, including hippocampus (Robinson and Jackson, 2016). Loss of EAAT2 has been observed in several human neurodegenerative conditions including AD (Masliah et al., 1996; Abdul et al., 2009; Simpson et al., 2010), Alexander disease (Tian et al., 2010), epilepsy with hippocampal sclerosis (Mathern et al., 1999; Proper et al., 2002), and TBI (van Landeghem et al., 2006). Similar changes have been reported in corresponding animal models (Masliah et al., 2000; Mookherjee et al., 2011; Schallier et al., 2011; Hefendehl et al., 2016; Sompol et al., 2017). Functional knockdown of EAAT2/GLT-1 very typically causes synaptic hyperexcitability, altered synaptic plasticity, excitotoxicity and a variety of functional deficits depending on the brain region affected (Rothstein et al., 1996; Rao et al., 2001; Selkirk et al., 2005; Petr et al., 2015; Moidunny et al., 2016). In contrast, increased expression/function of EAAT2/GLT-1 provides strong neuroprotection from exogenously delivered excitotoxins as well as from acute and chronic CNS injury and disease (Harvey et al., 2011; Rozkalne et al., 2011; Zumkehr et al., 2015; Karklin Fontana et al., 2016).

The human EAAT2 promoter has putative binding sites for numerous transcription factors linked to neuroinflammation, including NFATs (Kim et al., 2003; Su et al., 2003; Mallolas et al., 2006), and is activated (and in some cases, inhibited) by a number of cytokine factors. Several studies suggest that the CN/NFAT pathway provides a putative link between Ca2+ dysregulation, neuroinflammation and glutamate dysregulation in activated astrocytes through modulation of EAAT/GLT-1 expression. Recent work found that overexpression of the ΔCN fragment significantly reduced EAAT-mediated glutamate uptake in primary astrocytes (Sompol et al., 2017). In contrast, inhibition of CN/NFAT activity with the VIVIT peptide protected EAAT2-GLT-1 protein levels and reduced extracellular glutamate and/or neuronal hyperexcitability in primary cultures following treatment with either IL1-β or oligomeric Aβ (Sama et al., 2008; Abdul et al., 2009). Under the same treatment conditions, significantly greater neuronal survival was observed when astrocytic CN/NFAT activity was inhibited with VIVIT. Similar effects were found following VIVIT treatment in an intact mouse model of AD (Sompol et al., 2017). Specifically, VIVIT increased protein levels of the astrocytic glutamate transporter, GLT-1, especially around Aβ deposits, and reduced the frequency and duration of spontaneous glutamate transients in intact 5xFAD mice. VIVIT also quelled hyperactive synaptic transients in in situ brain slices from 5xFAD mice and reduced the augmented NMDA receptor-mediated component of basal synaptic transmission. The reduction in glutamate hyperexcitability in 5xFAD mice was accompanied by the normalization of dendrite morphology and integrity, suggesting that astrocyte activation and astrocytic CN/NFAT signaling can drive excitotoxic damage in some disease states, like AD.

ASTROCYTIC CN/NFAT PATHWAY IN AMYLOID PATHOLOGY

Amyloid pathology has long been recognized as a potent stimulus for CN and/or NFAT activity in multiple neural cell types (Agostinho et al., 2008; Reese et al., 2008; Abdul et al., 2009; Li et al., 2010; Wu et al., 2010, 2012; Mohmmad Abdul et al., 2011; Fang et al., 2016). Mice with parenchymal amyloid pathology show clear Ca2+ dysregulation in astrocytes: i.e., higher basal Ca2+ levels and bigger and more frequent Ca2+ transients (Kuchibhotla et al., 2009), providing a permissive environment for CN/NFAT activity. In human postmortem tissue, elevations in CN/NFAT activity increase in direct proportion with soluble Aβ levels, within the same subjects (Abdul et al., 2009). In primary neuron/astrocyte cultures, Aβ stimulates CN/NFAT activity and generates ΔCN proteolytic fragments (Mohmmad Abdul et al., 2011). Moreover, CN/ΔCN is found at especially high levels in activated astrocytes surrounding amyloid deposits in both mouse and human tissue (Norris et al., 2005; Celsi et al., 2007; Abdul et al., 2009; Jin et al., 2012; Lim et al., 2013; Watanabe et al., 2015; Pleiss et al., 2016b).

In addition to responding to Aβ, several studies have suggested that astrocytic CN/NFAT activity stimulates the generation of Aβ peptides (Hong et al., 2010; Furman et al., 2012; Jin et al., 2012; Sompol et al., 2017). Peripheral administration of the CN inhibitor, tacrolimus, to 8-month-old APP/PS1 transgenic mice over a period of 2 months led to a large (>75%) significant reduction in amyloid plaque burden in both the hippocampus and cortex (Hong et al., 2010). A smaller (20%–30%), but statistically significant decrease in amyloid plaque load and soluble Aβ peptide levels was also observed when CN/NFAT activity was specifically inhibited in hippocampal astrocytes of 2x and 5xAPP/PS1 mice using AAV-mediated delivery of VIVIT (Furman et al., 2012; Sompol et al., 2017). Though reductions in Aβ could have simply stemmed from the increased viability of neurons in tacrolimus/VIVIT treated mice, an additional report by Sompol et al. (2017) demonstrated that Ca2+ overload can lead to elevated Aβ production—specifically within astrocytes—through a CN/NFAT4-dependent mechanism. In this study, NFAT4 was shown to bind to the promoter of BACE1 (the rate limiting enzyme for Aβ generation) and induce BACE1 transcription. These results suggest that astrocytic CN/NFATs may help to drive parenchymal Aβ plaque pathology in AD. Given the intimate association between astrocytes and the cerebrovasculature, it would be interesting to determine if astrocytic CN/NFATs play a particularly important role in cerebral amyloid angiopathy.

ASTROCYTIC CN/NFAT PATHWAY IN SYNAPSE DYSFUNCTION

As discussed, commercial CN inhibitors are commonly associated with neuroprotective, anti-inflammatory and nootropic properties across a wide-range of experimental models of neural injury and disease. Within our lab, synaptoprotection has emerged as the single most consistent functional outcome of inhibiting CN/NFAT activity in astrocytes. To inhibit CN/NFATs, we have relied heavily on AAV vectors expressing the NFAT inhibitor, VIVIT, under the control of the human GFAP promoter (Gfa2). Delivery of AAVGfa2-VIVIT to the hippocampus of adult rodents results in widespread, astrocyte-selective transgene expression, coincident with the inhibition of NFAT4 nuclear translocation (Furman et al., 2012, 2016; Sompol et al., 2017). AAV-Gfa2-VIVIT improves basal hippocampal synaptic strength in double transgenic APP/PS1 transgenic mice (Furman et al., 2012), 5xFAD mice (Sompol et al., 2017), rats with TBI (Furman et al., 2016), and mice with hyperhomocysteinemia (HHcy)-associated vascular pathology (Pleiss et al., 2016a). In regards to synaptic plasticity, AAV-Gfa2-VIVIT improves long-term potentiation (LTP) in double transgenic APP/PS1 mice (Furman et al., 2012) and suppresses the induction of long-term depression in TBI rats (Furman et al., 2016). Investigations on LTP in HHcy mice have shown very similar outcomes. In contrast, hyperactivation of CN in astrocytes of otherwise healthy adult rats, using AAV-Gfa delivery of the ΔCN fragment, induces local deficits in CA3-CA1 synaptic strength (Pleiss et al., 2016b). Though not investigated in every study, we have also found that delivery of AAV-Gfa2-VIVIT to hippocampal astrocytes of AD mouse models improves hippocampal-dependent cognition (Furman et al., 2012; Sompol et al., 2017).

It is presently unclear how or why astrocytic CN/NFAT signaling negatively affects synapses. Many of the CN-dependent cytokines released from astrocytes are known to disrupt synaptic viability under certain conditions. In fact, several cytokine-inhibiting drugs appear to have remarkably similar effects to astrocyte-VIVIT treatment in AD mouse models (Kotilinek et al., 2008; Bachstetter et al., 2012; MacPherson et al., 2017). In addition, CN-dependent TGF-β release from astrocytes was recently found to suppress PSD-95 levels in nearby neurons (Tapella et al., 2018). In addition to cytokines, gene microarray studies in primary cells and protein measurements in TBI rats suggest that CN/NFATs drive the induction of factors involved in synapse turnover and/or remodeling, including complement cascade components (e.g., C3) and matricellular factors (e.g., SPARC and hevin; Norris et al., 2005; Furman et al., 2016). As mentioned, C3 was recently identified as a key component of the “neurotoxic” A1 activated astrocyte phenotype (Liddelow et al., 2017). During development, C3 release from astrocytes tags synapses for microglia-mediated phagocytosis, leading to synapse removal/remodeling (Stevens et al., 2007). C3 levels drop during maturation, but then reappear under pathological conditions, like AD (Eikelenboom and Veerhuis, 1996; Zabel and Kirsch, 2013). Recent work found that C3 upregulation in activated astrocytes in an APP/PS1 mouse model of AD guides microglia-mediated synapse loss, similar to that observed during development (Lian et al., 2015; Hong et al., 2016; Shi et al., 2017). In the Lian et al.’s (2015) study, C3 induction in astrocytes was attributable to the activation of NFκB (which can be activated by CN, see below), though a role for NFAT was not investigated. The matricellular proteins SPARC and hevin are also developmentally regulated factors that become induced in activated astrocytes in mature brain following injury and/or disease (Jones and Bouvier, 2014; Blakely et al., 2015; Furman et al., 2016). These factors regulate adhesion and de-adhesion of astrocytes with the extracellular matrix where they influence interactions with the vasculature, with other astrocytes, and also with neurons, especially at synapses, leading to synaptogenesis and re-modeling (Jones et al., 2011; Kucukdereli et al., 2011; Jones and Bouvier, 2014; Blakely et al., 2015). Hevin, a pro-synaptogenic factor, is very strongly induced in TBI rats treated with AAV-Gfa2-VIVIT, suggesting that activated astrocytes and hyperactive CN/NFAT signaling inhibit the formation of new synapses by suppressing hevin levels, at least in the context of acute neural injury (Furman et al., 2016). Finally, it seems likely that glutamate dysregulation and Aβ pathology play a significant and non-specific role in synapse dysfunction. Indeed, synapses are very sensitive to excitotoxic insults and circulating oligomeric Aβ peptide levels. By contributing to glutamate dysregulation and amyloid toxicity, activated astrocytes and hyperactive CN/NFAT signaling may simply promote an inhospitable working environment for synapses. Of course, all of these mechanisms could be working in concert as part of a broader neurotoxic astrocyte phenotype, with Ca2+ dysregulation and hyperactive CN/NFAT4 activity as central driving features (Figure 2).
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FIGURE 2. Hyperactivated CN/NFAT signaling in astrocytes may give rise to a neurotoxic astrocyte phenotype. In healthy tissue, astrocytes fine-tune synaptic communication and protect neuronal viability through numerous mechanisms, including uptake of excitotoxic glutamate (glu) at synapses, via GLT-1 transporters. During aging, injury and disease, many astrocytes exhibit an activated phenotype that includes Ca2+ dysregulation, proteolysis of CN to a high activity fragment (ΔCN) and induction of the NFAT4 isoform. Hyperactivation of NFAT4 leads to the downregulation of GLT-1, production and release of numerous pro-inflammatory cytokines, and induction of BACE1. These changes underlie a neurotoxic astrocyte phenotype associated with glutamate dysregulation/excitotoxicity, neuroinflammation, synapse dysfunction and amyloid pathology. Neurotoxic astrocytes contribute to or hasten neurodegenerative processes leading to dementia.



NON-NFAT TARGETS OF CN IN ASTROCYTES AND CURRENT CONTROVERSIES

NFATs may be the most studied, but they are certainly not the only substrates for CN. In fact, CN has been shown to interact with most transcription factors involved in immune/inflammatory signaling. NFκB, for instance, is strongly regulated by CN activity, though in a fairly indirect manner. CN does not appear to physically bind to or dephosphorylate NFκB, but instead interacts with upstream targets that drive NFκB activation (Pons and Torres-Aleman, 2000; Frischbutter et al., 2011; Palkowitsch et al., 2011). CN-dependent activation of NFκB in astrocytes has been shown to modulate the expression of immune/inflammatory genes (Fernandez et al., 2007) and genes involved in Ca2+ signaling and homeostasis (e.g., mGluR5 type glutamate receptors and inositol triphosphate (IP3)-dependent Ca2+ release channels; Lim et al., 2013). IP3-receptors play an important role in regulating intracellular Ca2+ transients and waves in astrocytes (Filosa et al., 2004; Wu et al., 2017) and have been suggested to mediate neurotoxic actions of activated astrocytes in Alexander disease (Saito et al., 2018). CN/NFκB-dependent upregulation of mGluR5 and IP3 receptors occurs in direct response to pathogenic Aβ peptides and provides an intriguing CN-based mechanism for driving astrocytic Ca2+ dysregulation in AD mouse models (Kuchibhotla et al., 2009).

In addition to NFATs and NFκB, recent work suggests that CN can exert transcriptional control in astrocytes through novel interactions with the forkhead transcription factor, FOX03 (Fernandez et al., 2012, 2016). Proinflammatory cytokines, like TNFα, or Aβ peptides, stimulated the physical association between CN and FOX03, leading to dephosphorylation of FOXO3 and association with NFκB. The CN/FOX03/NFκB complex is thought to drive gene programs underlying deleterious neuro-immune/inflammatory signaling. Using an approach similar to the VIVIT strategy for inhibiting CN-NFAT interactions, Fernandez et al. (2016) developed a mimetic peptide that selectively disrupts CN-FOXO3 interactions. When delivered to primary astrocytes the CN-FOX03 interfering peptide reduced Aβ production and reduced the expression of pro-inflammatory cytokines. Interestingly, treatment of astrocytes with the neurotrophic factor, insulin like growth factor 1 (IGF-1), inhibited CN/FOX03/NFκB interactions and instead promoted the association of CN with NFκB and the peroxisome proliferator-activated receptor-γ (PPAR-γ). Formation of the CN/PPAR-γ/NFκB complex in astrocytes was associated with reduced amyloid pathology and improved cognitive function in an AD mouse model (Fernandez et al., 2012). These results suggest that CN activation in astrocytes can drive either deleterious or protective processes depending on which transcription factors are engaged. This work is consistent with other studies that find both beneficial and detrimental actions of activated astrocytes in disease models (Pekny and Pekna, 2014; Pekny et al., 2016). Moreover, there is good precedence for divergent actions of CN on gene expression programs in other non-neural cell types. For instance, CN activation in T lymphocytes can drive or inhibit expression of immune/inflammatory factors by interacting with different transcription factors in different T cell subtypes or in response to changing environmental conditions (Im and Rao, 2004; Wu et al., 2006).

Interestingly, overexpression of a ΔCN proteolytic fragment in astrocytes using a GFAP promoter was shown to have similar effects as IGF-1 stimulation, yielding beneficial effects in an AD mouse model, and in mice exposed to acute stab wound or LPS insult (Fernandez et al., 2007, 2012). The mechanisms of ΔCN’s beneficial effects are unclear. It is unknown whether ΔCN interacts with the PPARγ/NFκB complex, or if ΔCN opposes the interaction of NFκB with FOXO3, or if NFATs are involved in any of these pathways. The beneficial effects of ΔCN from the Fernandez et al. (2007, 2012) studies are especially unusual as this fragment is largely uncoupled from its normal mode of regulation (Ca2+/calmodulin) and is most commonly associated with cellular dysfunction and cell death in many different cell types, though there are some rare exceptions e.g., (Bousette et al., 2010). These results are also in apparent contrast to recent work showing that ΔCN expression in healthy rats drives (rather than prevents) local synapse dysfunction (Pleiss et al., 2016b). An alternative possibility for ΔCN-mediated neuroprotection in the Fernandez et al. (2007, 2012) studies may relate to an interaction between existing brain pathology and the over-expression system used (i.e., genetically modified ΔCN under the control of a GFAP promoter). Preexisting injury or amyloid pathology may be expected to strongly induce the GFAP promoter, leading to the intense upregulation of ΔCN in target cells, which could, possibly, lead to the death/deterioration of the most reactive and/or the most harmful astrocytes. Loss of harmful astrocytes may ultimately improve the viability of nearby neurons. Clearly, further research will be necessary to test this possibility.

Finally, CN is a versatile enzyme with numerous functions that are independent of transcriptional regulation. Nonetheless, very few non-transcription factor substrates of CN have been investigated in astrocytes. In most cases, CN’s interactions with other targets has been implied based on sensitivity to commercial CN inhibitors. For instance, tacrolimus and cyclosporine partially blocked the dephosphorylation of GFAP and vimentin in primary astrocytes and in brain slices from neonatal rat pups (Vinadé et al., 1997; Carvalho et al., 2016), suggesting that CN may regulate astrocyte morphology through a posttranscriptional mechanism. These results are reminiscent of studies in neurons, where CN has been long-known to regulate rapid cytoskeletal reorganization in dendritic spines and growth cones (Halpain et al., 1998; Wen et al., 2004). Given the dynamic nature of astrocyte processes and endfeet, it seems likely that CN would play a similar role in cytoskeletal reorganization in astrocytes. In addition to intermediate filaments, the astrocyte hemichannel protein, connexin 43, has also been revealed as a potential CN substrate (Li and Nagy, 2000; Tence et al., 2012). The cytoplasmic tail of connexin 43 is dephosphorylated in a tacrolimus/cyclosporine sensitive manner during hypoxic/ischemic insults. Interestingly, this dephosphorylation was associated with reduced gap junction coupling, which could have important implications for potassium and glutamate buffering during neural injury and disease. And, as with many other cell types, mitochondria function in astrocytes appears to be very sensitive to tacrolimus/cyclosporine (Kahraman et al., 2011; O’Donnell et al., 2016), though, it should be noted that cyclosporine can inhibit formation of the mitochondrial transition pore in a CN-independent manner (Halestrap et al., 1997). In one recent study, both tacrolimus and cyclosporine prevented the loss of mitochondria from astrocyte processes during hypoxic/ischemic insult (O’Donnell et al., 2016). However, it remains unclear how CN specifically contributed to this loss.

SUMMARY

Mounting evidence suggests that the CN/NFAT pathway links astrocytic Ca2+ dysregulation to molecular and phenotypic changes involved with neuroinflammation, glutamate dysregulation, amyloid pathology and synapse dysfunction. We hypothesize that the increased expression and/or hyperactivation of CN/NFAT in activated astrocytes—found in human neurodegenerative disease and animal models of disease—plays a predominantly deleterious role in the brain, arising early in neurodegenerative diseases, like AD, and progressing as disease symptoms worsen (Figure 2). The numerous beneficial effects reported in disease models treated with CN and/or NFAT inhibitors is largely consistent with this hypothesis. These observations provide a very important extension and/or reconceptualization of the Ca2+ hypothesis of aging and disease to include glial Ca2+ dyshomeostasis and altered CN signaling as a critical component in the initiation and progression of neurodegeneration. Further work will be needed to tease apart the actions of CN on different transcriptional pathways and how these pathways interact to modulate neural function in healthy and diseased brain.
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Cognitive dysfunction following stroke significantly impacts quality of life and functional independance; yet, despite the prevalence and negative impact of cognitive deficits, post-stroke interventions almost exclusively target motor impairments. As a result, current treatment options are limited in their ability to promote post-stroke cognitive recovery. Cyclosporin A (CsA) has been previously shown to improve post-stroke functional recovery of sensorimotor deficits. Interestingly, CsA is a commonly used immunosuppressant and also acts directly on endogenous neural precursor cells (NPCs) in the neurogenic regions of the brain (the periventricular region and the dentate gyrus). The immunosuppressive and NPC activation effects are mediated by calcineurin-dependent and calcineurin-independent pathways, respectively. To develop a cognitive stroke model, focal bilateral lesions were induced in the medial prefrontal cortex (mPFC) of adult mice using endothelin-1. First, we characterized this stroke model in the acute and chronic phase, using problem-solving and memory-based cognitive tests. mPFC stroke resulted in early and persistent deficits in short-term memory, problem-solving and behavioral flexibility, without affecting anxiety. Second, we investigated the effects of acute and chronic CsA treatment on NPC activation, neuroprotection, and tissue damage. Acute CsA administration post-stroke increased the size of the NPC pool. There was no effect on neurodegeneration or lesion volume. Lastly, we looked at the effects of chronic CsA treatment on cognitive recovery. Long-term CsA administration promoted NPC migration toward the lesion site and rescued cognitive deficits to control levels. This study demonstrates that CsA treatment activates the NPC population, promotes migration of NPCs to the site of injury, and leads to improved cognitive recovery following long-term treatment.
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INTRODUCTION

Stroke is a leading cause of death and chronic disability. Prevalence of post-stroke cognitive dysfunction can be up to 80% of stroke survivors (Sun et al., 2014), including impairments in learning and memory and deficits in executive functions (Zinn et al., 2007; Hofmann et al., 2012; Douiri et al., 2013). Such impairments can persist for years (Poulin et al., 2012) and are associated with higher rates of long-term post-stroke disability (Cumming et al., 2013; Mullick et al., 2015), impacting the quality of life of survivors. Areas of the prefrontal cortex, such as anterior cingulate and dorsolateral prefrontal cortices, are responsible for regulating executive functioning which is commonly affected after stroke (Kumral et al., 2002; Pohjasvaara et al., 2002; Poulin et al., 2012). Executive functions include an array of complex behaviors that govern self-regulatory actions and goal-management such as problem solving, cognitive flexibility, decision making and working memory (Zinn et al., 2007; Hofmann et al., 2012; Cordova et al., 2014) Despite the profound impact of cognitive deficits after stroke, therapeutic strategies to promote long-term cognitive recovery have attracted relatively little attention (Zinn et al., 2007; Cumming et al., 2013). Currently, cognitive rehabilitation which targets spared skills to develop compensatory strategies is the only treatment option for stroke survivors, and has limited efficacy (Adams et al., 2007; Poulin et al., 2012). Thus, it is timely to consider the development of strategies to enhance neural repair for the treatment of post-stroke cognitive deficits.

The adult mammalian brain contains neural stem cells that possess the ability to self-renew and generate progeny that differentiate into neural phenotypes, making them promising therapeutic targets to promote neural regeneration and plasticity. Stem cells and their progeny (together termed neural precursor cells, NPCs) exist in the subependyma (SE) lining the walls of the lateral ventricles, and the subgranular zone of dentate gyrus, where they contribute to ongoing neurogenesis in the olfactory bulb and hippocampus, respectively (Doetsch, 2003). A number of factors have been shown to activate endogenous NPCs. For example, brain injury activates endogenous NPCs, leading to an expansion of the size of the NPC pool, migration, and neurogenesis (Parent et al., 2002; Jin et al., 2003; Ahmed et al., 2014) Administration of growth factors and small molecules can similarly promote NPC expansion, migration and differentiation (Kolb et al., 2007; Hunt et al., 2010; Dadwal et al., 2015). We have previously demonstrated that the commonly used immunosuppressant, Cyclosporin A (CsA), has direct pro-survival effects on NPCs both in vitro and in vivo, thereby expanding the size of the NPC pool (Hunt et al., 2010; Chow and Morshead, 2016). Interestingly, while the immunosuppressant effects of CsA are mediated by a calcineurin-dependent pathway, with downstream effects resulting in T-cell regulation, the NPC pro-survival effects of CsA result from activation of a calcineurin-independent pathway (Sachewsky et al., 2014), which inhibits mitochondrial pore formation and effectively blocks apoptotic pathways. In models of sensorimotor stroke, CsA administration leads to NPC pool expansion, tissue regeneration, and motor recovery (Erlandsson et al., 2011; Sachewsky et al., 2014). Thus, CsA shows therapeutic promise, and herein we propose to study its efficacy for the treatment of cognitive impairments after stroke.

To investigate the potential of this endogenous repair strategy to promote cognitive recovery following stroke, we first established a reproducible cognitive stroke model in mice. Based on a similar model in rats (Livingston-Thomas et al., 2015), bilateral focal lesions were produced using endothelin-1 (ET-1) in the medial prefrontal cortex, which is analogous to the human cingulate and dorsolateral prefrontal cortices (Seamans et al., 2008; Cordova et al., 2014). Stroke-injured mice displayed significant short- and long-term cognitive deficits, and an expansion in the size of the NPC pool similar to that observed following ET-1-induced sensorimotor stroke (Sachewsky et al., 2014). Chronic CsA treatment promoted migration of NPCs to the site of the lesion, and rescued cognitive performance to control levels following stroke, demonstrating the therapeutic potential of this endogenous NPC activation strategy to enhance cognitive recovery following stroke.

MATERIALS AND METHODS

Animals

This study was carried out in accordance with the recommendations of guidelines of the University of Toronto Animal Care Committee and the Canadian Council of Animal Care. The protocol was approved by the University of Toronto Animal Care Committee. Sixty adult male C57BL/6 mice (6–8 weeks of age; 20–25 g; Charles River) were single housed on a 12-h light/dark cycle with food and water ad libitum. For each experiment, specific n-numbers are presented in the figure captions. Mice were acclimated to the facility for 1 week prior to the experiment. Mice were randomly assigned to the uninjured Control, Stroke-alone, or Stroke+CsA group.

Stroke and CsA Administration

To induce mPFC stroke, mice received stereotaxic microinjections of ET-1 (0.76 μl; 800 picomolar; Calbiochem) at two bilateral injection sites (for a total of four injections): (1) anteroposterior (AP) +2.2 mm from Bregma; mediolateral (ML) ±0.4 mm from midline; dorsoventral (DV) −2.4 mm from skull surface, and (2) AP +1.5 mm; ML ±0.4 mm; DV 2.6 mm. Immediately following injections, mini osmotic pumps (Alzet, Cupertino, CA, USA) filled with CsA (15 mg/kg/day; dissolved in 65% ethanol and 35% cremaphor) were implanted subcutaneously and replaced as required based on the length of the experiment. Sensorimotor stroke was induced as described previously (Sachewsky et al., 2014).

Neurosphere Assay

Animals were anesthetized with isoflurane, quickly decapitated, and the brain was removed. The adult SE was dissected and cultured as previously described. Briefly, tissue was collected and enzymatically dissociated, triturated into a single cell suspension and plated at clonal density (10 cells/μl) in serum free media (SFM) supplemented with EGF (20 ng/ml), FGF (10 ng/ml) and heparin (7.35 ng/ml; all from Sigma; Coles-Takabe et al., 2008). The number of neurospheres was counted following 7 days in culture. Neurospheres originate from a single stem cell; hence, the number of neurospheres reflects the size of the NPC pool (Hunt et al., 2010). The assay was performed at 7 and 60 days following stroke. For cortical neurosphere assays, tissue was dissected from the lesioned bilateral mPFC region and plated as described (Erlandsson et al., 2011).

Behavioral Testing

All behavioral testing took place after stroke surgery, with the exception of the adhesive removal test which included baseline testing prior to injury. Prior to testing, all animals were acclimated to the testing room for at least 10 min.

Adhesive Removal Test

To screen for sensorimotor deficits, the adhesive removal test was performed as previously described (Bouet et al., 2009). A 0.3 × 0.4 cm piece of tape was placed on the center of each forepaw, and the latency to contact and then remove the tape was measured. A functional score was calculated as ([latency to remove] − [latency to contact]). The task consisted of 7 days of training to ensure performance under 1 min, and 2 days of testing on day 4 and day 5 after stroke. Post-stroke performance was averaged from the 2 days of testing for analysis.

Puzzle Box Task

The Puzzle Box (PB) task is used to assess cognitive functions including problem-solving, and short- and long-term memory (Ben Abdallah et al., 2011). Mice were placed into a brightly-lit start zone of a rectangular box, and were required to travel to a dark, enriched goal zone. The test was performed as three trials per day (maximum 300 s) with a 2 min inter-trial interval, for three consecutive days. The test was performed at three time points throughout the experiment: post stroke days 4–6, 22–24 and 45–47. Trials were filmed from above using Viewer software (Bioserve, Bonn, Germany).

On Trial 1, mice were allowed easy access to the goal zone through an open door and clear underpass. Trials 2 and 3 required access through the underpass only, and the doorway blocked. The following day, the same paradigm was repeated (Trial 4; long term memory), following which accessibility was made more difficult by blocking the underpass with bedding, requiring which mice to remove it in order to enter the goal zone (Trial 5; problem solving). That paradigm was then repeated in Trial 6 (short-term memory). On the last day, the paradigm is repeated once more (Trial 7; long-term memory), following which the underpass is blocked with a cardboard plug that must be removed (Trial 8; problem solving). Lastly, that paradigm is repeated (Trial 9; short-term memory).

Morris Water Maze

The morris water maze (MWM) evaluates spatial learning, long-term memory, and behavioral flexibility. The test takes place over three phases: acquisition (5 days), probe (1 day) and reversal (4 days). During the acquisition phase, animals must locate a static hidden platform located in a circular pool of water. Mice were given four trials/day, each from a pseudorandomly assigned quadrant, with a maximum trial time of 60 s. Once the platform was located, mice were returned to their home cage for a 15 min inter-trial interval. The latency to locate the platform was recorded as the average trial time over 5 days. Twenty-four hours following the last acquisition trial, a probe test was performed. The platform was removed, mice were placed into the pool at a randomly assigned start location, and allowed to search for the platform for 60 s. The proportion of time spent searching in the maze quadrant that previously contained the platform was recorded. Twenty-four hours later the reversal phase began, for which the platform was replaced in the quadrant opposite from the original location, and trials were run as described in the acquisition phase. Mice were tested from days 35–44 post-stroke.

Open Field Task

The open field task was used to assess anxiety-related behavior. Mice were placed into a 60 × 60 cm chamber conceptually divided into 16 equal squares. The central eight squares were defined as the central zone, and the remaining squares were considered the edge. Animals were allowed to explore the environment for 10 min. Locomotor activity in the central and edge zones were evaluated on day 7 and 48 post-stroke.

Tissue Preparation and Histology

All animals were deeply anesthetized with tribromoethanol (250 mg/kg; Sigma-Aldrich) and transcardially perfused with 0.01 M phosphate buffered saline (PBS), followed by 4% paraformaldehyde. Brains were collected and stored in 4% paraformaldehyde overnight, then transferred to 20% sucrose solution until saturated. Coronal brain sections (20 μm) were collected in series.

Lesion Volume and Neural Degeneration

Coronal sections were collected at days 1, 4 and 10 post-stroke. Sections were stained with cresyl violet (Sigma-Aldrich) for lesion volume analysis. Lesion, defined as morphological changes in tissue, lack of staining, or pallor, was measured in a pre-calculated reference area using ImageJ software (National Institute of Health, Bethesda, MA, USA). The sections were imaged at 240 μm intervals and the lesion volume was calculated using the formula (lesion area) × (distance between sections).

To assess neural degeneration, Fluoro Jade (FJ) C staining was performed. A stock solution of FJC was prepared (25 mg FJC in 250 mL dH2O). Slides were immersed in 1% NaOH in 80% ethanol for 5 min, rinsed in 70% ethanol and distilled H2O for 2 min, each. Next, slides were in incubated in 0.06% KMnO4 for 10 min and then rinsed again in dH2O for 2 min. The following day, slides were incubated in a working solution of FJC (2 ml of stock solution in 198 mL dH2O and 198 mL acetic acid) for 30 min and washed in dH2O prior to cover slipping. The total numbers of FJC+ cells were manually counted using ImageJ (NIH) from every 10th section (i.e., 200 μm apart) between +2.3 and +1.10 mm from Bregma, within a pre-determined region of interest. Within a brain, coronal sections were divided into two clusters based on morphological characteristics (anterior and posterior to the genu of the corpus callosum). The total volume of the region of interest was 4.64 mm3, a sum of cluster 1 (2.55 × 1.0 × 1.6 mm) and cluster 2 (1.5 × 1.0 × 1.16 mm) volumes. The region of interest was kept consistent between all brains.

Statistical Analysis

Statistical analyses were performed using Graphpad Prism v6.0 and Microsoft Excel 2011. Two-tailed t-tests were used for two group comparisons and two-way repeated measures ANOVAs were used for multiple group comparisons across more than one trial. For multiple group comparisons, post hoc tests Tukey or Dunnett were used when required based on group comparisons against each other, or group comparisons against one fixed control group, respectively. All data are reported as mean ± SEM. Statistical significance was considered when p ≤ 0.05.

RESULTS

mPFC Stroke Leads to Targeted Lesions and Persistent Cognitive Impairments

We first sought to establish a stroke model in mice that would result in persistent cognitive impairments using a bilateral injury model similar to those previously described in rats (Cordova et al., 2014; Livingston-Thomas et al., 2015). Bilateral ET-1 injections resulted in damage confined to the prelimbic, infralimbic and anterior cingulate subdivisions of the mPFC. Lesions spanned from approximately 2.34 mm to 1.10 mm anterior to Bregma, producing an average volume of 4.98 ± 0.92 mm3 at 4 days post-stroke (Figure 1A).
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FIGURE 1. Endothelin-1 (ET-1)-induced cognitive model of stroke in mice. (A) Sagittal representation of the lesioned areas of the brain (circled). FA2, frontal area 2; AC, anterior cingulate cortex; PR, prelimbic; IL, infralimbic; cresyl violet stained coronal sections depicting typical medial prefrontal cortex (mPFC) lesion on day 4 post-stroke. (B) Significant cognitive impairments following stroke were detected using the Puzzle Box (PB) task at day 4–6 compared to control (n = 18 stroke; 16 control). (C) Following stroke, a significant cognitive deficit was detected up to 45 days, using the Morris Water Maze (MWM) reversal test (n = 12 stroke; 10 control). (D) Post-stroke functional scores in the adhesive removal test. Unilateral sensory-motor (n = 3), but not bilateral mPFC (n = 7) stroke, resulted in contralesional (left) forepaw deficits compared to baseline performance. *p < 0.05.



To assess cognitive outcome in the acute post-stroke phase, performance in the PB task was assessed at 4–6 days following injury. A cognitive deficit was defined as a significantly increased latency to enter the goal box compared to controls. In Stroke-alone mice, a significant deficit was detected on Trials 5, 6 and 9 (Stroke-alone: Trial 5: 249.94 ± 14 s; Trial 6: 164.39 ± 27 s; Trial 9: 208.39 ± 22 s; Controls: Trial 5: 185.67 ± 21 s; Trial 6: 90.13 ± 21 s; Trial 9: 145.67 ± 31 s; p < 0.05; Figure 1B). Therefore, bilateral mPFC stroke produced acute cognitive impairments in problem-solving and short-term memory after stroke.

Separate cohorts of mice were used to evaluate chronic cognitive impairment using the MWM test and Y-maze task. In the MWM test, there were no deficits detected in the acquisition or probe phases of the test (p > 0.05 for both); however, in the reversal phase, mPFC stroke animals exhibited a significant impairment, with a higher overall latency to find the platform compared to controls (Control: 17.5 ± 1.8 s; Stroke-alone: 22.6 ± 2.1 s; F(1,20) = 4.751, p = 0.045; Figure 1C).

The Y-maze spontaneous alternation task was used to assess whether mPFC stroke resulted in deficits in frontal lobe-mediated spatial working memory on day 49 post-stroke. There were no significant differences in the spontaneous alternation percentage (SAP) between groups (data not shown). This demonstrates that mPFC stroke resulted in persistent chronic impairment in behavioral flexibility without affecting spatial working memory.

To rule out any confounding effect of sensorimotor impairments on cognitive tests, we used the adhesive removal test (Bouet et al., 2009). As predicted, mice with unilateral sensorimotor stroke lesions exhibited a significant contralateral (left) impairment (125.67 ± 43.44 s (left), 6.25 ± 0.39 s (right); p < 0.01; Figure 1D). Sensorimotor impairment was not observed in the mPFC lesioned mice (p > 0.05), consistent with histological examination of affected brain regions revealing no damage to the sensorimotor cortex.

CsA Administration Expands the Size of the NPC Pool but Is Not Neuroprotective

Next we investigated whether administration of CsA from the time of stroke would have an effect on recovery. First, the neurosphere assay was performed on the SE at day 7 post-stroke to evaluate the effect of stroke and CsA treatment on the size of the NPC pool (Figure 2Ai). We observed a significant expansion in the size of the NPC pool in Stroke+CsA mice (1.7 ± 0.04 fold; Figure 2Aii). A slight non-significant expansion was observed in Stroke-alone mice (Control: 39 ± 8 neurospheres; Stroke-alone: 54 ± 2 neurospheres; Stroke+CsA: 65 ± 16 neurospheres per 5000 cells; p < 0.01). Thus, CsA treatment following mPFC stroke significantly expands the NPC population within the first week.
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FIGURE 2. Cyclosporin A (CsA) expands the neural precursor cell (NPC) pool and is not neuroprotective. (Ai) Timeline of the experiment. Neurosphere assay was performed on day 7 following Stroke and counted 7 days later. (ii) Stroke-Alone (n = 6) results in a slight 1.4 fold increase, while Stroke+CsA (n = 5) caused a significant 1.7 fold increase (n = 7 controls); **p < 0.01. (Bi) Fluoro Jade C+ (FJC+) cells in the lesioned mPFC (white arrows). (ii) There was no significant difference in FJC+ cell counts between Stroke-Alone and Stroke+CsA groups on day 1 (n = 5/group), 4 (n = 5/group) or 10 (n = 3/group) post-stroke. (C) Lesion volumes are not significantly different between stroke-alone and stroke+CsA groups (n = 5/group) *p < 0.05.



To determine if CsA delivery was neuroprotective post-stroke, the numbers of FJC+ cells and the lesion volume were analyzed on days 1, 4 and 10 after mPFC stroke. There were no significant differences in the number of FJC+ cells in Stroke-alone vs. Stroke+CsA groups at any of these time points (day 1 Stroke-alone: 2,68,799 ± 24,878 cells, Stroke+CsA: 2,80,089 ± 47,471 cells; day 4 Stroke-alone: 1,34,071 ± 36,015 cells; Stroke+CsA: 1,89,036 ± 71,746 cells; day 10 Stroke-alone: 18,480 ± 2372 cells; Stroke+CsA: 6209 ± 655 cells; Figures 2Bi,ii). In both the Stroke-alone and Stroke+CsA groups, the number of FJC+ cells declined from day 1 to 10 post-stroke (p < 0.05). There were no significant differences in lesion volume between the Stroke-alone and Stroke+CsA groups at any time point (Figure 2C). Taken together, these findings demonstrate that CsA treatment did not have neuroprotective effects when administration was started immediately after stroke.

Chronic CsA Administration Rescues Cognitive Impairment Following mPFC Stroke in the Puzzle Box Task

Cognitive performance following CsA treatment was assessed at early (post-stroke days 4–6), middle (post-stroke days 22–24), and late (post-stroke days 45–47) time points using the PB (Figure 3A). Early post-stroke deficits were not improved in the CsA-treated mice. However, at both middle and late time points, Stroke+CsA animals were recovered to control level performance, while Stroke-alone animals continued to exhibit deficits (Figure 3B). Late time point data were combined, revealing that overall, the Stroke-alone mice exhibited significant impairments on Trials 5 (Stroke-alone: 217.25 ± 18 s; Control: 159.79 ± 23 s; p < 0.05), Trial 7 (Stroke-alone: 269.11 ± 11 s; Control: 211.82 ± 23 s; p < 0.05) and Trial 8 (Stroke-alone: 179.67 ± 21 s; Control: 119.79 ± 25 s; p < 0.05), whereas the Stroke+CsA group had recovered to Control performance (Trial 5: 180.44 ± 15 s; Trial 7: 243.19 ± 17 s; Trial 8: 146.38 ± 19 s). Hence, CsA administration reduced long-term cognitive deficits.
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FIGURE 3. Chronic CsA treatment reduces cognitive impairments. (A) Experimental timeline. PB, puzzle box; OF, Open Field; YM, Y-Maze. (B) Stroke-Alone (n = 18), but not Stroke+CsA (n = 16), showed persisting cognitive deficits compared to controls (n = 14) in the PB task; *p < 0.05. (C) Stroke+CsA animals show significant improvement at day 22–24 (#) and 45–47 (*) compared to day 4–6. (D) Stroke-alone animals show spontaneous recovery in trial 9 at long-term time points. (E) No significant differences were observed in the amount of time spent in the corner zones of the maze between Stroke-alone (n = 11), Stroke+CsA (n = 11), and control (n = 8) groups. Day 22–24: *p < 0.05, **p < 0.01, ****p < 0.0001; Day 45–47: #p < 0.05, ##p < 0.01, ###p < 0.001.



We further compared the PB performance in Stroke-alone and Stroke+CsA mice at each of the time points tested. At day 22–24, Stroke+CsA mice showed reduced latency to reach the goal box on Trials 5 and 8 (Trial 5: 178.50 ± 20 s; Trial 8: 139.42 ± 20 s) compared to performance on day 4–6 (Trial 5: 256.94 ± 12 s; Trial 8: 244.00 ± 17 s; p < 0.01, p < 0.001), suggesting an improvement in the problem-solving deficit that persisted until day 45–47 (Trial 5: 177.13 ± 20 s; Trial 8: 138.56 ± 23 s; Figure 3C). The Stroke-alone group did not show any significant changes in performance on Trials 5 and 8 at any of the long-term test points (Figure 3D). These findings further support the hypothesis that long-term CsA treatment reduces cognitive impairments following stroke.

To confirm that the increased latency for stroke animals to complete trials in the PB task was not confounded by alterations in anxiety, the open field task was performed at early (day 7) and late (day 48) time points post-stroke (Figure 3A). No significant differences were observed in the amount of time spent in corner zones in any of the groups at either time point (Figure 3E). Similarly, the total distance traveled in the corner zones was not significantly different (data not shown). Hence, locomotion and anxiety were not affected by mPFC stroke.

NPCS Migrate to the Site of Injury Following mPFC Stroke

Previous findings have shown NPC migration to the site of the injury following sensorimotor stroke, in the presence and absence of CsA treatment (Sachewsky et al., 2014; Faiz et al., 2015). We investigated whether similar NPC migration was seen in this mPFC stroke model. On day 60 post-stroke, neurospheres were observed in the cortex of the stroke injured mice, but not controls (Stroke-alone and Stroke+CsA cortical neurospheres in 14% and 43% of brains, respectively, compared to 0% of brains in controls). Hence, mPFC stroke can promote NPC migration toward the site of injury, and this migration can be enhanced following CsA administration.

DISCUSSION

In this study, we investigated the efficacy of endogenous NPC activation using CsA to promote cognitive recovery following mPFC stroke. We successfully reproduced a cognitive stroke model in mice. Using the PB and MWM tasks, we demonstrated that mPFC injury resulted in cognitive deficits across various cognitive domains, detectable as early as 4 days and persisting up to 45 days post-stroke, similar to previous findings in rats (Cordova et al., 2014; Livingston-Thomas et al., 2015). Short-term CsA treatment expanded the SE-derived NPC pool early after stroke, and chronic post-stroke CsA administration promoted migration of NPCs and recovery of persistent long-term cognitive deficits. Hence, we have demonstrated that an endogenous NPC activation strategy using the immunosuppressant CsA has the potential to enhance recovery following mPFC stroke.

Sensorimotor stroke results in the transient expansion of the SE NPC pool 7 days post-injury, a phenomenon not observed in the present study. It is possible that the injury induced expansion of the NPC pool in this model at an earlier time post-stroke. Alternatively, the lack of effect observed in this model may be due to the location of the injury; the mPFC is more distant from the SE than the sensorimotor cortex. This finding could have implications for the translation of NPC migration approaches as the degree of NPC activation would vary depending on the site of the stroke lesion. Nonetheless, post-stroke administration of CsA led to a significant expansion of the NPC pool, similar to the effect seen following CsA administration in sensorimotor stroke (Sachewsky et al., 2014).

Our findings reveal that despite CsA’s well-documented neuroprotective effects (Sullivan et al., 2011; Yousuf et al., 2011), delivery of CsA did not result in sparing of tissue or neuroprotection post-stroke. Our data suggest that activation of endogenous precursors is sufficient for promoting recovery post-stroke. This is consistent with our previous work showing that a CsA analog, NIM811, is able to promote sensorimotor functional recovery following cortical stroke despite its non-immunosuppressive effects (Sachewsky et al., 2014). Notably, our current findings do not eliminate a potential role for suppressing neuroinflammation in cognitive recovery. To test whether NPC activation is sufficient for recovery as suggested herein, and not due in part to immunosuppression, it would be interesting to explore the effects of NIM811 in this model.

The development of this reproducible model of mPFC stroke provides a foundation to examine the efficacy of novel therapeutics to enhance recovery. Here, we showed that following injury, administration of the immunosuppressant drug CsA can activate NPCs in the adult forebrain and reduce cognitive impairments. Investigating the efficacy of combinatorial strategies (i.e., rehabilitation) alongside small molecule activation strategies to accelerate post-stroke cognitive recovery, as previously shown in sensorimotor stroke (Jeffers et al., 2014), would be a logical next step toward advancing knowledge in this area.
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The current study employed next-generation RNA sequencing to examine gene expression differences related to brain aging, cognitive decline, and hippocampal subfields. Young and aged rats were trained on a spatial episodic memory task. Hippocampal regions CA1, CA3, and the dentate gyrus were isolated. Poly-A mRNA was examined using two different sequencing platforms, Illumina, and Ion Proton. The Illumina platform was used to generate seed lists of genes that were statistically differentially expressed across regions, ages, or in association with cognitive function. The gene lists were then retested using the data from the Ion Proton platform. The results indicate hippocampal subfield differences in gene expression and point to regional differences in vulnerability to aging. Aging was associated with increased expression of immune response-related genes, particularly in the dentate gyrus. For the memory task, impaired performance of aged animals was linked to the regulation of Ca2+ and synaptic function in region CA1. Finally, we provide a transcriptomic characterization of the three subfields regardless of age or cognitive status, highlighting and confirming a correspondence between cytoarchitectural boundaries and molecular profiling.

Keywords: aging, hippocampus, cognitive function, transcription, gene expression, Illumina HiSeq, Ion proton

INTRODUCTION

Regional variation in brain aging may explain differential susceptibility to impairment in specific cognitive domains over the course of aging. Deficits in hippocampal-dependent episodic memory emerges in middle-age, and the degree or propensity for impairment increases with advancing age in humans and animal models (Uttl and Graf, 1993; Ronnlund et al., 2005; Cansino, 2009; Foster, 2012). There has been a notable increase in recent efforts to accurately identify boundaries that define distinct hippocampal subfields in humans (Yushkevich et al., 2015; Wisse et al., 2016; Berron et al., 2017) and to link behavioral impairments in older individuals to subfield-specific hippocampal volume or activity changes (Mueller and Weiner, 2009; Yassa et al., 2011; Daugherty et al., 2016). Computational approaches, as well as research from brain damaged humans and animal models, suggest that the different subfields of the hippocampus (CA1, CA3, and dentate gyrus-DG) contribute to various aspects of episodic memory (Rolls and Kesner, 2006; Goodrich-Hunsaker et al., 2008; Maass et al., 2014; Wang and Diana, 2016). This includes pattern separation and completion mechanisms, rapid acquisition, and retention across different time scales. In addition, each region may employ different mechanisms to modulate the strength of their synaptic communication to alter connectivity during the formation of episodic memories. Furthermore, the three regions exhibit differential vulnerability to the aging process (Jackson et al., 2009; Wang et al., 2009; Zeier et al., 2011; Chapman et al., 2012). To address the complexity of the molecular mechanisms linked to age-related changes in hippocampal-dependent cognition, it is necessary to consider the variability in region-specific responses to aging and memory mechanisms.

The current study investigated changes in gene expression within each of the three hippocampal regions in relation to both aging and to cognitive decline in aging. Previous work suggests that brain aging is associated with altered genes and proteins linked to biological processes for cell maintenance and repair, reactions to oxidative stress, neuroinflammation, and neuron-specific signaling, including cell excitability and synaptic plasticity (Blalock et al., 2003; Lu et al., 2004; Fraser et al., 2005; Wang et al., 2009; Burger, 2010; Zeier et al., 2011; Cribbs et al., 2012; Haberman et al., 2013; Masser et al., 2014). It is unclear; however, which biomarkers may represent causative factors for cognitive decline, compensation to maintain cognitive function, or epiphenomenon associated with the aging process (Gray and Barnes, 2015). For example, studies that examine gene expression soon after behavioral testing indicate a decrease in expression of neural activity-related genes; however, it is unclear if altered expression represents the cause of the age-related deficit, or whether the genes are not expressed because learning did not occur (Rowe et al., 2007; Penner et al., 2011; Chawla et al., 2013). Similarly, brain aging can be characterized by an increase in molecular markers of oxidative stress and neuroinflammation (Foster, 2006; Droge and Schipper, 2007; Craft et al., 2012) and it is unclear whether such changes represent precursors to cognitive decline, age-related factors independent of cognition, neuroprotective elements in cognitively unimpaired individuals, or compensation due to changes in afferent connections.

Next-generation sequencing technology is a powerful tool for examining complex processes by monitoring the parallel expression of tens of thousands of genes. Along with the advantage of examining large numbers of transcripts, comes the necessity for validation of the differentially expressed genes. Normally this would occur using a different technique, such as qRT-PCR. We have taken advantage of two different next-generation platforms to confirm differential expression. Our study was designed to increase experimental robustness by utilizing two different laboratories to perform the behavioral characterization of the animals and by using two different next-generation sequencing chemistries on the same RNA samples to minimize false positives and negatives in a staged discovery/validation approach. In this case, transcriptome analysis of the same tissue was performed using Illumina fluorescent labeling and Ion Proton semiconductor measures of proton release during sequencing-by-synthesis. Each technology has pros and cons (Jessri and Farah, 2014); however, previous reports indicate a good concordance in the accuracy of expression profiling between the different platforms (Kusko et al., 2014; Li et al., 2015; Reuter et al., 2015). This study was designed to lead to a high probability of independent validation in other laboratories.

METHODS

Animals

Procedures involving animal subjects have been reviewed and approved by the Institutional Animal Care and Use Committee at the University of Arizona (AZ) and University of Florida (FL) and were in accordance with guidelines established by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory. Male Fischer 344 rats of two ages, young (5–6 months, total n = 10; n = 5 AZ, n = 5 FL) and aged (17–22 months, total n = 24; n = 11 AZ, n = 13 FL) were obtained from National Institute on Aging's colonies (Taconic, FL; Charles River, AZ). Animals were maintained on a 12:12 h light/dark schedule, and provided ad libitum access to food and water. Animal characterization was performed at two sites—University of Arizona and University of Florida—and the resulting data were combined and analyzed as a single cohort.

Morris Water Maze

Procedures for the water maze have previously been published (Foster et al., 1991; Bean et al., 2015). Animals were trained in a tank, 1.7 m (FL), 1.8 m (AZ) in diameter, positioned in room that provided cues for the animals. Water (27 ± 2°C) was maintained at a level approximately 8 cm below the surface of the tank. For cue and spatial tasks, training consisted of five blocks with three trials per block and training on each task was massed into a single day. Inter-trial intervals were 20 s and inter-block intervals were ~15 min. Rats remained on the platform between trials and in home cages under the heat lamp after each block. Behavioral data were acquired with either Noldus EthoVision computer tracking software (Noldus Information Technology, (Leesburg, VA) in FL or AnyMaze (Wood Dale, IL) in AZ and included path-length and time in the goal and opposite quadrants.

Rats were first trained on the cue discrimination version of the water escape task. The escape platform was extended approximately 1 cm above the water level and its location was signaled by a visual cue. For each trial, the platform position and start location were randomized. If an animal did not escape the water maze within 60 s, the rat was gently guided to the platform. Three days following cue training, animals were trained on the spatial discrimination task. For spatial discrimination, the escape platform was hidden approximately 1.5 cm beneath the water level and remained in the same location relative to the distal cues in the room for the duration of the initial spatial training. Fifteen minutes following the end of training on block 5, a free-swim probe trial was administered as a measure of learning. For the probe trial, the platform was removed and the animal placed in the tank for 60 s. A spatial discrimination index was computed according to the formula (G − O)/(G + O) where G and O represent the percent of time spent in the goal quadrant and quadrant opposite the goal, respectively.

Statistical Analysis of Behavior

The mean distance to find the platform during the first training block was used as a baseline for the water maze cue and spatial tasks and the mean percent change from the baseline was calculated for each subsequent block. Repeated measures analyses of variance (ANOVAs) were used to examine age and training effects over blocks of trials. One-way ANOVAs were used to examine age effects for the water maze probe trial discrimination index. Fisher's protected least significant difference comparisons, with the p-value set at 0.05, were used as post hoc tests to localize differences. Pearson's correlations were calculated between the distance measures for the last block of cue and spatial discrimination trials in order to determine if differences in sensory-motor function or procedural learning contributed to spatial learning. Correlations were limited to within each age group.

Tissue Collection

Two weeks following water maze testing, rats were briefly anesthetized using isoflurane (Piramal Healthcare) and then quickly decapitated. The brains were rapidly removed, briefly rinsed in sterile saline, and the hippocampus was dissected out using a microspatula, razor blade, and surgical scissors. Methods for dissection of hippocampal subfields was adapted from previous work, which enabled isolation of CA1, CA3, and the dentate gyrus (DG) along the rostral and ventral hippocampus (Lein et al., 2004; Zeier et al., 2011). The hippocampus was placed ventral side up on a microdissection tray on ice, the hippocampal fissure was identified, and the dentate gyrus (DG) was dissected free of the CA and subicular fields by gently teasing it away along the hippocampal fissure. Further dissection along the margin of the free blade produced a block consisting of subiculum/cortex, CA1 and most of CA3. The subiculum was separated from CA regions, which was then further cut into CA1 and CA3 subfields. The tissues (CA1, CA3, and DG) were quickly frozen in liquid nitrogen then stored at −80°C. The tissue for one hippocampus from each animal was used for RNA isolation. Due to the dissection along the length of the hippocampus, other subfields including region CA2 and the subiculum were not isolated.

RNA Isolation

The tissue was sent to University of Alabama at Birmingham for RNA isolation. Total RNA was extracted (Qiagen, miRNeasy #217004), DNase-treated (Qiagen), and quality was assessed (Bioanalyzer, Agilent), which indicated a RNA integrity of 8.83 ± 0.04 (mean ± standard error) for the cohort.

Ion Proton Sequencing and Analysis

Sequencing and analysis by using Ion Proton was performed at the University of Florida. Poly-A selection for the Ion Proton sequencer was performed with 250 ng of total RNA using the Dynabeads mRNA DIRECT Micro kit (Thermo Fisher, catalog number 61021) followed by library preparations with the Ion Total RNA-seq Kit v2 (Thermo Fisher, catalog number 4475936) with the addition of the Ion Xpress barcodes for multiplex sequencing (Thermo Fisher, catalog number 4475485). In brief, poly-A selection was performed by the base pairing of the poly-A tail of mRNA to the oligo (dT)25 sequence of the magnetic Dynabeads. Further, the mRNA was enzymatically fragmented by RNAse III, purified, ligated to the Ion adaptor mix, and reverse transcribed. The cDNA was uniquely barcoded per biological replicate and amplified with 16 cycles of PCR. The concentration of the libraries was quantified by the Qubit dsDNA HS Assay (Thermo Fisher, catalog number Q32851), and size distribution was evaluated with the High Sensitivity D1000 ScreenTape in the 2200 Tapestation system (Agilent Technologies).

Template preparation was performed in the Ion Chef system and sequencing was completed in the Ion Proton (Thermo Fisher). Low quality reads were removed from the FASTQ files resulting in reads containing an average length of 134 bp. The Ion Proton data were aligned to the rattus norvegicus (rn5) genome using the two step alignment method with TopHat2 and Bowtie2 in the Partek Flow servers (Partek, Inc.). Aligned reads were summarized as gene-level counts (featureCounts 1.4.4). The FASTQ files from the Ion Proton have been submitted to NCBI's Gene Expression Omnibus (GEO) under the accession number: GSE97608.

Illumina HiSeq Sequencing and Analysis

Sequencing and analysis by using Illumina HiSeq was performed at the Translational Genomics Research Institute, Arizona. Sequencing libraries were prepared with 250 ng of total RNA using Illumina's Truseq RNA Sample Preparation Kit v2 (Illumina, Inc.) following the manufacturer's protocol. In brief, poly-A containing mRNA molecules were purified using poly-T oligo attached magnetic beads. The mRNA was then thermally fragmented and converted to double-stranded cDNA. The cDNA fragments were end-repaired, a single “A” nucleotide was incorporated, sequencing adapters were ligated, and fragments were enriched with 15 cycles of PCR. Final PCR-enriched fragments were validated on a 2200 TapeStation (Agilent Technologies) and quantitated via qPCR using Kapa's Library Quantification Kit (Kapa Biosystems) on the QuantStudio 6 Flex Instrument (ThermoFisher). The final library was sequenced by 50 bp paired-end sequencing on a HiSeq 2500 (Illumina). Illumina BCL files were converted and demultiplexed (bcl2fastq 2.17). FASTQ files were trimmed of adapter sequences (CutAdapt 1.8.3) and aligned to rn5 (STAR 2.5). Aligned reads were summarized as gene-level counts (featureCounts 1.4.4). Sequencing and quality control reports were generated (FastQC 0.11.4 and Qualimap 2.1.3). The FASTQ files from the Illumina platform have been separately submitted to GEO under the accession number: GSE101798.

Analysis

For poly-A mRNA gene expression sequenced by Illumina and Ion Proton, pairwise differential expression analysis was conducted with the R package DESeq2 (1.10.1) to identify transcriptional changes due to age, cognitive performance, or subfield. For the transcriptional changes due to age and cognitive performance, a significant cut-off was set at p < 0.01. The resulting data sets for each region represent seed lists of differentially expressed genes. Validation of expression was performed using poly-A mRNA sequenced on the Ion Proton. For Ion Proton mRNA, a significance cut-off was set at p < 0.05 for one tailed-tests, with the tail specified by the direction of fold change (FC) determined by the Illumina seed list. Thus, the adjusted p-value for the combined tests was p < 0.0005. The following formula was used to calculate the false discovery rate (FDR) = (number of genes identified by Illumina * 0.0005/the number genes from this list identified by Ion Proton). Heat maps were generated in R with “gplots” (3.0.1) and “ComplexHeatmap” (1.14.0) using counts which were standardized to z-scores from genes validated with the Ion Proton, and the box plots were generated with “ggplot2” (2.2.1).

To be labeled subfield-specific in CA1, CA3, or DG, gene counts had to be significantly different (Benjamini-Hochberg adj- p < 0.05) from both of the other two subfields with a concordant direction of fold change and validated by Ion Proton sequencing at the same significance threshold. Finally, pathway analysis was conducted with the ToppGene web portal against KEGG, PantherDB, and Reactome databases. An additional analysis was conducted using DAVID (version 6.8), considering Gene Ontology for biological processes and cellular components in the “Direct” and “FAT” categories with the Benjamini FDR set at p < 0.05 as a cut-off for cluster selection.

RESULTS

Behavior

Cue Discrimination

A repeated measures ANOVA indicated an effect of training [F(4, 128) = 5.81, p < 0.0005] and age [F(1, 32) = 11.57, p < 0.005], and an interaction [F(4, 128) = 2.46, p < 0.05] (Figure 1A). Despite the age difference, all animals were able to locate the platform by the end of training and an ANOVA in each age group confirmed decreased path length with training (p < 0.05). Post hoc analysis indicated that young rats exhibited a rapid rate of learning observed as a decrease in escape path length for blocks 2–5 relative to block 1. For aged animals, learning was slower, such that escape path length decreased on blocks 4–5 relative to blocks 2–3.
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FIGURE 1. Performance on the water maze task. Symbols indicate the mean (±SEM) escape path length to the escape platform during 5 training blocks on the (A) cue and (B) spatial discrimination tasks for young (open symbols) and aged (filled symbols) animals. (C) Acquisition of a spatial search strategy. Individual discrimination index scores for young (open symbols) and aged (filled symbols) animals. The dashed line indicates the cut-off for behavioral classification of aged-impaired (AI) and aged-unimpaired (AU) animals.



Spatial Discrimination

A repeated measures ANOVA on performance in the spatial task indicated an effect of training [F(4, 128) = 11.28, p < 0.0001] and age [F(1, 32) = 16.81, p < 0.001], in the absence of an interaction (Figure 1B). An ANOVA in each age group confirmed decreased path length with training (p < 0.005), indicating that both groups exhibited improved performance with training. Post hoc analysis indicated that young rats exhibited a rapid rate of learning observed as a decrease in escape path length for blocks 2–5 relative to block 1. For aged animals, learning was observed as a decrease in escape path length for blocks 4–5 relative to blocks 1–2.

Regression analysis performed within each age group indicated no relationship between performance on the cue task (block 5 distance) and the spatial task (block 5 distance) (young: r = 0.43, p = 0.22; aged: r = 0.078, p = 0.72). The results indicate that age differences in sensory-motor function or acquisition of the procedural aspects of the task did not mediate impairments in acquisition of a spatial search strategy.

Probe Trial Discrimination Index (DI) Scores

An ANOVA on the discrimination index scores using age and testing site as factors indicated an age difference [F(1, 30) = 8.41, p < 0.01] in the absence of a training site difference or interaction (Figure 1C). As expected, from the age range of 17–22 months in this strain of rat, there was considerable variability for aged animals, with some animals performing as well as young.

The observed lowest DI score for young animals was 0.24. This value was used as cut-off to classify aged animals as aged-impaired (AI) (DI < 0.24) or aged-unimpaired (AU; DI > 0.24). A repeated measures ANOVA was computed comparing AI and AU groups for the cue task. No group difference was observed for distance to escape to the platform on the cue task (p = 0.82). Thus, the difference for the DI scores is not likely due to sensory-motor function or learning the procedural aspects of the task.

Gene Expression across Regions: Comparison of Illumina and Ion Proton Technologies

Sequence Quality Metrics

We sequenced a total of 17.1 and 18.9 million reads per sample, the total mapping rate was 94.1 and 96.8%, with exonic mapping 63.8 and 58.0%, intronic 15.2 and 13.1% and the percentage of intergenic reads was 21.0 and 28.9% on the Illumina and Ion Proton platforms, respectively.

The correlation of number of counts for the common genes is shown in Figure S1. We conducted pairwise differential expression analysis between the three subfields regardless of age or cognitive status. For each pairwise comparison, we retained the differentially expressed genes (DEGs) that were statistically significant with both platforms (adj-p < 0.05) and concordant for FC direction. A summary of the number of genes detected in all the pairwise comparisons in both platforms is reported in Table 1. A total of 24 DEGs were discordant for FC between the two platforms in the 3 comparisons (specifically: 5 for CA1 vs. CA3, 14 for CA1 vs. DG and 5 for CA3 vs. DG). Finally, the significant genes showing concordant FC in both platforms were: 2,379 (CA1 vs. CA3), 4,352 (CA1 vs. DG), and 4,642 (CA3 vs. DG). The complete results of the differential analysis for the genes detected with both platforms are reported in Tables S1–S3, and the overlap is represented in the proportional Venn diagram in Figure 2A.


Table 1. Number of genes that were statistically significant (adj-p < 0.05) and detected in both platforms.
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FIGURE 2. Differential expression across the Illumina and Ion Proton platforms. (A) Proportional Venn diagrams showing the concordance for genes that were significant after p-value adjustment for the Illumina and Ion Proton in each pairwise comparison indicated (CA1 vs. CA3; CA1 vs. DG; CA3 vs. DG). For example, total number of significant genes for CA1 vs. CA3 were 5722 and 3062 for Illumina and Ion Proton, respectively, with an overlap of 2379. (B) Scatterplot of the fold changes for all detected genes across both platforms. Blue points are the genes differentially expressed in Illumina and Ion Proton (adj-p < 0.05).



We computed the correlation coefficient for the Log2 FC between the two platforms in each pairwise comparison for all detected genes. The Pearson coefficients demonstrated a strong positive correlation for all of the comparisons (p < 2.2e-16), ranging from R = 0.776 (CA1 vs. CA3) to R = 0.836 (CA3 vs. DG). In Figure 2B, we illustrate the corresponding scatterplots from these comparisons with the blue points indicating genes that were significantly differentially expressed across both platforms (adj-p < 0.05).

Gene Expression across Regions: Subfield Specific Transcriptome Profiling

We looked for subfield specific transcriptomic signatures for genes that met the criteria of significantly differentially expressed on both platforms and concordant for fold change across platforms. We detected a total of 908 (CA1), 1,063 (CA3), and 2,431 (DG) specific genes. The results for all three regions are reported in Tables S4–S6. The heatmap including the specific genes for each region is reported in Figure S2.

In the CA1 region, 898 of the DEGs were protein coding, whereas the remaining 10 were pseudogenes or processed transcripts. A total of 359 genes (39.5%) were overexpressed and 549 (60.5%) underexpressed with respect to the CA3 and DG regions. The boxplots for all of the specific genes are illustrated in Figure S3, and in Figure S4 we show the Allen Brain Atlas data from mouse for Wfs1, Nov, Ndst4, and Gpr161. The first 5 genes ranked by absolute average fold change were: Vgll3, Mx1, Gnrhr (underexpressed), and Wnt3, Ackr2 (overexpressed). Pathway analysis conducted with ToppGene using genes with average FC > |0.50| (n = 379) reveals one significant pathway after Bonferroni correction (KEGG: neuroactive ligand-receptor interaction; adj-p = 7.40E-04) that included 20 genes (Table S7). The enrichment analysis conducted with DAVID did not identify any significant results after Benjamini correction.

In the CA3 region a total of 1,051 of the differentially expressed genes were protein coding, whereas the remaining 12 were processed transcripts or pseudogenes. A total of 551 genes (51.8%) were overexpressed, whereas 512 were underexpressed (48.2%) with respect to the CA1 and DG (Table S5). The boxplots for all of the specific genes are illustrated in Figure S5, and in Figure S6 we show the Allen Brain Atlas data from mouse for Col6a6 and Nnat. The first 5 genes ranked by absolute average fold change were Lnp1, RGD1562638, Plk5 (underexpressed), and Mmp3, Mx1 (overexpressed). Pathway and enrichment analysis conducted using genes with average FC > |0.50| (n = 535) revealed 11 significant pathways after Bonferroni correction. Top results were: KEGG calcium signaling (adj-p = 4.27E-04; 17 genes) and REACTOME potassium channel (adj-p = 1.73E-03) (Table S7). The analysis conducted with DAVID allowed us to detect 3 significant GO biological processes after Benjamini correction: cilium movement, outer dynein arm, and potassium ion transmembrane transport (Table S7). The last process was also detected using ToppGene.

In the DG region 2,403 of the differentially expressed genes were protein coding, whereas the remaining 28 were pseudogenes, miRNA, processed transcripts or lincRNA. 975 genes (40.1%) were overexpressed and 1,456 underexpressed (59.9%) with respect to CA1 and CA3 regions (Table S6). The first 5 genes ranked by absolute FC were: Bhlhe23, Met, Abca12, RGD1562638, and Ptpru. The boxplots for all the specific genes are illustrated in Figure S7; in Figure S8 we show the Allen Brain Atlas data from mouse for genes Pdin, Plk5, C1ql2, and Dsp. The enrichment analysis conducted with ToppGene using genes with absolute average FC > |0.50| (n = 927) revealed 7 significant pathways after Bonferroni correction. The most significant pathways were: KEGG axon guidance (adj-p = 4.70E-05; 23 genes) and REACTOME adherens junctions interactions (adj-p = 6.20E-04; 10 genes). The remaining significant pathways are reported in Table S7. In this same subfield we also detected the KEGG pathway neuroactive ligand-receptor interaction (adj-p = 4.92E-03; 32 genes), the only one shared with CA1 and CA3. In contrast, REACTOME gastrin-CREB signaling pathway via PKC and MAPK and REACTOME neuronal system were detected in CA3 region. The analysis conducted with DAVID revealed enrichment for 8 biological processes: neural crest cell migration (FDR adj-p = 1.77E-03; 12 genes), semaphorin-plexin signaling (FDR adj-p = 2.11E-03) and myosin complex (FDR adj-p = 7.65E-03). All the remaining processes (FDR adj-p < 0.05) are reported in Table S7.

Gene Expression Related to Aging

The data sets for differential expression using the cross platform validation method described above were used to investigate age-related changes in gene expression. The CA1 Illumina poly-A mRNA analysis produced 228 DEGs that passed the statistical filter. From this seed list the number of genes that was detected for Ion Proton poly-A mRNA was 104 (FDR = 1.1−3). All 104 of these genes were in the NIH DAVID database. Among these, 90 genes were up regulated and 14 genes were down regulated in aged rats. Enrichment analysis indicated clusters related to immune function including the lysosome (GO:0005764, 14 genes, FDR adj-p = 1.3−.3), regulation of leukocyte mediated immunity (GO:0002443, 14 genes, FDR adj-p = 1.6−5), immune response (GO:0006955, 28 genes, FDR adj-p = 1.8−7), and neutrophil activation (GO:0042119, 4 genes, FDR adj-p = 9.8−3). In addition, clusters related to cell adhesion (GO:0007155, 25 genes FDR adj-p = 2.9−4) and regulation of ERK1 and ERK2 cascade (GO:0070372, 8 genes, FDR adj-p = 2.2−2) were also present. Furthermore, a KEGG pathway for the lysosome (rno04142, 8 genes, FDR adj-p = 5.2−3) was identified. Enrichment analysis using the ToppGene web tool confirmed the enrichment of pathways related to immune function (i.e.: Lysosome, B cell receptor signaling pathway and adaptive immune system). All genes under the indicated immune related functional clusters were up regulated genes (Figure S9).

For region CA3, analysis of Illumina poly-A mRNA indicated 189 DEGs in the seed list and the number validated with the Ion Proton poly-A mRNA was 81 (FDR adj-p = 1.2−3). All 81 genes were in the NIH DAVID database, with 61 genes up regulated and 20 down regulated genes in aged rats. As with area CA1, clustering analysis was related to immune function including leukocyte activation (GO:0045321, 17 genes, FDR adj-p = 4.9−5) immune response (GO:0006955, 20 genes, FDR adj-p = 8.8−5), cytokine production (GO:0001816, 12 genes, FDR adj-p = 2.4−3), antigen processing and presentation of peptide antigen via MHC class II (GO:0002495, 7 genes, FDR adj-p = 4.4−7), and interleukin-10 production (GO:0032613, 5 genes, FDR adj-p = 3.0−3). Additionally, a cluster for biological adhesion (GO:0022610, 21 genes, FDR adj-p = 4.4−4) and a KEGG pathway for cell adhesion molecules (rno04514, 7 genes, FDR adj-p = 2.3−3) were found. Enrichment analysis conducted with ToppGene confirmed the presence of pathways correlated with the immune system (i.e., immunoregulatory interactions between a lymphoid and a non-lymphoid cell, adaptive immune system, and phagosome). All genes under the indicated immune related functional clusters were up regulated (Figure S10).

The DG region exhibited similar aging patterns in relation to the CA1 and CA3, with 280 DEGs in the Illumina poly-A mRNA data set. From this list, 162 genes were validated by the Ion Proton (FDR = 8.6−4), and all 161 genes were in the DAVID database. From the validated gene list, 134 genes were up regulated and 27 genes decreased with aging. Enriched clusters included immune response (GO:0006955, 41 genes, FDR adj-p = 2.9−11), defense response (GO:0006952, 40 genes, FDR adj-p = 5.8−9), inflammatory response (GO:0006954, 26 genes, FDR adj-p = 1.1−8), response to wounding (GO:0009611, 15 genes, FDR adj-p = 9.3−3), response to steroid hormone (GO:0048545, 14 genes, FDR adj-p = 1.3−2) and cell-cell adhesion (GO:0098609, 30 genes, FDR adj-p = 2.7−6). KEGG pathways were identified for lysosome (rno04142, 10 genes, FDR adj-p = 3.2−4), antigen processing and presentation (rno04612, 11 genes, FDR adj-p = 5.2−6), and cell adhesion molecules (rno04514, 10 genes, FDR adj-p = 2.8−3). All genes under the indicated immune related functional clusters were up regulated genes (Figure S11). Again, the analysis conducted with ToppGene confirmed the immunologic processes detected with DAVID. In addition, we detected 3 pathways involving the complement system: initial triggering of complement, complement and coagulation cascades, complement cascade, and activation of C3 and C5. Beside the immunological pathways, we detected the cadherin signaling and Wnt signaling.

In examining genes that were differentially expressed with age across regions it is clear that each region contains a number of age-related genes that are unique relative to the other hippocampal regions. For the most part, more genes were up regulated in older rats within each region and several up regulated genes overlapped across regions. Among the genes that overlapped regions, several were related to immune function (Table 2). Only one gene, Col4a5, exhibited a decrease across all three regions. Interestingly, the DG region showed the highest number of gene changes related to the age of the animal (162), including the greatest number of distinct genes (91 genes) (Figure 3). Among the 69 genes that were uniquely up regulated in the DG, 68 matched DAVID for functional annotation clustering analysis with the top clusters involved in immune function. Together, the results indicate that the DG region may be more sensitive to aging effects.


Table 2. Genes, which significantly increased expression across all three regions in aged animals from both the Illumina and Ion Proton data.
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FIGURE 3. Number of genes altered during aging across hippocampal regions. Summary of the total number of genes across the hippocampal subfields whose expression increased (up arrow) or decreased (down arrow) using Illumina DEGs with p < 0.01 validated with Ion Proton mRNA with p < 0.05.



Gene Expression Related to Behavior

For examination of genes linked to cognitive status, only aged animals were included in order to avoid age as a confound. Aged animals were subdivided into AI and AU according to the water maze DI score. Figure 4 illustrates the number of genes that were differentially expressed in CA1, CA3, and the DG according to cognitive status, and were annotated in DAVID. The Illumina analysis of CA1 poly-A mRNA produced 235 sequences that passed the statistical filter. From the seed list, the number of genes that was detected for Ion Proton mRNA was 107 (FDR = 1.1−3) (Table S8). For the 107 genes, 106 were in the NIH DAVID database, with 48 up regulated and 58 down regulated genes in aged impaired animals. The CA3 Illumina mRNA analysis contained 32 sequences in the seed list and the number validated with the Ion Proton poly-A mRNA was 8 (FDR = 2.0−3) (Table S8). All 8 genes were annotated in DAVID (increased: Prl, Pcdh19, Pcdh17, Gabrb1, Gda, Als2; decreased: Msrb2, Wnt6). The DG Illumina poly-A mRNA analysis contained 97 sequences in the seed list and the number validated with the Ion Proton mRNA was 30 (FDR = 1.6−3) (Table S8), which included 29 genes that were annotated in DAVID (16 up regulated and 13 down regulated). Only one gene, Prl, was increased across all regions.
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FIGURE 4. Number of genes differentially expressed in regions CA1, CA3, and DG according to cognitive function. In each case, the number of genes down regulated (open portion) and up regulated (filled portion) in aged-cognitively impaired animals are represented.



Up and down regulated genes were combined within each region and submitted for cluster analysis. The results indicated that only CA1 exhibited significant enrichment. Clustering was observed for cellular components with CA1 genes linked to synapse (GO:0045202, 20 genes, FDR adj-p = 2.6−5), cell junction (GO:0030054, 18 genes, FDR adj-p = 1.2−2), neuron part (GO:0097458, 22 genes, FDR adj-p = 5.6−3), postsynapse (GO:0098794, 10 genes, FDR adj-p = 1.3−2), ion channel complex (GO:0034702, 9 genes, FDR adj-p = 5.9−3) and plasma membrane region (GO:0098590, 16 genes, FDR adj-p = 6.1−3) (Table 3). In addition, enrichment for biological processes included regulation of signaling (GO:0023051, 34 genes, FDR adj-p = 4.7−3), the KEGG pathways for calcium signaling (rno04020, 7 genes, FDR adj-p = 1.7−2) and long-term potentiation (rno04720, 4 genes, FDR adj-p = 3.5−2). ToppGene identified five significant pathways after Bonferroni correction: glutamatergic synapse, neuronal system, heterotrimeric G-protein signaling pathway-Gq alpha and Go alpha mediated pathway, calcium signaling, and phosphatidylinositol signaling system. The results confirmed the presence of neuronal genes, but pointed to more specific processes, including the glutamatergic synapse.


Table 3. Genes of age impaired and age unimpaired animals, which were significantly differentially expressed in region CA1 in both the Illumina and Ion Proton data.
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A closer examination of the direction of gene changes suggested that there was decreased expression of genes that regulated Ca2+ entry by modulating the function of NMDA receptors (Neto1, Prickle2), or voltage-gated Ca2+ channels (Cacnb2) (Figure 5). Decreased expression was also observed for genes linked to receptor mediated release of Ca2+ from intracellular Ca2+ stores (Adra1d, Homer3, Itpr1). A decline in protein expression for these genes might be expected to decrease intracellular Ca2+. Similarly, increased expression was observed for the membrane Ca2+ ATPase pump (Atp2b4), which would remove intracellular Ca2+. Moreover, decreased expression was observed for genes linked to downstream Ca2+ signaling (Hpca, Dclk2, Prkca). Together, the results suggest that in impaired animals, transcription is altered in an attempt to limit intracellular Ca2+ signaling (Figure 5).
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FIGURE 5. Altered transcription of genes linked to calcium regulation. The y-axis represents Illumina normalized counts and the asterisk in the x-axis represent differential expression of AI rats relative to AU in the Illumina platform (p < 0.01) validated with the Ion Proton (p < 0.05).



Closer examination of the direction of change for genes linked to synaptic activity suggests differential expression in genes for regulating synaptic receptors and K+ channels (Figure 6). For example, there was a decrease in the GABA receptor subunit (Gabra5) and Nptxr, which are involved in clustering of AMPA receptors at the synapse. Increased expression was observed for two K+ channels, Hcn4 and Kcnk1, and Kcnab2, a cytoplasmic potassium channel subunit that modulates K+ channel activity was down regulated. Finally, there was down regulation of genes for proteins that are downstream of G-protein coupled receptor activation (Mpp3, Ksr1, Akap13) and an increase expression of the glutamate metabotropic receptor (Grm2).
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FIGURE 6. Altered transcription of genes linked to cell excitability. The y-axis represents Illumina normalized counts and the asterisk in the x-axis represent differential expression of AI rats relative to AU in the Illumina platform (p < 0.01) validated with the Ion Proton (p < 0.05).



Finally, we examined the specificity of gene changes. In this case, aged animals were separated by performance on the cue task, using a mean split for block 5. Relative to gene expression associated with spatial discrimination performance, fewer genes were associated with performance on the cue task. Analysis of the CA1 region poly-A mRNA using Illumina produced 135 sequences that differed according to cue discrimination performance. From this seed list the number of genes that was detected for Ion Proton poly-A mRNA was 24 (FDR = 2.8−3). For region CA3, 38 differentially expressed genes were detected by Illumina and 3 genes were confirmed by the Ion Proton (FDR = 6.3−3). For the dentate gyrus, Illumina detected 71 sequences and 4 were confirmed by the Ion Proton (FDR = 8.8−3). No gene clusters were observed for any region.

DISCUSSION

Gene Expression across Subfields: Subfield Specific Transcriptome Profiling

We report the results of the transcriptional differences among hippocampus brain subfields (CA1, CA3, and DG) regardless of the animal's age or cognitive status. Our approach was based on retaining for each subfield, genes significant and concordant in FC in both pairwise comparisons. We were able to detect a high number of specific genes for each subfield, specifically: 908 (CA1), 1,063 (CA3), and 2,431 (DG) genes. These lists include genes highly or lowly expressed in each subfield with respect to the others. In CA1, the top gene with high values of expression compared to the other subfields was Wnt3 (Wnt Family Member 3), which is considered to play a central role in synaptogenesis and adult neurogenesis (Varela-Nallar and Inestrosa, 2013). In area CA1, Wnt signaling has been linked to synaptic plasticity and associated hippocampal-dependent memory processes (Xu et al., 2015; Ivanova et al., 2016). At the pathway level, those genes with higher expression in CA1 exhibited enrichment for Neuroactive ligand-receptor interaction, including Nts (neurotensin), Htr1b (5-hydroxytryptamine receptor 1B) and Gpr161 (G Protein-Coupled Receptor 161).

For subfield CA3, we observed increased expression of genes linked to processes involving potassium channel activity in both ToppGene (Potassium channels, Voltage gated potassium channels) and DAVID enrichment analysis (GO:0071805 Potassium ion transmembrane transport). Potassium channels are central to intrinsic excitability in region CA3 of the hippocampus, which is highly vulnerable to cell death due to seizure activity (Ben-Ari, 1985; Cooper, 2012). Indeed, many of the top overexpressed genes (Mmp3, Pagl1Zac1, Galr1, Glra1, and Nk3r) are regulated by neural activity and linked to epiletogenesis of the hippocampus (Elmslie and Gardiner, 1995; Valente et al., 2004; Mazarati et al., 2006; McColl et al., 2006; Dubey et al., 2017).

Enrichment analysis of genes that are highly expressed in the DG relative to other subfields indicated that the most significant processes were “Axon guidance” (KEGG) and “Neural crest cell migration” (GO:0001755). In general, the genes and the biological processes detected as enriched in the DG may be due to the known neurogenesis activity in this subfield. In the DG, the top genes overexpressed with respect the other regions included Bhlhe23 (basic helix-loop-helix family member E23) and Msx3 (msh like homeobox 3), which are involved in neurogenesis and specification of neuronal subtype (Bramblett et al., 2004; Liu et al., 2004; Hesse et al., 2011). EphA8 (EPH receptor A8), a member of the ephrin receptor subfamily and C1ql2 (complement C1q like 2) are implicated in neurite growth and establishing synaptic connections (Buchser et al., 2010; Iijima et al., 2010). Plk5 (polo like kinase 5) modulates the formation of neuritic processes upon stimulation of the brain-derived neurotrophic factor (BDNF)/nerve growth factor (NGF)-Ras pathway in neurons (de Carcer et al., 2011). Interestingly, we also found Bdnf specifically overexpressed in this subfield (average FC = 0.948).

Subfield Vulnerability to Aging

It is likely that regional differences in transcription during aging are associated with differences in connectivity and molecular make-up of each subfield. For example, relative to CA3 pyramidal neurons, CA1 pyramidal neurons are more sensitive to metabolic perturbations (Jackson et al., 2009). Blalock and associates have suggested that metabolic changes precede neuroinflammation and have linked increased vulnerability of gene changes in CA1, relative to CA3, to biomarkers of metabolic syndrome in nonhuman primates (Blalock et al., 2010). In considering the increase in age-related shift in transcription in the DG, it is important to note that neurogenesis in the DG exhibits a robust decline between adult and middle-age (Kuhn et al., 1996; Lemaire et al., 2000; Driscoll et al., 2006). Similarly, the rat DG exhibits a loss of perforant path input (Geinisman, 1979; Barnes and McNaughton, 1980), and loss of neuronal connections underlie the altered expression of genes related to cell-cell adhesion or axon guidance and increased markers of inflammation (Ianov et al., 2016). Interestingly, older memory-impaired humans also show reduced white matter volume in the vicinity of the major axon input pathway to the hippocampus, the perforant pathway (Rogalski et al., 2012). Thus, while we observed that the DG exhibits robust changes in transcription during aging, it remains to be discovered how these changes specifically relate to DG function and to anatomical or physiological changes associated with aging. The subfield-specific changes observed in activity of the human dentate gyrus/CA3 region, however, does suggest that these alterations occur across species, and may contribute to memory deficits during aging in humans and other animals (Yassa et al., 2011).

Consistent with a number of previous studies, we observed that brain aging was associated with an increase in markers of neuroinflammation including expression of immune response genes (Rowe et al., 2007; Kadish et al., 2009; Blalock et al., 2010; Zeier et al., 2011; Cribbs et al., 2012; Ianov et al., 2016). Typical genes include Gfap, complement genes (C3, C4b), and genes associated with antigen processing through the lysosome (Cd74, Ctsd, Ctsz, Laptm5, Dnase2) or phagosome (Fcgr2b, Ncf1). In the current study, the DG region showed the highest number of gene changes related to the age of the animal. This is in contrast to previous microarray studies, which suggest that for BNxF344 rats examined between middle-age (12–18) and advanced age (26–28 months), region CA1 is more vulnerable than DG (Zeier et al., 2011; Masser et al., 2014). In this case the differences likely relate to the animal model, age of onset for gene changes, and differences in the age range examined (Ianov et al., 2016). In F344 rats, for ages similar to those employed in the current study (5–6 and 17–22 months), the CA1 region of older animals exhibited relatively smaller transcriptional changes compared to the prefrontal cortex and white matter (Ianov et al., 2016). Similarly, a decline in interneuron markers occurs in all hippocampal regions from adult to middle-age in F344 rats and the decline is observed in CA1 but not the DG when analysis is limited to middle-age and aged BNxF344 rats (Shi et al., 2004; Stanley and Shetty, 2004). Thus, one possibility is that changes in the DG emerge earlier than in CA1, minimizing age-related changes between middle-age and older animals. Alternatively, we have observed that the majority of gene changes in region CA1 of F344 rats occurs between adult and middle-age (Blalock et al., 2010), suggesting possible species differences.

The increase in immune response genes suggests activation of astrocytes and microglia. However, it is important to note that the age-related increase in expression of inflammation genes does not necessarily predict memory impairment or the stage of neurodegeneration (Blalock et al., 2003; Cribbs et al., 2012). In the case of neurodegeneration, neuroinflammation may initially have beneficial and neuroprotective effects (Chakrabarty et al., 2010; Streit et al., 2014; Sochocka et al., 2017). Glial activation during aging is associated with a decline in synaptic density (Rozovsky et al., 2005) and the ability to maintain or form new synapses may underlie resiliency in the face of aging or neurodegenerative disease (Arnold et al., 2013; Ianov et al., 2016, 2017).

Genes Associated with Impaired Episodic Memory

The identification and specificity of genes related to cognition is a function of the brain region sampled and the type of cognitive process examined (Ianov et al., 2016). In the current study, within each region, more genes were correlated with episodic memory scores relative to sensory-motor performance on the cue discrimination task, suggesting specificity of gene changes. While the hippocampus is required for spatial memory, different hippocampal-dependent processes depend on specific regional and molecular mechanisms. For example, the DG is involved in spatial pattern separation and region CA1 with memory for topological relationships in space (Kesner et al., 2004; Goodrich-Hunsaker et al., 2008; Kesner and Rolls, 2015). Thus, if the task had focused on spatial pattern separation we would expect a greater correspondence between behavior and transcription in the DG. Regardless, aging of the DG likely contributes to impaired spatial episodic memory. While no functional gene clusters were observed, several of the DG genes that were down regulated in impaired animals (Bcl6, Crim1, Dapk1, Mtss1, Oas1a) have been linked to cell growth/apoptosis and neurogenesis or neuronal development.

The results on CA1 transcriptional changes associated with cognitive decline are in confirmation of previous studies employing microarray technology, which indicate that impaired cognition is associated with altered expression of synaptic genes, genes involved in Ca2+ regulation, and glutamatergic synapses (Toescu et al., 2004; Burger, 2010; Uddin and Singh, 2013; Volk et al., 2015). However, rarely are the same genes observed to change in the same direction across studies. The difference may be due to different cognitive processes examined including reference memory and episodic memory, differences in ages, and the time after behavioral training in which transcription is examined. Previous work has established that Ca2+ dysregulation and impaired Ca2+-dependent synaptic plasticity in region CA1 is associated with poor performance on episodic spatial memory (Landfield, 1988; Foster and Norris, 1997; Foster, 1999, 2007; Burke and Barnes, 2010; Oh and Disterhoft, 2010) and these processes are influenced by behavioral training. We examined transcription 2 weeks after testing. Thus, the differences observed here are not likely due to differential response to training and may represent an underlying and chronic shift in transcription for this region. In our experiments, the changes in expression of genes involved in the glutamatergic synapses in aging are concordant with the evidence that P301L tau expression increased hippocampal glutamate release and decreased glutamate uptake, and these alterations in glutamate signaling correlated with cognitive deficits in the hippocampal-dependent Barnes maze task (Hunsberger et al., 2015).

Finally, it is important to point out the advantages or disadvantages of the experimental design. The current study was conducted across multiple testing sites and employed two different methods for transcriptional analysis. The advantage of multiple testing sites includes the ability to pool data across sites. However, there is the challenge of equating data due to differences in hardware or protocols. Episodic memory is sensitive to age-related cognitive decline across species; however, there is considerable variability in cognition with advancing age. Furthermore, aged animals can exhibit sensory-motor impairment and acquire the procedural aspects of the task much more slowly than young animals, which could influence the validity of cognitive measures. Thus, in the current study possible sensory-motor and procedural learning contributions to behavior on the spatial task were controlled by first testing the animals on the cue discrimination task. Characterization of spatial episodic memory was based on a DI score, which would tend to standardize scores for animals tested on mazes of different sizes. The testing procedure and use of a DI score likely contributed to the good correspondence of behavioral results across the different testing sites, such that all young animals performed above chance (DI score = 0) and approximately half the aged animals at each site exhibited impaired performance. Finally, behavior on the spatial task was not related to behavior on the cue discrimination task.

Due to the large numbers of transcripts examined, the possibility of false positives or false negatives should be controlled. In order to reduce the instance of false discovery we were able to increase the power of the analysis by pooling a relatively large number of animals that were tested across the two sites (young = 10; aged unimpaired = 12; aged impaired = 12). In addition, it is advised that transcriptional profiling studies should use another method to confirm suspected changes. Each method has its benefits and limitations and there are major differences in the nature of the approaches. In the current study, we have taken advantage of two different next-generation platforms, Illumina fluorescent labeling and Ion Proton semiconductor measures of proton release, to confirm differential expression of thousands of genes (Kusko et al., 2014; Li et al., 2015; Reuter et al., 2015). Consistent with previous reports, we observed a good concordance in the gene counts between the different platforms (R = 0.909), increasing the confidence in the observed transcriptional changes. We now expand this idea by showing considerable concordance between the two platforms in detecting differences in expression. Thus, coefficients for the Log2 FC between the two platforms across regions was highly significant (Figure 2B), with the correlation coefficients ranging from 0.776 (CA1 vs. CA3) to 0.836 (CA3 vs DG). Indeed, for genes that changed in relation to age or cognitive function, the probability of false discovery across the platforms was generally <2.0−3.

CONCLUSION

The two next-generation sequencing platforms were able to validate variability in gene expression associated with several variables. Due to the high number of specific genes detected in each subfield, our findings confirm previous studies conducted on the same hippocampal subfields in other animal models with the microarray technology, demonstrating a correspondence between cytoarchitectural boundaries, transcriptome distribution, and underlying differences in physiology and vulnerability to insults (Datson et al., 2004; Lein et al., 2004; Newrzella et al., 2007). The results confirm that brain aging is associated with increased expression of genes linked to the immune response; however, we noted regional differences with more robust changes observed in the DG. Finally, the literature suggests several physiological and transcriptional processes that may underlie cognitive decline; however, there is considerable diversity in the literature concerning which specific genes are altered. Our results confirm that cognitive decline is associated with differential expression of CA1 genes linked to Ca2+ homeostasis and synaptic plasticity. Furthermore, due to the time between testing and examination of transcription, we would suggest that these changes represent an underlying and chronic shift in transcription.
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Background: Neuroplasticity ensures the improvement of functional status in patients after stroke. The aim of this study was to evaluate the effect of extremely low-frequency electromagnetic field therapy (ELF-EMF) on brain plasticity in the rehabilitation of patients after stroke.

Methods: Forty-eight patients were divided into two groups underwent the same rehabilitation program, but in the study group, the patients additionally were exposed to a standard series of 10 ELF-EMF treatments. To determine the level of neuroplasticity, we measured the plasma level of the brain-derived neurotrophic factor (BDNF), the vascular-endothelial growth factor, as well as BDNF mRNA expression. Additionally, we determined the molecule levels for hepatocyte growth factor, stem cell factor, stromal cell-derived factor 1α, nerve growth factor β, and leukemia inhibitory factor, using 5plex cytokine panel in plasma. After 4 weeks, during which patients had undergone neurorehabilitation and neurological examinations, we assessed functional recovery using the Barthel Index, Mini-Mental State Examination (MMSE), Geriatric Depression Scale, National Institutes of Health Stroke Scale (NIHSS), and the modified Rankin Scale (mRS).

Results: We observed that ELF-EMF significantly increased growth factors and cytokine levels involved in neuroplasticity, as well as promoted an enhancement of functional recovery in post-stroke patients. Additionally, we presented evidence that these effects could be related to the increase of gene expression on the mRNA level. Moreover, a change of BDNF plasma level was positively correlated with the Barthel Index, MMSE, and negatively correlated with GDS.

Conclusion: Extremely low-frequency electromagnetic field therapy improves the effectiveness of rehabilitation of post-stroke patients by improving neuroplasticity processes.
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INTRODUCTION

Regenerative processes within the brain tissue are limited and regulated by tissue environmental properties, which are affected by changes in the physiology of the organism (Hagg, 2009). Neurotrophic factors affect neurogenesis through the condition of the growth of new neurons and the survival of existing ones (Hylin et al., 2017). Traditionally, neurotrophic factors are divided into three protein families: the classic neurotrophin, ligands of Glial Cell Derived Neurotrophic Factor (GDNF), and neuropoietic cytokines. Neurotrophins are synthesized and secreted by nerve cells in the brain and spinal cord, and the cells of dependent tissue (Hagg, 2009; Lindholm and Saarma, 2010).

Compensatory plasticity of the damaged brain is a completely different process from the plasticity occurring in a normally functioning, healthy brain. This process is initiated under critical conditions: in interactions with oedema, inflammation, apoptosis, metabolic disturbances, and fiber degeneration. It starts immediately after an ischaemic event (Liguz-Lecznar and Kossut, 2013). Moreover, neuroplasticity consists of strengthening the existing nerve pathways and then establishing new connections. Existing, but weaker connections between brain centers undergo activation (Martin et al., 2017). As a result, the defective function can be restored partially or completely, because other cortical or subcortical structures will take over the function of the damaged area. In the brain in animal models, synaptogenesis was found in the area adjacent to tissue damaged by the stroke, and also in regions of the undammed hemisphere (Law et al., 2017).

Neuroplasticity is closely related to neurogenesis, wherein fully functioning neuronal cells are generated, resulting from the differentiation of neuronal stem cells (NSCs) present in the adult, fully formed brain. NSCs are characterized by the ability of indefinite mitotic division, potential divisions, and to differentiate into the appropriate morphological phenotype (Klein et al., 2016). The process of neurogenesis occurs in certain brain structures throughout life, nevertheless the rate of proliferation and the ability of the newly formed neurons to survive to reduce with age. Nerve cells are generated in brain regions responsible for learning, memory, and reception of olfactory sensation, primarily in the sub-ventricular zone (SVZ) and the subgranular zone (SGZ), and also in the migration of emergent neuroblasts toward injury (Zelentsova-Levytskyi et al., 2017). Neurogenesis is regulated by many factors, including neurotrophins, growth factors, hormones, neurotransmitters, and microenvironmental factors (Aimone et al., 2014).

Physical therapy, including the use of extremely low-frequency electromagnetic field (ELF-EMF) therapy, is beneficial in restoring the patients after stroke. ELF-EMF demonstrates anti-inflammatory, regenerative, analgesic, and osteogenic action. Moreover, ELF-EMF promotes cell proliferation, protein synthesis, ion transport, and changes in cellular signal transmission (Li, 2017). Our previous studies have shown that ELF-EMF therapy reduces oxidative stress during rehabilitation of post-acute stroke patients (Cichoń et al., 2017a, 2018). Additionally, our recent research, for the first time focused on the effect of ELF-EMF on the potential factors of brain plasticity, indicate that ELF-EMF therapy increases the generation and metabolism of NO – neurotransmitter regulating neurogenesis, and synaptic plasticity (Cichoń et al., 2017b). As part of the broadening the examined issue, the present analyses are a continuation of the parameter evaluation of the same group of post-stroke patients but currently relate to changes in blood levels of growth factors involved in the neuroplasticity process, induced by ELF-EMF therapy. We selected two significant growth factors for analysis, i.e., brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF). BDNF is the most common neurotrophin in the nervous system, and playing an important role as an effective indicator for rehabilitation interventions in relation to brain neuroplasticity improvement (Qiao et al., 2017). VEGF is one of the most important pro-angiogenic factors and is critical for blood vessel growth in the nervous system of vertebrates. VEGF-induced blood vessel growth may be essential for nervous tissue regeneration during the recovery process. Moreover, several recent studies demonstrate that VEGF has significant non-vascular functions in the nervous system, and it can be considered as an important agent for promoting neurogenesis, glial growth, and nerve repair (Rosenstein et al., 2010). It is well documented that the cytokine-mediated inflammatory mechanisms within the central nervous system (CNS) contribute to cognitive impairment due to disorders of neurons and glial cells in acute stroke patients. Therefore, we have also chosen a panel of 5 cytokines (HGF, SCF, SDF-1α, β-NGF, and LIF) simultaneous measured using Bio-Plex System, which may be the important factors involved in the neurochemical features of brain tissue damage and repair.

MATERIALS AND METHODS

Blood Sample Collection

Blood samples were taken twice: before and after a standard ten sessions of therapy (with an interval of 14 days). They were collected into CPDA1 containing tubes (Sarstedt, Nümbrecht, Germany). For analysis of mRNA expression, a portion of the sample was frozen at -80°C immediately upon collection. The rest of the samples were centrifuged (15 min at 1,500 g) at 25°C, to isolate the plasma. All blood samples were collected at the same time of day (between 7 am and 9 am), under conditions of dietary fasting, and stored using the same protocol.

Subject Presentation

Post-stroke patients with moderate stroke severity (n = 48) were recruited to the study, and were then randomly divided into a study group [ELF-EMF (n = 25; NIHSS scores of 4.9 ± 3.1; aged 48.0 ± 8.0)], and a control group [non-ELF-EMF (n = 23; NIHSS scores of 5.4 ± 2.9; aged 44.8 ± 7.7)]. Clinical and demographic characteristics are shown in Table 1. The same patients were enrolment to our previous study (Cichoń et al., 2017b). Subjects with neurological illness other than stroke, haemorrhagic stroke, chronic or significant acute inflammatory factors, dementia, and/or decreased consciousness in their medical pre-stroke history, were all excluded. The patients had undergone neurorehabilitation as well as internal and neurological examinations, for 4 weeks in Neurorehabilitation Ward III of the General Hospital in Łódź, Poland.

TABLE 1. Demographic characteristics.
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In both subject groups the same therapeutic program (aerobic exercise 30 min, neurophysiological routines 60 min, and 15 min psychological therapy) was used. Furthermore, ELF-EMF therapy was conducted using a Magnetronic MF10 generator (EiE Elektronika i Elektromedycyna, Otwock, Poland). Both groups were treated for the same amount of time (15 min), but sham exposures were administrated to the non-ELF-EMF subjects. Subjects were excluded from the ELF-EMF group who had electronic and/or metal implants (pacemakers, etc.). ELF-EMF therapy with specific parameters (magnetic induction of 5 mT, 40 Hz, rectangular and bipolar waveforms) was conducted in the ELF-EMF group. The pelvic girdle of the patients was exposed to the electromagnetic field.

Determination of BDNF Level in Plasma

Plasma samples were diluted ten times (using a diluents buffer) before measurement of BDNF concentration, using a Human BDNF ELISA Kit (Abcam, Cambridge, MA, United States), in accordance with the manufacturer’s protocol. The intensity of the color was measured at 450 nm (Schiavone et al., 2017).

Determination of BDNF Expression in Whole Blood Samples

Isolation of RNA and Reverse Transcription

Frozen whole blood samples (-80°C) were lysed using TRI Reagent® (Sigma-Aldrich, St. Louis, MO, United States), after which phase separation was performed. Then, an InviTrap Spin Universal RNA Mini Kit (Stratec Biomedical Systems, Birkenfeld, Germany) was used to purify the RNA-containing aqueous phase. The quantity and purity of RNA were estimated using a Synergy HTX Multi-Mode Microplate Reader, equipped with a Take3 Micro-Volume Plate (BioTek Instruments, Inc., Winooski, VT, United States). RNA samples were diluted to 20 ng/μL and transcribed into cDNA with a High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, Waltham, MA, United States). All steps were performed according to the manufacturers’ recommendations.

Real-Time PCR

Expression levels of the studied genes were obtained using the following TaqMan probes: Hs02718934_s1 for human BDNF gene, and Hs02786624_g1 as an endogenous control, which was a human GAPDH gene (Life Technologies, Carlsbad, CA, United States). Real-time PCRs were performed in a CFX96 real-time PCR system (Bio-Rad Laboratories, Hercules, CA, United States) using a TaqMan Universal Master Mix II, without UNG (Life Technologies, Carlsbad, CA, United States). All procedures were performed according to the manufacturers’ protocols. Relative expressions of the studied genes were calculated using the equation 2-ΔCt, where ΔCt = Cttargetgene – CtGAPDH.

Determination of VEGF in Plasma

Measurement of VEGF concentration was conducted using a VEGF Human ELISA Kit (Novex® Life Technologies, Carlsbad, CA, United States), according to the manufacturer’s protocol. The intensity of the color was measured at 450 nm (Ling et al., 2015).

Analysis of Plasma Cytokine Levels

The level of HGF, SCF, SDF-1α, β-NGF, and LIF plasma growth factors were indicated using a Human Cytokine 5-plex assay kit (Bio-Rad, Hercules, CA, United States), on a Bio-Plex® 200 system (Bio-Rad, Hercules, CA, United States). Growth factors were measured in accordance with the manufacturer’s protocol (Zanotta et al., 2016).

Clinical Parameters Determination

The stroke-related neurologic deficit was measured using The National Institutes of Health Stroke Scale (NIHSS). Functional status was evaluated using the Barthel Index of Activities of Daily Living (ADL) and modified Rankin Scale (mRS), and cognitive status using the Mini-Mental State Examination (MMSE). Depression, the most common affective complication after stroke, was estimated using the Geriatric Depression Scale (GDS) (Cichoń et al., 2017a). The NIHSS, ADL, MMSE, GDS, and mRS were conducted either on the same day as the blood sampling or the afternoon before, in both groups.

Data Analysis

All experiments were performed in duplicate and calculated as mean values. For all subjects, the values of parameters before their treatments were used as the output value (100%). Data from the experiments performed on these same subjects after appropriate treatments were expressed as a percentage of the output value. Values obtained in this way were expressed as mean ± SD.

The all statistical analyses were performed using Stats Direct statistical software v.2.7.2. To avoid committing a type 1 error statistical analysis was performed using multiple comparison methods. First, the Shapiro–Wilk test was used to assess normal distribution of variables. Next, the results were analyzed for equality of variance using Levene’s test. The significance of the differences between the values was analyzed using ANOVA, followed by Tukey’s range test for multiple comparisons (for data with normal distribution and equality of variance) or non-parametric the Kruskal–Wallis test (when variables had other than normal distribution or had no equality of variance) (Bijak et al., 2012, 2013).

Additionally, we performed a correlation analysis between the changes in both experimental and clinical parameters. For these analyses, a Spearman’s rank correlation was used, with the Spearman’s rank correlation coefficient and the probability of correlation designated. For all analyses, a level of p < 0.05 was accepted as statistically significant.

RESULTS

In our comparative analysis, we demonstrated the effect of ELF-EMF therapy on various neurotrophic factors. Particularly relevant findings relate to the level of BDNF as the most prevalent growth factor in the CNS, which is essential for the development of CNS and neuronal plasticity. The plasma level of BDNF in the ELF-EMF group after ten sessions of rehabilitation was significantly higher compared to the non-ELF-EMF group (p < 0.0001). The increase of the BDNF level in the ELF-EMF group was about 200% (p < 0.0001), while in the non-ELF-EMF group it was comparable (p > 0.05) (Figure 1A). We also evaluated the effect of ELF-EMF on gene expression in the whole blood samples of BDNF. We demonstrated that after ELF-EMF therapy, expression of BDNF increased about 195% (p < 0.0001), while in the non-ELF-EMF group it did not change (Figure 1B). Because of the crucial role of BDNF participates in the formation of appropriate synaptic connections in the brain, it seems that ELF-EMF may serve as a therapeutic treatment to improve the neuroplasticity after stroke. Moreover, as proved to be significant differences in the level of VEGF caused by ELF-EMF application. VEGF is crucial for cross-talk between the cardiovascular and nervous systems, which is particularly important in the case of brain stroke that damages both blood vessels and nervous tissue. After treatment, the VEGF plasma concentration in the ELF-EMF group increased about 50% (p < 0.001), but in the non-ELF-EMF group it remained unchanged (p > 0.05) (Figure 2). The raw data of both BDNF and VEGF plasma level has been shown in Table 2). We also assessed five cytokine concentrations in plasma using the Luminex platform. Two of these (βNGF and LIF) presented as out of range, both before and after treatment (<2.57 pg/ml and 1.92 pg/ml, respectively) (Table 3). After treatments, hepatocyte growth factor (HGF) and stem cell factor (SCF) levels in plasma were elevated in the ELF-EMF group (p < 0.01 and p < 0.05, respectively), but the SDF-1α level was comparable in both groups (p > 0.05) (Table 3 and Figure 3). HGF is another (like VEGF) angiogenic factor that also produces neurotrophic effects in CNS. HGF plays pivotal roles in the nervous system during nerve regeneration process, by acting on neuronal or non-neuronal cells. HGF concentration after ELF-EMF therapy increased about 35% (p < 0.01), and in the non-ELF-EMF group remained unchanged (p > 0.05) (Figure 3A). SCF is a cytokine belonging to the control factors of the differentiation of stem cells to neurons and glia. Given the capacity of SCF to induction of regenerate of cells lost through brain injury, this cytokine seems particularly essential for the course of neuroplasticity processes. SCF level in the ELF-EMF group was higher by about 25% after treatment (p < 0.05), and in the non-ELF-EMF group was unchanged (p > 0.05) (Figure 3B). After therapy, the change of SDF-1α concentration was low and not statistically significant in either group (Table 3 and Figure 3C).
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FIGURE 1. Comparison of the BDNF level obtained from the ELF-EMF group vs. the non-ELF-EMF group. (A) BDNF plasma concentration. Statistical significance between ELF-EMF and non-ELF-EMF groups: b vs. d: p < 0.0001. (B) BDNF mRNA expression. Statistical significance between ELF-EMF and non-ELF-EMF groups: b vs. d: p < 0.0001.
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FIGURE 2. Comparison of the plasma VEGF level obtained from the ELF-EMF group vs. the non-ELF-EMF group. Statistical significance between ELF-EMF and non-ELF-EMF groups: b vs. d: p < 0.001.



TABLE 2. Plasma levels (in pg/ml) of BDNF and VEGF measured before and after treatment in ELF-EMF and non-ELF-EMF groups.
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TABLE 3. Cytokine plasma profile.
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FIGURE 3. Comparison of the plasma cytokine profile obtained from the ELF-EMF group vs the non-ELF-EMF group. (A) HGF plasma level. Statistical significance between ELF-EMF and non-ELF-EMF groups: b vs. d: p < 0.01. (B) SCF plasma level. Statistical significance between ELF-EMF and non-ELF-EMF groups: b vs. d: p < 0.05. (C) SDF-1α plasma level.



Additionally, we estimated the clinical status of patients using NIHSS, ADL, mRS, MMSE, and the GDS in both groups. Stroke-related neurologic deficit estimated using NIHSS in ELF-EMF group decreased about 65% more than in non-ELF-EMF group (p < 0.001) (Figure 4). Functional status assessed by ADL in both groups increased (p < 0.001 and p < 0.001), but ΔADL in both groups was comparable (p > 0.05), whereas assessed by mRS decreased in both group, and decline in ELF-EMF group was more about 50% than in non-ELF-EMF group (p < 0.01) (Figure 4). A better improvement after ELF-EMF therapy was observed in cognitive impairment estimated by MMSE, with about a 35% higher growth (Figure 4). Depressive syndrome measured in GDS decreased significantly, while ΔGDS gained about 45% better results in the ELF-EMF group than the non-ELF-EMF group (Figure 4).
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FIGURE 4. Clinical parameters NIHSS, ADL, mRS, MMSE, and GDS as measured in the study vs. the control group. Data is shown here as a delta of scores obtained before and after the standard series of treatments (Δ NIHSS = the decline of NIHSS; ΔADL = the gain of ADL; Δ mRS = the decline of mRS; Δ MMSE = the gain of MMSE; Δ GDS = the decline of GDS).



Subsequently, we performed a correlation analysis between the plasma level of the most important neurotrophic factor, BDNF, and clinical parameters. Correlation parameters indicated a significant positive correlation between changes (Δ) of BDNF plasma level and ΔADL, as well as between ΔBNDF and ΔMMSE, and a negative correlation between ΔBNDF and ΔGDS (Figure 5). The detailed process of these relationships, which confirms the correlation and the numeric data shown, is presented in Table 3.
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FIGURE 5. Scatterplots presenting correlation between changes of BDNF plasma level (in pg/ml) in ELF-EMF group and (A) changes of ADL; (B) changes of MMSE; (C) changes of GDS.



DISCUSSION

Post-stroke rehabilitation is intended to restore the patient to a healthy condition and return them to a functional state, as prior to their illness, or allow them to adapt and achieve an optimal level of independence. Active post-stroke therapy should be begun as soon as possible, immediately upon stabilization of the general medical state. The rehabilitation process should be continued until obtaining a good result on an actual improvement index, which should also include cognitive disorders and behavioral changes (Jia et al., 2017).

Ischaemic stroke and other acute CNS injury indicates an increase of neuronal progenitor’s proliferation in the SVZ zone identifying the lesion area and neuroblast migration to the ischaemic area within the striatum and cortex (Hu et al., 2013; Liu et al., 2015b; Choi et al., 2017).

In current research on brain plasticity processes, particular attention has been focused on BDNF an activator of various signaling pathways involved in regulation of neurogenesis and survival of neurons. The BDNF function may also be related to the formation and maintenance of dendritic spines and dendrites, as well as regulation of synaptic function during long-term potentiation, learning, and memory process (Greenberg et al., 2009). The source of BDNF is an active microglial, as well as the endothelium and neurons (Gomes et al., 2012). BDNF is involved in the regulation of neurogenesis in the SVZ zone and the migration of progenitor cells from the SVZ to the damaged striatum (Bathina and Das, 2015). BDNF infusions into lateral ventricles cause duplication of a number of neurons in the olfactory bulb region and production of synaptic connections (Bath and Lee, 2010).

In this study, we showed for the first time that ELF-EMF increased BDNF concentration (Figure 1A), as well as BDNF mRNA expression in vivo in humans (Figure 1B). Our results coincide with those of studies conducted by Di Loreto et al. (2009). They investigated changes in the expression profile of cytokine and the growth factor profile in rat cortical neurons with exposure to ELF-EMF (50 Hz, 0.1 and 1 mT) during maturation of cells. They observed that ELF-EMF exposure induced an increased mRNA and protein expression of BNDF and its receptor. As such, they found that ELF-EMF caused up-regulation in neurons (Di Loreto et al., 2009).

The regenerative ability of ELF-EMF has been confirmed by Hei et al. (2016) They observed that pulsating electromagnetic fields (50 Hz, 1 mT) caused increased BDNF gene expression in immortalized rat Schwann cells. They suggested that the electromagnetic field improved regeneration of peripheral nerves by enhancing proliferation of cells, and BDNF and S100 gene expression (Hei et al., 2016). Similar evidence was provided by Urnukhsaikhan et al. (2017). The increase of BDNF, protein level after EMF treatment, confirmed the neuroprotective action of EMF in mice during recovery process after stroke (Urnukhsaikhan et al., 2017).

The probable mechanism of increase of BDNF mRNA expression after EMF treatment was explained by Li et al. (2014). They investigated L-type voltage-gated calcium channels-and Erk-dependent signaling pathways and sampled BNDF mRNA expression in cultured dorsal root ganglion neurons (Li et al., 2014). Sun et al. (2016) investigated membrane capacitance and calcium influx in the calyx of Held. They certified the significance of the effect of ELF-EMF on plasticity and synaptic transmission by facilitation of synaptic plasticity in a calcium-dependent manner, and vesicle endocytosis. Exposition of ELF-EMF causes increases in the impact of calcium influx on the enhancement of calcium channel expression at the presynaptic nerve terminal (Sun et al., 2016).

The primary function of VEGF is a pro-angiogenic action, but there is much evidence of its neurotrophic and neuroprotective effect, both on the central and peripheral nervous system (Saban et al., 2011; Yao et al., 2016; Shahhoseini and Bigdeli, 2017). VEGF generated by ependymal cells activates and enhances neuronal precursor proliferation and growth in the SCZ and SGZ zones (Chodobski et al., 2003). Moreover, VEGF enhances astrocytes proliferation and migration (Lenzer-Fanara et al., 2017), as well as stimulates growth and survival of Schwann cells after hypoxia (Cattin et al., 2015). Its neurogenesis effect is assessed by stimulation of the endothelium to release neurotrophic factors (Feng et al., 2012).

In the current study, we observed that the VEGF plasma level increased in the group exposed to ELF-EMF (Figure 2). However, our results are compatible with studies conducted by Delle Monache et al. (2008), who suggested ELF-EMF’s impact on in vitro modulation of endothelial functions through VEGF-dependent signal transduction pathways. Liu et al. (2015a) estimated the effect of a pulsating electromagnetic field on neurotrophic genes’ expression and proliferation in Schwann cells in rats. They observed that EMF increased both protein levels and the gene expression of VEGF, BDNF, and GDNF. They thereby confirm that EMF therapy improves nerve regeneration (Liu et al., 2015a).

We also measured the cytokine plasma levels involved in neuroplasticity processes: HGF, SCF, SDF-1α, β-NGF, and LIF. We observed that after the application of ELF-EMF, hepatocyte growth factor increased (Table 3 and Figure 3A). HGF is expressed in many different tissues, including the brain (Sharma, 2010). HGF by cMet receptor impacts morphogenesis, cell motility, and proliferation of neuronal and non-neuronal tissues. It also activates the migration and proliferation of the progenitors of oligodendrocyte, Schwann cells, as well as intensifying the differentiation and survival of hippocampal, cortical, and midbrain dopaminergic neurons (Wang et al., 2011). Shang et al. (2011) found that in Wistar rats, after transient middle cerebral artery occlusion (tMCAO), exogenous administration of HGF caused a decrease in infarct size, intensification of synaptogenesis and angiogenesis, and a reduction of scar thickness of the pia mater and glial scar formation (Shang et al., 2011). Similarly, Doeppner et al. (2011) investigated the impact of intrastriatal HGF treatment on the long-term effects of and neurologic recovery and brain injury. They suggested that long-term neuroprotection caused by HGF was associated with enhanced neurovascular remodeling, and maintained recruitment of proliferating cells (Doeppner et al., 2011).

Stem cell factor (SCF) also has an impact on neuroprotection and neurogenesis. It is involved in the development of the cortex, and migration and proliferation of neural progenitor cells. SCF in microglia enhances BNDF and NGF expression and reduces pro-inflammatory cytokine expression. Furthermore, SCF participates in neuron-glia, and neuron-neuron interaction (Benedetti et al., 2016). Liu et al. (2016) estimated the effect of administration of SCF and granulocyte-colony stimulating factor (G-CSF) on the effectiveness of recovery in aged mice after stroke. A similar study was conducted by Cui et al., who investigated the effect of the SCF and G-CSF combination on brain repair, 6 months after cortical injury in transgenic mice. They also suggested that SCF + G-SCF treatment enhanced motor function through vascular and synaptic regeneration (Cui et al., 2016). In this study, we showed that the plasma concentration of SCF increased about 25% in the ELF-EMF group (Table 3 and Figure 3B), and this is consistent with Fan et al. whose evaluated the effect of ELF-EMF (50 Hz, 1 mT) on cytokine production and proliferation of mesenchymal stem cells (MSC) in rats. They found that SCF mRNA expression after ELF-EMF increased in comparison to their control group. They suggested that ELF-EMF enhanced the proliferation of MSC, as well as up-regulated haematopoietic growth factor expression (Fan et al., 2015).

Stromal derived factor-1α (SDF-1α) is a chemokine secreted from the endothelium which can induce neuroblast migration from SVZ to the ischemic area in rats (Zhao et al., 2015). Luo et al. (2014) demonstrated the impact of physical exercise on functional recovery by improving migration, differentiation, and proliferation of NSCs in SDF-1α rats after MCAO. In our study, we observed no change in SDF-1α, in both the ELF-EMF and non-ELF-EMF groups (Table 3 and Figure 3C).

Despite nerve growth factor (NGF) being a neurotrophic factor predominantly involved in neuroplasticity (Isaev et al., 2017), in our study, the βNGF level in both groups before and after treatment was out of range (Table 3). Similarly, leukemia inhibitory factor (LIF), which is an anti-inflammatory cytokine involved in brain plasticity (Vidal et al., 2013), was out of range (Table 3). In research by Sarchielli et al. (2013) the level of these molecules was also below the detection limit.

In our study we suggested that ELF-EMF improved neuroplasticity, which idea is compatible with data from the existing literature (Oda and Koike, 2004; Cuccurazzu et al., 2010; Balassa et al., 2013; Cheng et al., 2015). Cuccurazzu et al. (2010) investigated the effect of ELF-EMF (50Hz, 1mT) on hippocampal neurogenesis in adult mice. They observed that ELF-EMF exposition increased the expression of Mash1, NeuroD2, and Hes1 (pro-neuronal transcription genes), and genes encoding Ca(v)1.2 channel α(1C) subunits, thus promoted neurogenesis in the dentate gyrus (Cuccurazzu et al., 2010). On the other hand, Balassa et al. estimated the impact of long-term ELF-EMF (50 Hz, 3mT) synaptic functions in the developing brain. They found that exposure to ELF-EMF enhanced synaptic plasticity and basic neuronal functions in the brain, both in newborn and fetal rats (Balassa et al., 2013). Oda and Koike examined the effect of ELF-EMF (50 Hz, 0.3 mT) on neuronal apoptosis. They observed that application of ELF-EMF inhibited apoptosis and enhanced the survival of immature cerebellar granule neurons (Oda and Koike, 2004). Moreover, Cheng et al. investigated the impact of ELF-EMF (50 Hz, 0.4 mT) on hippocampal neural progenitor cells from both ischaemic and embryonic brains. They observed that application of ELF-EMF intensified the ability of neural progenitor cells to proliferate in both kinds of the brain (Cheng et al., 2015).

In our study, we also found a relationship between ELF-EMF and the enhancement of the clinical parameters of tested subjects, as well as a correlation between BDNF level and clinical parameters (Figure 5). The results we obtained show that the ADL value was comparable in both groups of patients (Figure 4) and that there was a significant positive correlation between an increase of BDNF level and ΔADL in the ELF-EMF group (Figure 5 and Table 4). Our findings are compatible with results obtained by Zhang et al. (2017). They evaluated functional recovery and serum BDNF level in post-stroke patients and the relationship between the two. They observed a positive correlation between BNDF level and Barhel Index, and between BNDF level and mRS, which indicated functional status (Zhang et al., 2017). The increase in the MMSE parameter before and after ELF-EMF treatment was about 15% (Figure 4), and we proved a significantly positive correlation between ΔBDNF level and ΔMMSE in our study group (Figure 5 and Table 4). A positive correlation between BDNF level and the MMSE scale was previously shown by Belviranli et al. (2016) who investigated the dependence of cognitive parameters (assessed by MMSE) and BDNF plasma level in endurance athletes. Similarity, Levada et al. (2016) observed that after BDNF administration in patients with mild neurocognitive disorders, their MMSE level increased. The decline in parameters on the GDS scale was about 50% greater in the ELF-EMF group, in comparison to the non-ELF-EMF group. We also demonstrated a significant positive correlation between changes of BDNF level and ΔGDS (Figure 5 and Table 4). Importantly, a low BDNF level is associated with post-stroke depression and acute stroke (Yang et al., 2011), and over-expression of BDNF in the hippocampus moderates depression behaviors in post-stroke depressive rats (Chen et al., 2015).

TABLE 4. Correlation coefficient values obtained for the change in BDNF plasma level (ΔBDNF) and parameters of functional status (ADL, MMSE, and GDS) after ELF-EMF treatment.
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CONCLUSION

ELF-EMF improves functional recovery in stroke patients by improving neuroplasticity processes. Intensifying brain plasticity using ELF-EMF therapy is associated with an increased level of neurotrophic factors, which could be caused by the impact of ELF-EMF on gene expression. We also suggested that the inclusion of ELF-EMF treatment in post-stroke therapy could enhance the effectiveness of the therapy.
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Community dwelling older individuals from the North Florida region were examined for health status and a comprehensive neuropsychological battery, including the Montreal Cognitive Assessment (MoCA), was performed on each participant. A subpopulation (58 females and 39 males) met the criteria for age (60–89) and no evidence of mild cognitive impairment, with a MoCA score ≥23. Despite the stringent criteria for participation, MoCA scores were negatively correlated within the limited age range. Extracellular microvesicles were isolated from the plasma and samples were found to be positive for the exosome marker CD63, with an enrichment of particles within the size range for exosomes. miRNA was extracted and examined using next generation sequencing with a stringent criterion (average of ≥10 counts per million reads) resulting in 117 miRNA for subsequent analysis. Characterization of expression confirmed pervious work concerning the relative abundance and overall pattern of expression of miRNA in plasma. Correlation analysis indicated that most of the miRNAs (74 miRNAs) were positively correlated with age (p <0.01). Multiple regression was employed to identify the relationship of miRNA expression and MoCA score, accounting for age. MoCA scores were negatively correlated with 13 miRNAs. The pattern of expression for cognition-related miRNA did not match that previously described for Alzheimer’s disease. Enrichment analysis was employed to identify miRNA–gene interactions to reveal possible links to brain function.

Keywords: exosome, microRNA, biomarker, normal aging, Alzheimer’s disease

INTRODUCTION

Normal aging in humans and animal models is associated with changes in specific cognitive processes. Impaired memory, executive function, and processing speed have been well-characterized with advancing age (Alexander et al., 2012; Woods et al., 2013; Febo and Foster, 2016; O’Shea et al., 2016; Nissim et al., 2017; Porges et al., 2017). However, age-related cognitive decline is not uniform, environmental and biological factors including genes, exercise, diet, inflammation, and stress, which are thought to influence the age of onset and the trajectory of cognitive decline (Foster, 2006; Barrientos et al., 2010; Craft et al., 2012; Kumar et al., 2012; Speisman et al., 2013; Cai et al., 2014; Fan et al., 2017). Further complicating the field is the ability to distinguish age-related cognitive decline from diseases that influence cognition (Foster, 2006; Foster et al., 2016).

Neuroimaging, genetics, and circulating biomarkers are being developed to differentiate normal aging from diseases that affect cognition. While genetic markers may suggest susceptibility to disease, these gene markers are not diagnostic. Similarly, more accurate techniques for identifying pathology, such as positron emission computed tomography, are expensive and may miss early diagnosis, which is critical for treatment. Due to the relative ease of collecting blood, blood based biomarkers could provide a simple and relatively inexpensive means for tracking the progression of cognitive decline and effectiveness of treatments, as well as providing information on mechanism for cognitive impairment. Previous work has examined the relationship between cognition and blood biomarkers, based on theories concerning a role for lipids and cholesterol, oxidative stress, hormones, and inflammation in promoting disease and senescent physiology (Foster, 2006). Recent research suggests that non-coding RNAs found in the circulation can act as biomarkers for diseases of aging including cancer, cardiovascular and neurodegenerative disease (Sheinerman and Umansky, 2013; Schwarzenbach et al., 2014; Mushtaq et al., 2016; Schulte et al., 2016).

MicroRNAs (miRNAs) are small, phylogenetically conserved, 18–25 base pair sections of RNA that influences biological processes through the post-transcriptional regulation of RNA. miRNA acts as a template for target mRNA, binding to the 3′ untranslated region (UTR) of mRNA to silence genes by inhibiting translation and initiating mRNA degradation of the target mRNA. Some miRNAs are ubiquitously expressed in order to regulate fundamental metabolic pathways and variability in expression is influenced by ongoing physiology, including aging. In other cases, miRNAs are preferentially expressed in specific tissues or during different times of development and maturation (Landgraf et al., 2007; Shao et al., 2010; Fehlmann et al., 2016). Finally, examination of the brain suggests that intracellular miRNA signaling influences neural circuits, including those associated with psychiatric diseases (Impey et al., 2010; Serafini et al., 2014; Jovasevic et al., 2015; Rajman et al., 2017).

Within the circulation, miRNAs can be found attached to proteins or in extracellular vesicles, small (50 nm to 1 μm) vesicles of endocytic origin that are released from cells into the extracellular environment. Some (e.g., exosomes) are able to cross membranes (e.g., blood–brain barrier) and can be detected in bodily fluids including serum, urine, and saliva. In this way, microvesicles can provide intercellular and inter-organ communication by delivery of miRNAs to influence transcription and altering genetic processes. Indeed, studies suggest that circulating levels of miRNAs in plasma (Kumar et al., 2013) or in exosomes (Cheng et al., 2015; Lugli et al., 2015) may be able to identify Alzheimer’s disease. The current study employs the datasets from previous studies examining the relationship of brain structural and cognitive function in older adults (O’Shea et al., 2016; Nissim et al., 2017). We now include additional analysis of the expression of miRNAs, isolated from plasma enriched for microvesicles, and relate the expression to cognition in advanced age.

MATERIALS AND METHODS

Participants

The study was approved by the Ethics Review Committee on Human Research of the University of Florida (Gainesville, FL, United States) and written informed consent was obtained from all participants. The participants were selected from previous studies (O’Shea et al., 2016; Nissim et al., 2017) in which healthy community dwelling older individuals were recruited from Gainesville and the North Florida region. A thorough medical history questionnaire for each participant provided detailed information on health status, medication status, and a comprehensive neuropsychological battery was performed on each participant (O’Shea et al., 2016; Nissim et al., 2017). No participants in this sample were clinically indicated to have mild cognitive impairment (MCI) or other age-related brain disorders. The Montreal Cognitive Assessment (MoCA) was given to assess general cognitive ability as well as rule out possible MCI (Nasreddine et al., 2005). From this group, we selected those between the ages of 60–89, with a MoCA ≥23. The 97 participants met the criteria for inclusion in this study, with 58 females and 39 males.

Sample Collection and Microvesicle Characterization

The plasma samples were collected into EDTA Tubes- Plasma (Cat# 367863). The tubes were inverted five times, stored on ice and processed within 30 min of blood draw. The samples were centrifuged at 1600 × g for 15 min at 4°C and the isolated plasma samples were stored at -80°C until RNA isolation. The plasma was filtered (0.22 μm filter; Millipore, Billicera, MA, United States) to remove cellular material, including thrombocyte fragments. Microvesicles were isolated using the exoEasy Maxi and exoRNeasy kit (Qiagen).

For a subset of samples, the size distribution and concentration of the microvesicles were determined by University of Florida Interdisciplinary Center for Biotechnology Research using the NanoSight 300 Instrument (Malvern Instruments), according to the manufacture instruction. In addition, morphological assessment of microvesicles was determined by University of Florida Interdisciplinary Center for Biotechnology Research using the transmission electron Microscopy (TEM). A glow discharged carbon coated Formvar copper 400 mesh grid, was floated onto 10 microliter aliquots of re-suspended microvesicle pellet and incubated for 5 min. Excess solution was drawn off with filter paper and the grids were floated on 1% aqueous uranyl acetate for 30 s. Stain was removed with filter paper, air dried and examined using FEI Tecnai G2 Spirit Twin TEM (FEI Corp., Hillsboro, OR, United States) and digital images were acquired with Gatan UltraScan 2k × 2k camera and Digital Micrograph software (Gatan Inc., Pleasanton, CA, United States).

RNA Isolation

RNA was isolated using exoRNeasy Serum/Plasma Maxi kit (Cat# 77064, Qiagen) according to the manufacturer’s instructions with the final elution volume of 12 μl. The quantity and quality of the RNA were determined by University of Florida Interdisciplinary Center for Biotechnology Research using the Agilent RNA 6000 Pico Kit to determine the concentration of total RNA, and a Small RNA Kit Chip was used to measure the concentration of exosomal micro RNA (miRNA) on the Agilent Bioanalyzer instrument (Agilent Technologies). Total RNA samples contained a range of 49–90% miRNA.

Small RNA Library Preparation

Sequencing libraries were constructed using ∼2 ng of total exosomal RNA with the library preparation kit Ion Total RNA-Seq kit v2 (Thermo Fisher, Cat# 4475936). Each library was barcoded with Ion Xpress RNA Seq-Barcode 01-16 Kit (Thermo Fisher, Cat# 4475485) to enable multiplex sequencing. The concentration of the libraries was quantified by the Qubit dsDNA HS Assay (Thermo Fisher, Cat# Q32851). In addition, the size distribution and molar concentration was determined with the High Sensitivity D1000 Screen Tape Kit (5067–5584) on 2200 TapeStation system (Agilent Technologies, Cat# G2964A) according to the manufacture’s protocol.

Sequencing, Data Acquisition, and Bioinformatics

Templates were prepared with 25 μl of the pooled libraries at a final concentration of 50 pM using Ion Chef instrument (Thermo Fisher) and then sequenced in the Ion Proton System (Thermo Fisher). FASTQ files were extracted from Ion Torrent server and uploaded to the Partek Flow (Partek Inc., St. Louis, MO, United States) servers for bioinformatics analysis. On average, each sample contained 13.8 million reads of 32 base pair (bp) length. Reads were trimmed based on size such that reads below 15 bp and reads above 35 bp were discarded. Following trimming, reads were aligned using Bowtie (version 1.0.0) against the human genome reference (hg38) followed by a post-alignment quality check to assess the performance of the alignment. Gene annotation was completed with the miRBase mature miRNAs model (release version 21) and normalization was performed on total counts. In order to consider genes that are not present in miRBase, gene annotation was also done using hg38-Ensembl Transcripts (release version 85) followed by total count normalization. (Gene Expression Omnibus accession number: The data for this study has been uploaded to the Gene Expression Omnibus under the accession number GSE97644.

To study functionally related genes and their relationship, a biological interpretation was performed by gene ontology (GO) enrichment analysis using DIANA tool web-based software using mirPath (v.3) for miRNA pathway analysis and TarBase (v7.0) (Vlachos et al., 2015) was employed to identify miRNA–gene interactions. The statistical cutoff for GO analysis was based on corrected p-values with the Benjamini–Hochberg’s False Discovery Rate (FDR) p < 0.05.

Statistical Analysis

For statistical analysis, miRNA counts were first log-transformed. Differences associated with sex were determined using analyses of variance (ANOVAs). Pearson’s regression analysis was used to examine correlations associated with age and miRNA expression. Due to the correspondence of age and cognitive function, multiple regression was employed to determine correlation of miRNA with MoCA score after adjusting for age.

RESULTS

Cognitive testing and plasma were collected from a total of 134 participants, age range 44–102 years. From this population, five were removed due to a history suggesting possible brain disorders due to stroke, concussion, or epilepsy, 22 were removed due to a MoCA score less than 23 (MoCA score range 18–22), and 10 were outside the specified age range of 60–89 years, with one person age 92 and 9 individuals 44–59 years. The remaining 97 participants that met the criteria for inclusion in this study included 58 females and 39 males. The distribution of ages and MoCA scores was approximately normal (Figure 1). No age difference was observed between females (75.4 ± 1.0 years mean ± SEM) and males (mean 73.0 ± 1.0 years). While we cannot rule out that some participants may have been pre-symptomatic for MCI or Alzheimer’s disease, the MoCA scores were negatively correlated with age (R2 = 0.08, p < 0.005) (Figure 1C), suggesting that this population exhibited an age-related cognitive decline.
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FIGURE 1. Histograms of the distribution of (A) ages and (B) Montreal Cognitive Assessment (MoCA) scores overlaid with a normal distribution curve based on the mean and SD. (C) A correlation was observed between age and MoCA score, such that the MoCA score decreased with increasing age.



Extracellular Microvesicle Characterization

Characterization of extracellular microvesicle markers was performed for five samples. Elisa assays indicated that all samples were positive for the exosome marker CD63 (OD450 4.08-1 ± 0.24, mean ± SD) (Peterson et al., 2015). NanoSight analysis indicated an average vesicle size of 188.82 ± 22.9 nm (mean ± SD), average mode 152.18 ± 34.7 (mean ± SD), and the percent of particles that were <200 nm averaged 65%. Electron microscopy confirmed the recovery of small vesicles with an expected size range from 50 to 200 nm (Figure 2).
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FIGURE 2. Transmission electron microscopy of (A) extracellular microvesicles isolated from plasma and negatively stained with 1% uranyl acetate. (B) Enhanced magnification of microvesicles shown in lower right corner of (A).



miRNA

For expression of miRNA, a cut-off was set such that expression had to average at least 10 across the 97 participants. This filtering resulted in data for 117 miRNAs for analysis. Similar to previous reports (Hunter et al., 2008; Mooney et al., 2015), we observed that mir-223-3p exhibited the highest level expression and relatively high level expression (>300 average counts) was observed for mir-191-5p, mir-126-3p, mir-126-5p, mir-484, and mir-26a-5p (Table 1).

TABLE 1. Highly expressed miRNA.
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An examination of differential expression between the males and females indicated no difference in miRNA expression. Previous work suggests expression of circulating miRNAs increases with increasing age (Freedman et al., 2016). Therefore, Pearson’s regression analysis with a cut-off of r = ±0.263 (p < 0.01) was employed to examine correlations of miRNA expression with age. The results revealed 74 miRNAs that were positively correlated with age (Table 2), confirming that most plasma miRNA that changes with age, exhibit increased expression with advancing age (Freedman et al., 2016). Interestingly, several miRNA that are consistently reported to decrease in blood, plasma, and serum of Alzheimer’s patients (hsa-let-7g-5p, hsa-let-7e-5p, and hsa-miR-103a-3p) (Kumar et al., 2013; Leidinger et al., 2013; Tan et al., 2014; Satoh et al., 2015; Nagaraj et al., 2017), were positively correlated with age.

TABLE 2. miRNA correlated with age.
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Due to the correspondence of age with miRNA expression and cognitive function, multiple regression was performed to examine the relationship of miRNA expression to MoCA scores, accounting for the influence of age. The analysis indicated that 13 miRNA exhibited a significant correlation with MoCA scores (Table 3) and 16 exhibited a trend (p > 0.05 < 0.1). In all cases, the correlations were negative such that increased miRNA expression was associated with decreased MoCA scores. Interestingly, three of the cognition related miRNA from Table 3 exhibit relatively selective expression in the brain (hsa-miR-342-3p, hsa-miR-125b-5p, hsa-miR-125a-5p) (Hinske et al., 2014). Moreover, hsa-miR-342-3p and hsa-miR-125b-5p exhibited the strongest correlation with MoCA scores (Table 3). These three miRNAs exhibited relatively poor correlation with age (Figure 3). Figure 4 illustrates the age and MoCA score correlations for has-miR-451a-3p, which exhibited the highest expression (Table 3), was correlated with cognition, and did not exhibit a correlation with age.

TABLE 3. MoCA score multiple regression analysis.
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FIGURE 3. Correlation of hsa-miR-342-3p (top), hsa-miR-125b-5p (middle), and hsa-miR-125a-5p (bottom) expression with age (left) or MoCA scores (right). The R2 and p-values for the simple regressions are provided.
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FIGURE 4. Correlation of hsa-miR-451a with age (left) or MoCA scores (right).



To study functionally related genes and their relationship, a biological interpretation was performed by GO enrichment analysis using DIANA tool web-based software to identify miRNA–gene interactions. To understand possible mechanisms through which miRNA could influence the brain, miRNA that correlated with MoCA scores were submitted to DIANA for miRNA pathway analysis. Combining the three brain selective miRNA (hsa-miR-342-3p, hsa-miR-125b-5p, hsa-miR-125a-5p) cluster enrichment indicated the top three pathways were associated with fatty acid biosynthesis (3 genes, p = 1.9-16), hippo signaling (38 genes, p = 1.8-9), and protein processing in the endoplasmic reticulum (43 genes, p = 7.5-6). Brain specific pathways included neurotrophin signaling (27 genes, p = 0.016). For the highest expressing miRNA, hsa-miR-451a (Table 3), DIANA analysis indicated brain related cluster enrichment for Parkinson’s disease (2 genes, p = 1.0-5) and glioma (3 genes, p = 0.02), and clusters for signaling pathways related to aging, including mTOR signaling (6 genes, p = 0.002) and AMPK signaling (6 genes, p = 0.027). When all 13 miRNAs that correlated with MoCA scores were loaded into DIANA, the results indicate several pathways associated with brain function including prion disease (20 genes, 11 miRNA, p = 1.0-6), glioma (44 genes, 13 miRNA, p = 2.9-6), Huntington’s disease (102 genes, 11 miRNA, p = 0.015), and axon guidance (71 genes, 12 miRNA, p = 0.019).

DISCUSSION

The results provide evidence that miRNA, from extracellular microvesicle enriched plasma samples, correlates with cognitive function in healthy elderly individuals. In discussing these results, there are several caveats that need to be considered. Exosomes have the potential to cross the blood–brain barrier and could provide a marker of brain health (Alvarez-Erviti et al., 2011). Alternatively, exosomes in the plasma could cross into the brain to deliver their cargo and influence brain function. Thus, it is important to consider the enrichment of exosomes. Elisa assays indicated that the samples were positive for the exosome marker CD63 indicating that the samples are enriched in exosomes. The enrichment of exosomes was supported by examination of microvesicle size, with ∼65% of particles in the range of exosomes. Exosomes are classically defined as 50–150 nm in diameter, although larger extracellular vesicles (>200 nm) have been described (Kowal et al., 2016). The 150 nm limit may represent a bias due to isolation techniques, and ignores the possible functional impact of increased volume of larger vesicles that have been described (van der Pol et al., 2012; Kowal et al., 2016). Regardless, it appears that the samples were enriched in exosomes.

A second consideration concerns the stringent criteria for the population of participants. Participants were screened in an attempt to exclude those with dementia or Alzheimer’s disease. Interestingly, hsa-let-7g-5p, which is commonly found to decrease in plasma, serum, and blood from Alzheimer’s patients (Kumar et al., 2013; Tan et al., 2014; Satoh et al., 2015), was observed to increase with age in our plasma samples and in previous studies using a wider age range (Freedman et al., 2016). Other miRNAs that were increased with age in our study and the Freedman study, and yet have been reported to decrease in blood or plasma from Alzheimer’s patients, include hsa-let-7e-5p and hsa-miR-103a-3p (Kumar et al., 2013; Leidinger et al., 2013; Satoh et al., 2015; Nagaraj et al., 2017). In all cases, multiple regression indicated no correlation of these miRNA with the MoCA score when age was taken into consideration. The stringent criteria and the absence of suspected miRNA markers of Alzheimer’s disease increases the confidence that these individuals did not have a neurodegenerative disease; although it is possible that they were pre-symptomatic. On the other hand, our results indicating that these miRNAs increase with age, emphasizing the importance of considering age when investigating biomarkers of disease. It has been suggested that the inability to reproduce expression differences may result from age differences across cohorts (Satoh et al., 2015; Cosin-Tomas et al., 2017; Nagaraj et al., 2017), and for studies that found decreased miRNA expression associated with Alzheimer’s disease, the disease and control groups were age-matched.

Mild cognitive impairment is considered a transitional state between normal aging and Alzheimer’s disease and previous research suggests a threshold cutoff MoCA score of 19–23 for designating MCI (Luis et al., 2009; Dong et al., 2012; Larner, 2012; Freitas et al., 2013). Previous studies have reported that specific miRNAs increase in plasma or serum in MCI patients (Sheinerman et al., 2013; Dong et al., 2015). In many cases, the previously reported miRNA exhibited expression levels below our cutoff and were not considered. The stringency for expression reduces the likelihood of type I error and increases the confidence in those miRNA that were correlated with age or MoCA scores. However, the stringency makes it likely that we missed low expressing miRNA that correlate with cognitive function. Indeed, considering that all cognition-related miRNAs exhibited increased expression associated with a decline in MoCA score, it is likely that we missed miRNA that exhibited low expression, particularly in cognitively intact individuals. In the case of miRNA that did satisfy our stringent cutoff, and have been reported to increase in MCI patients, expression of hsa-miR-128-3p, hsa-miR-134-5p, hsa-miR-382-5p, hsa-miR-146a-5p, and hsa-miR-93-5p was observed to increase with age and was not correlated with the MoCA score. We cannot rule out that individuals were pre-symptomatic for MCI. Thus, it will be important for future studies to track cognitive changes as well as miRNA markers over time to determine if miRNA are predictive of decline associated with normal aging and disease.

In comparing the pattern of miRNA expression to previous work, it is important to recognize that much of the previous work has examined miRNA directly from plasma or serum, which includes exosomal and protein-bound miRNAs. It is expected that miRNA expression of plasma and exosomal enriched samples will be similar for many miRNAs; however, expression of some miRNAs may differ (Freedman et al., 2016). Our results confirm a high level of expression for mir-223-3p, mir-451a, mir-191-5p, mir-126-3p, mir-126-5p, mir-484, and mir-26a-5p, which are enriched in plasma exosomes (Hunter et al., 2008; Pritchard et al., 2012; Cheng et al., 2014; Mooney et al., 2015). Second, previous work indicates that chronological age provides a strong influence on expression of plasma miRNA. Indeed, we found over half the exosomal miRNAs examined at p < 0.01, exhibited increased expression with age (false discovery rate p < 0.016). The robustness of these 74 age-related miRNAs is emphasized by the fact that a well powered study reported 51 of these miRNAs increased in plasma across a broader age range (Freedman et al., 2016). Together, the results indicate that miRNA provide a good marker for chronological age. Together, the results emphasize that age is a major risk factor for Alzheimer’s disease and MCI. Thus, it should not be surprising that biological markers of chronological age provide good predictors of diseases. As such, age should be taken into account when attempting to link biological markers to age-related diseases.

Due to the correlation of age with measures of cognitive function and miRNA expression, multiple regressions were employed to examine the relationship between MoCA scores and miRNA expression, in order to account for age effects. Our analysis point to several miRNAs that may be good predictors of cognitive function in elderly individuals. Exosomes have the potential to cross the blood–brain barrier (Alvarez-Erviti et al., 2011). Thus, highly expressed miRNAs coming from white (mir-223-3p, mir-191-5p, mir-150-5p, mir-26a-5p, mir-19b-3p) or red (mir-451a) red blood cells (RBCs) (Hunter et al., 2008; Pritchard et al., 2012) could influence brain function. In the current study, we observed an increase in hsa-mir-19b-3p with age; however, this miRNA was not correlated with cognition. In contrast, MoCA scores were correlated with hsa-mir-451a. One possible confound is that hemolysis can increase the level of RBC enriched miRNA, hsa-mir-451a and hsa-mir-16-5p, in plasma and serum (Blondal et al., 2013; Kirschner et al., 2013), which could have contaminated our microvesicle enriched samples. A number of factors can influence the fragility of RBCs. However, it is important to note that the fragility of RBCs declines over the course of aging (Penha-Silva et al., 2007; de Freitas et al., 2014). Furthermore, when variability in cognition associated with age was taken into account, expression of hsa-mir-451a, but not hsa-mir-16-5p, was correlated with the MoCA scores. On the other hand, RBCs are not the only source of hsa-mir-451a and an increase in release of hsa-mir-451a containing microvesicles is associated with disease in other cell types as well as senescence of platelets (Ji et al., 2014; Dickman et al., 2017; Pienimaeki-Roemer et al., 2017; Takikawa et al., 2017). The manner in which hsa-mir-451a could influence cognition is unknown; however, an increase in plasma hsa-mir-451a has been reported to be associated with vascular dementia (Prabhakar et al., 2017) and increased expression in the brain may alter synaptic function (Mor et al., 2015).

The MoCA scores were also correlated with several miRNAs that are enriched in the brain (Hinske et al., 2014). An increase in brain specific miRNA in the plasma could result from increased leakiness of the blood–brain barrier, increased expression of specific miRNA, increased release of brain derived microvesicless or a combination. If an increase in plasma levels was due to increased leakiness of the blood–brain barrier, we might expect to have seen a whole host of brain specific miRNAs increase in the plasma of impaired individuals. This does not seem to be the case since other brain selective miRNAs (e.g., hsa-miR-320b, hsa-miR-328-3p, hsa-miR-744-5p) passed our expression criterion and did not correlate with MoCA score. On the other hand, an increase in brain selective miRNAs in the plasma may represent increased release of specific miRNA due to aberrant neural activity, damage, or disease (Lachenal et al., 2011; van der Vos et al., 2011; Wang et al., 2011; Serafini et al., 2014; Harrison et al., 2016).

CONCLUSION

In the current study, we describe miRNAs associated with extracellular microvesicles from plasma as possible biomarkers of cognitive decline during aging. A decrease in MoCA score was associated with increased expression of several miRNAs. The rise in expression of brain selective miRNA could signify conditions in the brain, such as aberrant neural activity, damage, or disease, that result in increased synthesis or release from the brain and a decline in function. In addition, it is possible that highly expressed miRNA are delivered to the brain from the circulation, to influence brain function. The miRNA biomarkers from plasma microvesicle exhibited an expression profile, which was different from that previously described for Alzheimer’s disease, suggesting that these biomarkers may be specific to cognitive decline in normal aging. Alternatively, these miRNAs may be related to a pre-symptomatic stage of disease.
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Till date, drugs that have been used to manage Parkinson’s disease (PD) have only shown symptomatic relief with several adverse effects besides their inability to prevent neurodegeneration. Neuroinflammation plays an important role in the advancement of PD and can be targeted for its effective treatment. Researchers have suggested that herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug having neuroprotective property. Our study aimed to investigate effects of aqueous extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the molecular mechanism involved in the progression of PD. In this study, we have observed significant behavioral abnormalities beside decreased antioxidant defense in MPTP intoxicated mice. We have also observed significant increase in inflammatory parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the lipid peroxidation and nitrite level, and by improving catalase activity and enhancing GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of parkinsonian mice. Our high performance liquid chromatography analysis of the Mp seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin equivalents as the major components which might cause neuroprotection in PD mice. Our result suggested that Mp extract treatment containing L-DOPA and a mixture of rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical and behavioral abnormalities in PD mouse and thus provided a scientific basis for its traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease (PD) is considered to be the most common progressive neurodegenerative disease. PD is basically characterized by the loss of dopaminergic neurons in substantia nigra pars compacta (SNpc) and reduced level of dopamine (DA) within the striatum (ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai et al., 2016). Among non-motor symptoms, cognitive decline appears the major one in the case of PD (Aarsland et al., 2017). Dopaminergic neuronal degradation, formation of inclusions called Lewy bodies and activation of glial cells are the hallmark of PD pathogenesis in brain. While the etiopathogenesis of PD still not fully known, it is identified to go worse on exposure to environmental neurotoxins such as MPTP, Paraquat (PQ), and several others (Bové et al., 2005; Khan et al., 2013; Yadav et al., 2013). In humans and primates, MPTP which is a potent inhibitor of mitochondrial complex-1 of electron transport chain creates parkinsonian characteristic, and in mice, it recapitulates dopaminergic degenerations via nigrostriatal pathway. For that reason, in animal models of PD, MPTP is extensively used to study and explore the molecular events responsible for dopaminergic neuronal degeneration and to check the efficacy of several neuroprotective agents (Jackson-Lewis et al., 2012). Biomolecules such as lipids, proteins, and DNA are damaged by reactive oxygen species (ROS) and reactive nitrogen species (RNS), by-products of which were observed in the SN and striatum of human PD post-mortem brains (Dexter et al., 1994; Khan et al., 2013). The oxidation of lipid and proteins can thus lead to loss of membrane integrity, enzyme inactivation leading to cell death in neurodegenerative disorders (Hald and Lotharius, 2005).

Previous literature suggests that in PD, prolonged neuroinflammation plays an important role during degeneration of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan et al., 2013). Inflammatory response during neurodegeneration has not yet been thoroughly investigated. Proinflammatory mediators such as cytokines/chemokines, enzymes like cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) are produced by glial (astroglial and microglial) cells in response to extracellular insult to dopaminergic neurons (Khan et al., 2013). In addition, nuclear transcription factor-κB (NF-κB) plays a central role in the PD pathogenesis by inducing the expression of tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress mediated neurodegeneration (Hald and Lotharius, 2005). These cytokines and enzymes could cause neuronal death by the cytotoxic mechanism. Previous literature has also suggested that anti-inflammatory drugs significantly inhibit the neuroinflammatory processes and ultimately protect dopaminergic neuronal loss in different parkinsonian models (Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology of neurodegeneration, various efforts to expand and advance successful treatment strategies are being done (Brotchie and Jenner, 2011) with minimal translational results. With this background, there has been a lot of focus on the herbal mediated neuroprotection of PD with special emphasis on the anti-oxidative and anti-inflammatory activities of these herbal plants and their derivatives. Recently, Kim et al. (2015) suggested that Ligusticum officinale exhibits potent anti-inflammatory activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol, extracted from Pinus maritima bark also protects dopaminergic neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp) is the most accepted drug. A number of reports have recommended that it exhibits various pharmacological properties like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic, and anti-microbial activities (Sathiyanarayanan and Arulmozhi, 2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp has been found to be rich in bioactive compounds such as tannins, alkaloids, phenolics compounds, and flavonoids (Duke, 1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous disorders, and Parkinsonism are certain diseases that have been found to be effectively managed by free-radical mediated disease management property of Mp seeds (Bhaskar et al., 2011). Moreover, our high performance liquid chromatography (HPLC) data has shown the presence of different phytochemicals such as proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid in the aqueous seed extract of Mp. The anti-neuroinflammatory activity of Mp might be due to the presence of these active constituents. Also, other phytochemicals can act in combination for exploring its synergistic effect. Recently, Uchegbu et al. (2016), have suggested the anti-inflammatory activity of Mp by administering the doses of 10 and 50 mg/kgbwt in carrageenan and formalin induced acute and chronic paw edema respectively. They compared the anti-inflammatory activity of Mp with diclofenac potassium as a standard anti-inflammatory drug. At the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8 and 47.8 and 6.6 and 38.8 respectively against their corresponding carrageenan and formalin induced acute paw edema (Uchegbu et al., 2016). Additionally, Yadav et al. (2017) showed that Mp seed extract (100 mg/kg bwt) has improved the neurobehavioral activity by reducing the oxidative stress in nigrostriatal tissue effectively by mitigating the iNOS expression levels in Paraquat (PQ) induced parkinsonian mouse model. Mp contains L-DOPA and ursolic acid which has potent anti-parkinsonian property (Rai et al., 2016; Yadav et al., 2016). There is very little literature which shows the anti-inflammatory activity of Mp in PD. With all the background information, in the present study, we have chosen Mp seed extract in MPTP induced Parkinsonian mouse model to explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies

Acetic acid, disodium hydrogen phosphate, reduced glutathione (GSH), reduced nicotinamide adenine dinucleotide phosphate (NADPH), Potassium chloride, Ammonum chloride, Sodium dihydrogen phosphate, and Bovine Serum Albumin (BSA) were procured from Sisco Research Laboratories (SRL; Mumbai, India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP), Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO, United States). Protein estimation kit by Bradford GeNeiTM, hydrogen peroxide (H2O2), and potassium dichromate were purchased from Merck (Darmstadt, Germany), Sodim dodecyl sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and DABCO were procured from HiMedia (Mumbai, India). Sodium nitrite and Paraformaldehyde were purchased from Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS (SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were procured from Santa Cruz, Biotechnology (Santa Cruz, CA, United States) and the primary antibodies for TNF-α (ab1793), NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were purchased from Abcam Life Science, Biogenuix Medsystems, Pvt. Ltd. (New Delhi, India), secondary fluorescent tagged antibodies for IHCCy2-conjugated and cy3-conjugated were procured from Merck Millipore and Chemicon respectively.

Experimental Animals

Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g) were purchased from animal research facility of Banaras Hindu University, Varanasi, India. Before starting the experiment, animals were made to adapt the laboratory conditions for about a week under standard laboratory conditions by keeping light and dark cycles of 12 h. Mice were fed with standard rodent food purchased from market and water ad libitum. Experiments were done in between 12:00 noon to 03:00 pm. The investigational protocol for animals on which the test was carried out, was approved by the Animal Ethics Committee of Banaras Hindu University, Varanasi, India.

Plant Extracts Preparation

Mp seed powder was purchased from the Ayurveda Pharmacy, Institute of Medical Sciences, Banaras Hindu University, Varanasi, India. Mp seed extract was prepared by the method of Uhegbu et al. (2005) in which distilled water was used as the solvent. 20 g of Mp seed powder was taken and soaked in 200 ml of autoclaved distilled water. The solution was stirred for about 6 min and left overnight for proper mixing. Next day, the solution was filtered by using filter paper (Whatman No. A-1) and the extract were allowed to dry in rotary vacuum evaporator under reduced pressure and temperature (below 40°C).

RP-HPLC Quantitative Analysis of L-DOPA and Phytochemicals

L-DOPA was quantified in Mp seeds using reverse phase high performance liquid chromatography (RP-HPLC) involved with diode array detection. Samples were prepared as described by Rathod and Patel (2014) with minor modifications. One gram powder of Mp seed was extracted using autoclaved doubled distilled water: 0.1 M HCl (70:30) for 30 min on rotary shaker (120 rpm) and sonicated for 5 min. Then sample was evaporated, dissolved in distilled water and filtered through 0.45 μm nylon filter (Axiva filters). RP-HPLC analysis was performed by Shimadzu prominence equipped with degasser DGU-20A 5R, photo diode array detector SPD- M20 A and low pressure quaternary pump LC 20 AD. Chromatographic separation was achieved using a Waters, Nova-Pak C18 column (4 μm, 4.6 mm × 250 mm). The commercially available synthetic L-DOPA (Himedia) was taken as a standard.

Total phenolics content of Mp seeds has been determined spectrophotometrically (Singleton and Rossi, 1965). The sample was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated for 5 min at 25°C with 1.2 ml of 15% sodium carbonate solution for neutralization of reaction and further kept for 90 min at room temperature. The absorbance was taken at 765 nm. Result was noted in terms of mg of gallic acid equivalent per gram (mg GAE g-1) of dry mass.

Total flavonoids were quantified according to the method by Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride (10%) and 0.1 ml of potassium acetate (1 M). The total volume was made up to 4.5 ml by adding distilled water. Incubation was carried out for 30 min at room temperature and absorbance was recorded at 415 nm. Expression of flavonoids level was done as milligram of quercetin equivalents per gram (mg QUE g-1) of dry weight.

Evaluation of proanthocyanidin was done as described by Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml of 4% vanillin and 1.5 ml of concentration HCl. Reaction mixture was incubated for 15 min and absorbance was taken at 490 nm. Content of Proanthocyanidin was expressed as catechin equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was measured with the help of Folin–Denis colorimetric method. 5 ml Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent and 2.5 ml saturated sodium carbonate. The solution was further incubated for 90 min at 28°C after the final volume was made up to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the method of Gao et al. (2007). In short, 1 ml of Mp seed extract was added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution was done for 5 s and then it was put to centrifugation for about 10 min. Absorbance of supernatant was taken at 500 nm using UV-spectrophotometer.

Experimental Design

The first group, i.e., control (n = 6) was treated with normal saline (i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving it in 0.9% saline. The mice were injected (i.p.) twice with MPTP (30 mg/kg body weight) within 16 h of interval to induce PD to the second group (n = 6) (Yadav et al., 2014). The third group (n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg body weight) within 16 h of interval and then daily orally treated with Mp seed aqueous extract (100 mg/kg body weight) from next day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.) injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP (30 mg/kg body wt.), twice within 16 h interval and from the next day they were orally treated with aqueous seed extract of Mp (100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies

Rotarod Test

In Rotarod test, prior to experiment, group animals were trained for 3 successive days at a fixed speed (5 rpm) and the time was noted after the mice fall up to a maximum of 5 min. The experiment was repeated four times for each animal; finally average time was calculated as described previously (Manna et al., 2006). The same procedure was repeated once the treatment was completed and the time taken by the mice to fall was noted down.

Hanging Test

In this test, mice were placed on a horizontal grid and allowed to have grip on it. This grid was then made upside down so that mouse hangs downward, gripping on it, until they lose their control and fall down. The experiment was repeated three times, and the hanging time was noted for each group (Mohanasundari et al., 2006).

Narrow Beam Walking Test

Motor coordination in mice was assessed using this test. Animals from each group were trained to move on stationary wooden narrow flat beam (1 cm) which was positioned at a height of 100 cm above the floor (L 100 cm × W 1 cm). Then according to Pisa, time spent in walking from one end of the beam to another was noted and the procedure was repeated thrice for each group’s animals (Pisa, 1998).

Sample Preparation for Biochemical Studies

After completion of experiment, the animals were sacrificed by cervical decapitation from each groups (n = 3), the collection of nigrostriatal tissue was done individually and they were further homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl 300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100 0.5%) at pH 8.0 complemented with phosphatase and protease inhibitor. Centrifugation of the tissue homogenates was done at 12,000 g at a temperature of 4°C for about 20 min for the estimation of antioxidant enzymes and different biochemical parameters.

Biochemical Test

Catalase and Nitrite Test

In accordance with the decomposition of hydrogen peroxide, the Catalase activity was estimated (Kumar et al., 2010). Briefly 10% w/v tissue homogenate was added in phosphate buffer pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated at room temperature for 1 min then potassium dichromate and acetic acid (1:3) solution was added and solution was allowed to boil for 15 min in boiling water bath and absorbance was taken at 570 nm. The activity of enzyme was measured in nmoles/min/mg protein.

By using standard procedure, Nitrite level was estimated in the supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue homogenate was taken and ammonum chloride (0.7 mM) mixed with Griess reagent (0.1% N-naphthyl ethylenediamine and 1% sulfanilamide in 2.5% phosphoric acid) was added. The solution was allowed to stand at 37°C for 30 min, and the supernatant was then taken out to record the absorbance at 540 nm. By using the standard curve for sodium nitrite (10–100 μM), the total content of nitrite was calculated in terms of μmoles/mL.

Lipid Peroxidation and GSH Test

Estimation of Lipid peroxidation was done in the same way as described previously (Ohkawa et al., 1979) with fewer modifications in the nigrostriatal tissue of the mouse brain. Briefly, for measuring the concentration of malondialdehyde (MDA), a reaction mixture containing 10% tissue homogenate (0.1 mL) was added in 10% SDS solution (0.1 mL) and was kept at room temperature for 5 min. After that, 20% acetic acid (0.6 mL) was added and the solution was incubated 2–5 min. At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and the solution was kept in a boiling water bath for 1 h. The reaction mixture was then allowed to cool, centrifugation was done and absorbance of the supernatant was taken at 532 nm against control. Expression of LPO levels was done as nano moles MDA/mg protein. Glutathione reductase (GSH) level in the brain homogenate was measured by the method described previously (Moron et al., 1979) and reported as μM GSH/mg tissue.

Immunofluorescence Staining of TH, NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc

In the SNpc of brain, Immunofluorescence staining of TH, NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc was performed (Gorbatyuk et al., 2008). Mice were anesthetized with pentobarbital and the perfusion was done with 4% paraformaldehyde and the brains were post-fixed and collected. Using a cryomicrotome, the brain was cut in 25 μ thick coronal sections at the SN level (Leica, Wetzlar, Germany). Washing of the sections were done twice with 0.01 M PBS at pH 7.4 and then they were allowed to incubate with blocking reagent (10% normal goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of the sections with primary antibodies at 1:1000 dilutions was done with the polyclonal anti-mouse against TH, polyclonal anti-rabbit against NF-κB p65, monoclonal anti-mouse against TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit against iNOS, monoclonal anti-mouse against GFAP, monoclonal anti-mouse against ICAM, and monoclonal anti-rabbit against pAkt1 for 16 h at 4°C. The washing of the sections was again done five times in PBST and they were further incubated with Cy2-conjugated (Ex max 492 nm and Em max 510 nm) donkey anti-mouse and cy3-conjugated secondary antibodies (Ex max 550 nm and Em max 570 nm) donkey anti-rabbit in 1% BSA blocking solution for 1 h at Room Temperature. Washing of the sections was again done for three times and then mounted using mounting media, fluoro shield (Sigma–Aldrich). The images of the sections were taken with the help of fluorescent microscope Nikon (Thermo Fisher Scientific). Immunofluorescence was analyzed by Image J software (NIH, United States) and reported in mean integrated fluorescent value (IFV).

Statistical Analysis

Statistical analysis of differences between means of groups was determined by one way ANOVA followed by Student-Newman–Keuls post hoc test using GraphPad Prism 7.0 software. A p < 0.05 was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content

Reverse phase high performance liquid chromatography analysis showed as compared to standard L-DOPA (Figure 1A), 65 mg g-1 of L-DOPA present in the aqueous extract of Mp seed (Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid equivalent (mg GAE g-1) of phenolics and 54.14 ± 3.05 mg per gm of quercetin equivalent (mg QAE g-1). The Mp seed showed 25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE g-1) proanthocyanidin level. Mp also showed 8.2 ± 0.15 mg g-1 of tannin level. Mp seed contain 6.72 ± 0.11 mg g-1 phytic acid.
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FIGURE 1. High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of M. pruriens seed extract (B).



Behavioral Studies

Effect of Mp on Behavioral Recovery

The result shows that the time taken by the MPTP treated mice for which it remained on the rotarod was significantly reduced (p < 0.001) compared to control. Whereas, when MPTP treated mice were treated with Mp, mice stayed on the rotarod significantly longer than MPTP mice (p < 0.05) (Figure 2A).
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FIGURE 2. Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.



Our findings suggested that, in MPTP-treated mice, the time of gripping and hanging was significantly poorer (p < 0.001) as compared to control mice. When MPTP mice were treated with Mp, the hanging time was increased (p < 0.001) when compared with MPTP treated mice (Figure 2B).

Result shows that in MPTP treated mice narrow beam walking time was increased (p < 0.001) as compared to CONT mice. When MPTP mice were treated with Mp the narrow beam walk time was decreased (p < 0.001) as compared to MPTP mice (Figure 2C).

Biochemical Studies

Effect of Mp on Catalase and Nitrite

We observed that MPTP injection significantly decrease the activity of CAT (p < 0.001) and increase the nitrite (p < 0.001) content in MPTP-injected mice when compared to CONT group. However, Mp treatment (MPTP+Mp) increased the activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite level (p < 0.01) (Figure 3B) as compared to MPTP-treated group.
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FIGURE 3. Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of mice. MPTP injected mice showed significant decrease in CAT activity and GSH level and increase in Nitrite and MDA level as compared to control (CONT) group. While Mp treatment in MPTP group significantly increase the level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde; GSH, glutathione; CAT, catalase; SEM, standard error of mean.



Effect of Mp on MDA and GSH Content

When compared to CONT group, the mice intoxicated with MPTP showed a significant increment (p < 0.001) in lipid peroxidation product, known as MDA. Conversely, MPTP administration caused a significant decline in GSH (p < 0.001) levels when compared with CONT group. Mp treatment (MPTP+Mp) significantly attenuated (p < 0.001) the rise in MDA level (Figure 3C) and improved (p < 0.05) the GSH levels (Figure 3D) compared to the MPTP group.

Effect of Mp on the Expression of TH, NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc

We have observed an increased in NF-κB (p < 0.05), TNF-α (p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP (p < 0.01) positive cells expression in the MPTP treated mice as compared to CONT group. After Mp treatment (MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A), TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C), ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05) (Figure 5A) expression was observed as compared to MPTP-treated mice. We also found decreased expression of pAkt1 positive cells (p < 0.01, Supplementary Figure S1) and DAT positive dopaminergic neurons (p < 0.05) as compared to control while Mp treatment (MPTP+Mp) significantly increased the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT (p < 0.05) (Figure 5C) as compared to MPTP treated groups. A reduced (p < 0.05) level of TH positive dopaminergic neurons was seen in response to MPTP injection while comparing to the CONT group. However, following treatment with Mp in MPTP-administered mice, an increase in TH level (p < 0.05) (Figure 5D) was observed when compared to MPTP-treated mice.
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FIGURE 4. Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α, tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.
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FIGURE 5. Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH (D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine transporter; TH, tyrosine hydroxylase.



Effect of Mp on the Nuclear Translocation of NF-κB in SNpc

We have observed that in MPTP injected mice, the nuclear translocation of NF-κB has occurred (Figure 6B) when compared with the control group (Figure 6A). Whereas, Mp treatment (Figure 6C) has significantly inhibited this nuclear translocation of NF-κB as compared to MPTP treated mice.
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FIGURE 6. Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group (A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).



DISCUSSION

In this study we demonstrate that Mp, an aqueous extract containing L-DOPA and a mixture of rich novel phytochemicals protect nigrostriatal degeneration of dopaminergic neurons by alleviating oxidative stress and neuroinflammation in PD mouse model. Dopaminergic neurons can be protected by neuroinflammation linked inhibition of iNOS, GFAP, ICAM as well as NF-κB activation and its responsive genes TNF-α. Protective effect of Mp on dopaminergic neurons suggest that it is an efficient herbal agent in PD research, corroborating previous studies (Yadav et al., 2013, 2014, 2017; Olson and Gendelman, 2016). From several decades there is a lot of focus on Mp’s anti-parkinsonian activity specifically related to its anti-oxidative and metal chelating activity (Tharakan et al., 2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other than showing the anti-parkinsonian activity, Mp extract has also shown therapeutic potential in protecting against stroke and ischemia (Nayak et al., 2017). Mp extracts thus due to the presence of dopamine and 5-HT (5-hydroxytryptamine) has the potential to be an anti-cataleptic and antiepileptic drug (Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb 761) is a well-defined mixture containing flavonoids (24%) and terpenoids (6%) and is patented (Rojas et al., 2009). This extract having the antioxidant and anti-apoptotic properties has the potential to show neuroprotection as it can help in the regulation of MAO. Phytomix-40 (PM-40) is a certified parapharmaceutical comprises extract from 40 plants including ginseng, eleutherococcus, Rhodiola rosea etc., which helps in improving hormonal, antioxidant and immune system of body. Administration of PM-40 along with standard anti- Parkinson’s drugs improves Parkinson’s symptoms and helps in decreasing negative activation of immune system which occurs during standard anti-Parkinson’s therapy alone (Bocharov et al., 2010). Anti-Parkinson’s activities of flavonoids have been also reported on 6-OHDA-induced experimental Parkinsonism in vivo and in vitro (Mu et al., 2009). Phenolics and flavonoids are important class of natural antioxidant substances having potential of scavenging free radicals, ultimately reducing the risk of oxidative stress related disorders including cancer and PD (Saxena et al., 2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative diseases such as AD and Multiple Sclerosis has not yet been investigated.

In this paper, we have reported the potential anti-neuroinflammatory activity of Mp in MPTP induced parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals having antioxidative and anti-inflammatory activities are neuroprotective in neurodegenerative diseases (Parkinson’s disease, 2012). Past studies potentially exhibiting that orally administered Mp reaches to the brain in adequate quantity to protect the dopaminergic neurons in PD (Katzenschlager et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the supplementary outcome of the drugs, oral route has been utilized as an efficient way of administration as it is the feasible and efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication creates behavioral impairment which is tested by rotarod, grip strength, and narrow beam walking test. Mp was found to significantly improve the motor deficits in parkinsonian mice. Our behavioral findings are in agreement with the earlier reports (Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication generates ROS and RNS which induces oxidative stress and neuroinflammation associated nigrostriatal degeneration of dopaminergic neurons (Yokoyama et al., 2008; Chung et al., 2011; More et al., 2013). Despite of the fact that, PQ poorly crosses the BBB, the patients died of PQ intoxication has been detected with significant damage to the brain (Bové et al., 2005). MPTP intoxication has helped in mimicking most of the parkinsonian symptoms which can help us in understanding PD (Meredith and Rademacher, 2011). MPTP induced Parkinsonian Mouse models have been most widely used. MPTP, being lipophilic in nature crosses the BBB easily and binds mainly in astrocyte lysosomes, where it is converted to its toxic metabolite, the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and Rademacher, 2011). However, central dopaminergic neurons were not damaged upon systemic administration of MPP+ as it is unable to cross the BBB due to its charge. But, much of the DAergic nigrostriatal pathway was destroyed by direct infusion into the brain. MPP+ is selectively taken by the dopaminergic neurons because it is an excellent substrate for the dopamine transporter (DAT) (Meredith and Rademacher, 2011). So we have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication produces neuroinflammation induced ROS and RNS overproduction, whereas Mp reduces this ROS and RNS accumulation and downstream proceedings of this cascade. It is well-established that inflammation is the downstream event of oxidative stress. This might be suggested that Mp uses its antioxidative and anti-inflammatory activities to inhibit these oxidative and inflammatory loads. In PD, dopaminergic neurons possess reduced antioxidant ability which makes dopaminergic neurons more susceptible to oxidative stress, as exhibited by the low level of intracellular reduced glutathione. Reduced GSH is one of the main factors responsible for the antioxidant defense, which scavenges free radicals generated in brain tissue (Dringen, 2000). In this study, MPTP injection produces free radicals which creates oxidative damage and is eventually responsible for reduced GSH level along with decreased activity of antioxidant enzyme catalase, while it has also increased the level of lipid peroxidation. This finding in MPTP treated mice is consistent with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections, treatment with Mp reduced the oxidative injury by decreasing the MDA level along with restoration of GSH level and catalase activity in the nigrostriatum. Recent findings have suggested that oxygen free radical and nitric oxide (NO) play a major role in stress mediated neurodegeneration. In addition, peroxynitrite is formed when NO react with superoxide, which then induces nitration of tyrosine to produce hydroxyl radicals. Therefore, NO along with peroxynitrite may adversely affect neuronal cell death in SN (Yokoyama et al., 2008). Our result exhibits that nitrite level was significantly reduced after Mp treatment which further protected the dopaminergic neurons from NO mediated neurodegeneration, corroborating previous studies (Yokoyama et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial cells is considered to be a rapid cellular response leading to neuroinflammation (Ghosh et al., 2007; Gordon et al., 2012; Hirsch et al., 2012). Upregulation in the expression of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP administration signifies the process of glial activation. Different studies have suggested the presence of activated glial cells in SN and striatum of PD brains (Hirsch et al., 2003; Ouchi et al., 2009). Activation of Glial cells results in NF-κB activation which further triggers the upregulation and release of proinflammatory enzymes iNOS, and proinflammatory cytokine TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006). Studies done previously suggested that inhibition of glial activation by using some inhibitors prevents MPTP-induced neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our study, inflammatory response due to glial cell activation and dopaminergic neuronal loss is suppressed on treatment with Mp. During neuroinflammation, redox sensitive transcription factor, e.g., NF-κB can be initiated by nitric oxide, ROS and RNS. NF-κB shows activity during neurodegeneration by regulating the expression of different proinflammatory mediators. NF-κB is kept in inhibited form, bounded to inhibitory protein IκB, in the cytoplasm to prevent its nuclear translocation necessary for transcriptional activity. NF-κB regulated transcription of certain proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme like iNOS, and adhesion molecules (ICAM) occurs only when IκB undergoes phosphorylation and proteolytic degradation resulting in translocation of free NF-κB to the nucleus, where it binds to target DNA elements (gene promoters containing κB binding sites) (Shen et al., 2010). Also, MPTP leads to impairment of the mitochondrial function in PD (Acuna-Castroviejo et al., 2011). As the activity of mitochondrial enzyme complex get inhibited, generation of superoxide anions occurs, which further helps in the process of neuroinflammation by up-regulating NF-κB activation. Thus, it can be suggested that drugs, which can be used in inhibiting the generation of ROS, can be used as neuroprotective agents to protect from the neurotoxin such as MPTP. In this study, Mp has significantly inhibited the production of ROS as well as the activation and translocation of NF-κB. Aqueous extract of Mp treatment improved the normal expression levels of iNOS and GFAP in MPTP treated animals (Yadav et al., 2014). Our aqueous extract of Mp also shows the similar activity as it improved the normal expression levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP treated animals. Thus, antioxidative and anti-inflammatory drugs can be used effectively as therapeutic agents in the case of neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of cells including various neuronal types, as reported through various in vitro studies. Furthermore, Akt promotes the survival of different neurons by mediating the functions of different neurotrophic factors (Dudek et al., 1997; Crowder and Freeman, 1998; Brunet et al., 2001; Orike et al., 2001; Downward, 2004; Duronio, 2008). Death of cultured neurons occurs when interference with activation of Akt occurs, while, transfection with a constitutively active form of the kinase promotes the survival of neurons in the absence of any other support. Although studies about the Akt signaling is less in the case of survival of non-stressed neurons in vivo, it has been more studied in post-natal substantia nigra (SN), the brain area of high relevance in the case of PD (Ries et al., 2009). Dopaminergic neurons numbers get reduced in SN and incidence of apoptotic neurons was doubled due to a dominant negative form of Akt delivered by adeno-associated virus. On the other hand, developmental neuron death in the SN was reduced by transduction of a constitutively active form of Akt. The maintenance of the survival of dopaminergic neurons in SN under basal conditions has been highlighted by these significant findings. Phosphorylation of Akt at Ser473 (Malagelada et al., 2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008) is considerably decreased in dopaminergic SN neurons of PD patients when compared with non-PD patients as indicated by the Immunostaining of post-mortem brains. A drop in total Akt staining in such neurons from PD patients was also seen (Timmons et al., 2009). Significantly, in the Ries et al. (2009) study cited above, reduction in number of individual TH+ fibers correlated with decreased density of TH+ fiber staining in the striatum was seen in the dominant-negative Akt mice model. Our result shows that MPTP inhibits the activation of pAkt1 in the SNpc while Mp treatment overcomes this inhibition, in accordance with the above citation. So, Mp treatment also suggests a possible neuroprotective pathway mediated by pAkt1.

Thus anti-inflammatory pathway especially NF-κB and Akt pathway plays a major role in PD treatment. As MPTP is converted to its active form MPP+ inside the astroglial cells, then it is taken by dopaminergic neuron through transporter of dopamine, i.e., DAT (Kostic et al., 1996). These transporters get damaged during MPP+ uptake process as number of DAT get reduced in the SN, after MPTP administration (Jakowec et al., 2004). Accordingly, our data also shows that DAT immunoreactivity was reduced in MPTP group while it is considerably improved in Mp treated group. The rate-limiting enzyme in the production of DA, i.e., TH is the marker for the dopaminergic neuron survival. Previous studies explore that TH immunoreactivity was decreased gradually in SN of mice after MPTP treatment. Their findings give important evidence about MPTP-induced neurodegeneration (Kurosaki et al., 2003; Ghosh et al., 2007). The immunohistochemical expression of TH in SNpc region indicates the protective action of Mp in MPTP injected parkinsonian mice, seen in the previous studies too (Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout, muscular pain, cancer, arthritis, and other vascular diseases have been seen to be associated with inflammation. Inflammatory symptoms are being treated by using different drugs and natural products (Ahmad et al., 2005). It has been discussed earlier too, that Mp is rich in different constituents such as saponins, tannins, alkaloids, flavonoids in addition to L-DOPA and has been used in the treatment of diseases like fever, muscular pains, spasms and dysmenorrhea in past (Javed et al., 2010) and is thus being tested for its anti-inflammatory activity and the reason behind its traditional use for pain and fever. The results of our present investigation indicates that seed powder of Mp possess significant anti-inflammatory activity by inhibiting the NF-κB and Akt dependent pathways as highlighted by the results of our study.

It is well-established that Mp contain L-DOPA as the primary component (Tripathi and Updhyay, 2001; Tomita-Yokotani et al., 2004; Kasture et al., 2009). The seed of Mp also contains Serotonin and its precursor 5-Hydroxytryptophan (5-HTP), N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine (bufotenin) (Ghosal et al., 1971). Different saponins, anthraquinones, flavonoids, terpenoids, cardiac glycosides, and tannins are present in Mp (Agbafor and Nwachukwu, 2011). Data from RP-HPLC analysis of aqueous extract of Mp used in this study revealed a significant peak of L-DOPA correspond to standard L-DOPA peak, Mp also contain various phytochemicals like gallic acid, proanthocyanidin, tannin, quercetin, and phytic acid. Quercetin being one of the major component in our RP-HPLC result, might be showing anti-inflammatory activity. Querctin has shown both antioxidant and antiinflammatory activity as reported earlier by several studies (Haleagrahara et al., 2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016). Moreover, other phytochemicals present in Mp might also act in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate the neuroinflammatory processes and also restore biochemical and behavioral parameters along with TH and DAT immunoreactivity. NF-κB and Akt pathway might be responsible for the underlying mechanism of Mp. The anti-inflammatory activity along with potent anti-oxidant properties shown by Mp extract can be used in treating inflammatory condition in the case of PD.
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FIGURE S1 | Immunofluorescence expression of pAkt1 in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x magnification. The MPTP intoxicated PD mice showed significantly decreased expression level of pAkt1 positive cells as compared to control, while on Mp supplementation in PD mice showed significantly elevated expression level of pAkt1 positive cells as compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3).
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Alzheimer’s disease (AD) is a multi-factorial neurodegenerative disorder with abnormal accumulation of amyloid-β (Aβ) plaques, neuroinflammation and impaired neurogenesis. Mounting evidences suggest that single-target drugs have limited effects on clinical treatment and alternative or multiple targets are required. In recent decades, natural compounds and their derivatives have gained increasing attention in AD drug discovery due to their inherently enormous chemical and structural diversity. In this study, we demonstrated that naringin dihydrochalcone (NDC), a widely used dietary sweetener with strong antioxidant activity, improved the cognitive function of transgenic AD mice. Pathologically, NDC attenuated Aβ deposition in AD mouse brain. Furthermore, NDC reduced periplaque activated microglia and astrocytes, indicating the inhibition of neuroinflammation. It also enhanced neurogenesis as investigated by BrdU/NeuN double labeling. Additionally, the inhibition of Aβ level and neuroinflammation by NDC treatment was also observed in an AD cell model or a microglia cell line. Taken together, our study indicated that NDC might be a potential therapeutic agent for the treatment of AD against multiple targets that include Aβ pathology, neuroinflammation and neurogenesis.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type of dementia and has no effective cure so far. Multiple factors are involved in the pathogenesis of AD: (1) the accumulation of amyloid-β (Aβ) and excessive Aβ (especially Aβ42) aggregation into plaques are considered the trigger of pathological events for AD (Holtzman et al., 2011); (2) neurofibrillary tangles composed of hyperphosphorylated tau protein contribute to neuronal dysfunction and involve in the progression of AD (Holtzman et al., 2011); (3) neuroinflammation is mediated by microglia and astrocytes and in response to brain damage (e.g., Aβ accumulation, neurofibrillary tangles), proinflammatory cytokines and mediators are produced, leading to chronic inflammation and neurodegeneration. (Bronzuoli et al., 2016); and (4) neurogenesis is reduced dramatically in AD, which can contribute to cognition impairment (Donovan et al., 2006; Drapeau and Nora Abrous, 2008). Multi-target compounds are proposed to tackle these factors and have attracted wide attention in recent years. For instance, curcumin and its derivatives which are suggested to have therapeutic potential for AD by inhibiting Aβ production and tau phosphorylation (Yang et al., 2005; Necula et al., 2007; Ma et al., 2009), stimulating embryonic neural stem cell proliferation via the MAP kinase pathways, and enhancing adult hippocampal neurogenesis (Kim et al., 2008). They are also reported to suppress inflammation process by reducing nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-mediated expression of proinflammatory cytokines (Jobin et al., 1999). These studies suggested that multi-target compounds might be promising drug candidates for AD.

Natural compounds and their derivatives have gained increasing attention due to their inherently enormous chemical diversity and many of them have turned into drug candidates (Lahlou, 2013; Guzior et al., 2015). Naringin is a major flavanone glycoside from Pomelo peel, and it has been experimentally demonstrated to improve long-term memory in the transgenic AD mouse model (Wang et al., 2013), it is interesting that whether its derivatives or other similar compounds may also have comparable or even better therapeutic effects on AD. Naringin dihydrochalcone (NDC) is a widely used natural compound derivative in food, medicine, and cosmetic industry as an artificial sweetener with antioxidant activity (Nakamura et al., 2003; Surana et al., 2006; Gaudette and Pickering, 2013). Large amount of evidence suggests that oxidative stress (OS) is involved in the development of AD (Feng and Wang, 2012), indicating NDC may have beneficial effects on the treatment of aging and neurodegenerative diseases. In our study, we investigated the effects of NDC on cognitive impairment and neuropathology in an AD mouse model. And the results suggest that oral administration of NDC ameliorated cognitive deficits, alleviated amyloid plaque burden and Aβ levels, suppressed neuroinflammation, and enhanced neurogenesis. Thus, NDC may be a promising multi-target drug candidate for the treatment of AD.

MATERIALS AND METHODS

Ethics Statement

All animal experiments in this study were performed properly according to the Guide for the Care and Use of Laboratory Animals from National Institutes of Health. The protocols for animals were approved by the Research Ethics Committee, Shanghai Institutes for biological Sciences, Chinese Academy of Sciences. Animal pain and discomfort were minimized with enough food and water and other efforts.

Animals and Drug Treatment

The APPswe/PS1ΔE9 (APP/PS1) transgenic mice (JAX Stock No. 004462) expressing mouse/human amyloid precursor protein (Mo/HuAPP695swe) and human Presenilin1 (PS1ΔE9) were used in our investigation and mice were maintained and genotyped according to the guidelines of Jackson Laboratory. The wild type (WT) littermates were used as age- and gender-matched controls. NDC (with a purity 95%–99%; Biopurify Phytochemicals Ltd., Chengdu, China1) was dissolved in vehicle (H2O). WT and APP/PS1 mice chronically administered 200 μl of NDC (100 mg/kg) or vehicle per 20 g mouse body weight body weight by oral administration once a day from 3–4 to 6–7 months of age (n = 10–12 mice per group).

For assessment the effect of NDC on neurogenesis, these mice were intraperitoneally injected with 5-bromo-2-deoxyuridine (BrdU, Sigma, 50 mg/kg/d) once a day, from days 73 to 79 during drug administration, as described by Encinas et al. (2011).

Morris Water Maze

The Morris Water Maze (MWM) were carried out as previously described (Morris, 1984; Teng et al., 2010). The apparatus was a 120-cm-diameter circular water pool containing small white plastic particles, with four different cues located on the four directions of pool wall. At a fixed position in the target quadrant, 11-cm- diameter transparent platform was placed 1 cm below the water surface. During the whole experiment, the water temperature was maintained at 21.0 ± 0.5° and the room temperature was 23.0 ± 0.5°. The training consisted of four trials 1 day for six consecutive days. To assess spatial memory, on day 7, we performed a probe trial. During the probe trial, the platform was removed away from the target quadrant of water pool and mice were allowed to explore for 1 min freely. All tracks from all trials were monitored using an automated tracking system (Ethovision XT software) for the animal performance analysis.

Novel Object Recognition

The Novel Object Recognition test (NOR) is also widely used to evaluate recognition memory in mice. The detailed protocol with modifications is as previously described (Bevins and Besheer, 2006; Liu et al., 2013; Hou et al., 2014). The procedure included two phases: training phase and testing phase. On the first day, mice were placed in an evenly illuminated sound proof box with a Plexiglas box (25 cm × 25 cm × 25 cm). In the presence of two equal objects, each mouse was allowed to explore for 10 min freely. On the second day, one of the equal objects was replaced by a novel, unfamiliar object. Animals were placed back in the arena to freely explore for 10 min. During the whole trial, to eliminate olfactory cues, the arena and objects were cleaned thoroughly with 10% ethanol. Object exploration time was the time of a mouse was sniffing, directing and pawing the object. The time was recorded in a double-blinded manner. In the training phase, location preference means the time of a mouse exploring one object relative to the time of exploring two objects, and in the testing phase, recognition index means the time of a mouse exploring the novel object relative to the time of exploring two objects.

ELISA for Human Aβ and Western Blot Analysis

Aβ40 and Aβ42 in APP/PS1 mouse hippocampus and cortex were extracted as previously reported (Lazarov et al., 2005), for ELISA measurement of human Aβ40 and Aβ42, the frozen hippocampal and cortical tissue (400 mg) stored in −80°C were homogenized in 1 ml 2% SDS (dissolved in PBS), then centrifuged at 1,20,000 g for 60 min at room temperature. The supernatant was collected as the soluble fraction and quantified with human Aβ ELISA kits according to the users’ guidelines (ExCell Bio). Total Aβ levels in HEK293/APPswe cell culture medium were also quantified with ELISA.

Supernatant is also used for Western blot analyses. Proteins in supernatant were separated by SDS-PAGE, and transferred onto membrane. Proteins were labeled with β-actin (AB0035, Abways) and IL-1β rabbit polyclonal antibody (16806-1-AP, Proteintech) and the immunoreactive bands were detected by chemiluminescent detection (Bio-Rad) of peroxidase-conjugated antibody (M21002, Abmart). The intensity of each band was quantified by ImageJ and normalized to β-actin.

Immunohistochemistry and Image Analysis

After behavioral tests, the mice were anesthetized with chloral hydrate and transcardially perfused with phosphate-buffered saline (PBS) buffer and then with 4% paraformaldehyde (PFA) in PBS. The half brain tissue were serially sectioned at 30 μm thickness and stained using Thioflavin S (ThioS; Sigma) and anti-Aβ antibody 6E10 (Covance, SIG-39300) for amyloid plaques, a polyclonal rabbit antibody against GFAP (DAKO) for astrocytes, a mouse antibody against Iba1(WAKO) for microglia and anti-NeuN antibody for neurons.

According to previous studies (Galea et al., 2015; Krauthausen et al., 2015), GFAP-positive astrocytes within an 80 μm radius surrounding Aβ plaques were quantified in hippocampus and cortex. The proportion of GFAP-positive areas in cortex means the GFAP-positive areas in cortex relative to total areas of cortex, and the same in hippocampus.

All images of brain slices were captured using a confocal laser scanning microscope (Leica TCS SP8). Each section was captured by confocal microscopy in z stack, covered all layers of cells and all positive-staining cells were counted. For counting the NeuN+BrdU+ double-stained cells, the co-localization of different channels in each cell was carefully confirmed. Quantification was performed using ImageJ software and the percentage of antibody-positive area was calculated. Five to six sections were analyzed per mouse and all assessments were analyzed in a blinded manner.

Cell Culture and Treatment

HEK293 cells were purchased from ATCC. HEK293/APPswe cells were transfected, selected and maintained in our lab. BV2 cell lines were cultured and maintained in Dulbecco’s Minimal Essential Medium (DMEM), with 10% fetal bovine serum and 100 U/ml penicillin and 0.1 mg/ml streptomycin. HEK293/APPswe cells were cultured in MEM under the same condition. BV2 cells were treated with 0.3 μg/ml lipopolysaccharides (LPS; 055:B5, Sigma) and various concentrations of NDC for 6 h. HEK293/APPswe cells were treated with various concentrations of NDC for 24 h.

Quantitative Real-Time PCR

The analysis of mRNA expression was performed as previously reported (Cai et al., 2017), 3e4 BV2 cells per well were seeded into 96-well plates. After NDC treatment, total RNA was extract according to the instructions of TRI Reagent® (Sigma) and used NanoDrop 1000 Spectrophotometer (Thermo Scientific) to assess the RNA purity and integrity. TIANScript M-MLV kit (TIANGEN) was used to synthesis cDNA according to protocols, and rRNasin® (Recombinant rRNasin® Ribonuclease Inhibitor, Promega) was used in the synthesis. The expression level of mRNA was measured by quantitative Real-time PCR (qPCR) using the 2× HotStart SYBR Green qRT-PCR Master Mix kit from ExCell. The reaction parameters were: 95°C for 10 min; 95°C for 30 s, 40 cycles; 60°C for 30 s; 72°C for 30 s. An additional cycle was performed for evaluation of primer’s dissociation curve: 95°C for 1 min, 60°C for 30 s and 95°C for 30 s. Each cDNA sample was amplified in duplicates. Primer sequences are listed in Table 1.

TABLE 1. Primers used for qPCR.
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CellTiter-Glo Assay

Cell viability of NDC-treated HEK293/APPswe or BV2 cells was investigated with CellTiter-Glo luminescent Cell Viability Assay (Promega) according to the manufacturer’s instructions.

Statistical Analysis

All data are presented as mean ± SEM. Statistical analysis was performed with GraphPad Prism 6 Software (San Diego, CA, USA). Results were analyzed by two-tailed t-test to determine the statistical significance of treatment sets. For multiple comparisons, one-way ANOVA or two-way ANOVA were performed, followed by Bonferroni test. Differences were considered significant when p < 0.05.

RESULTS

NDC Ameliorates Learning and Memory Deficits in APP/PS1 Mice

To investigate the potential therapeutic of NDC for AD, we began the oral administration of NDC from 3- to 4-month-old APP/PS1 mice for 3 months. During drug administration, all treated animals’ body weight was recorded and there was no body weight loss or obvious adverse effects among groups (data not shown). After drug administration, the behavioral tests were performed to investigate the cognitive function of these mice. MWM was carried out to assess spatial learning and memory ability (Figure 1A). The latency to platform was analyzed using two-way ANOVA (F(2,114) = 18.65, p < 0.001). We found that compared with WT mice, APP/PS1 mice spent more time in locating the platform (p < 0.001), indicating it exhibited significant cognitive decline in learning, and there was no significant difference between NDC-treated mice and WT mice (p > 0.05), indicating that the cognitive function of spatial memory was significantly improved by treatment of NDC (Figure 1B). On day 7, probe trials were performed to assess the maintenance of spatial memory. Compared with WT mice, APP/PS1 vehicle mice crossed the platform position was less frequently (Figure 1C) and spent more time to reach position of missing platform. However, no significant difference in latency was observed between NDC-treated mice and WT mice (F(2,19) = 8.650, p < 0.005; Figure 1D).The time in quadrant was Two-way ANOVA revealed no significant effect for group (F(2,76) = 0.000097, p > 0.05), compared with WT mice, APP/PS1 mice spent less time in target quadrant (p = 0.0415; Figure 1E). Among three groups, there was no significant difference in velocity (F(2, 19) = 1.340, p > 0.05) or distance (F(2,19) = 1.334, p > 0.05) of swimming, suggesting that NDC treatment did not influence locomotor activity of mice (Figures 1F,G). These results suggest that administration of NDC ameliorates the spatial learning and memory of APP/PS1 mice.
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FIGURE 1. Naringin dihydrochalcone (NDC) ameliorates learning and memory deficits in APP/PS1 mice. (A) Experimental procedure for Morris water maze (MWM) analysis. (B) MWM test of wild type (WT) mice and vehicle- or NDC-treated APP/PS1 mice. (C) Representative track images of each group mice in day 7 probe trial test. (D) Latency to platform of each group mice in day 7 probe trial test. (E) Time spent of each group mice in the target quadrant in day 7 probe trial test. TQ, target quadrant; AR, adjacent right; OP, opposite; AL, adjacent left. (F) Swimming velocity of each group mice in probe trial. (G) Swimming distance of each group mice in probe trial. Data are presented as mean ± SEM, WT group n = 8, Veh group n = 7, NDC group n = 7, *p < 0.05, **p < 0.01, analyzed by two-way ANOVA (B,E) or one-way ANOVA (D,F,G) followed by Bonferroni test.



To further evaluate the learning and recognition memory of AD mice, we performed the NOR test (Figure 2A). In the training phase, there was no significant difference among groups, the preference scores were all about 50% in all groups (Figure 2B). In the testing phase, APP/PS1 vehicle mice spent less time to explore the novel object than WT mice, NDC-treated APP/PS1 mice spent much longer time to explore the novel object than APP/PS1 vehicle mice (F(2,22) = 5.412, p < 0.05), the recognition index of NDC-treated mice was similar with that of WT mice (Figure 2C), indicating that NDC-treatment efficiently improved memory retention of APP/PS1 mice.
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FIGURE 2. NDC improves memory retention in APP/PS1 mice. (A) Diagram of Novel object recognition (NOR) analysis. (B,C) Preference scores of training phase (B) and Recognition Index of testing phase (C) during a 10-min testing phase are shown, respectively. Data are presented as mean ± SEM, WT group n = 10, Veh group n = 7, NDC group n = 8. *p < 0.05, analyzed by one-way ANOVA followed by Bonferroni test.



NDC Alleviates Amyloid Plaque Burden and Aβ Levels in APP/PS1 Mice

The Aβ levels or deposits in the brain of APP/PS1 mice can be detected on 6 month. To explore the effects of NDC on Aβ levels and Aβ deposits, ThioS staining for amyloid plaques was performed on these fixed brain tissues (Figure 3A). Detailed statistical analysis showed that, ThioS-positive amyloid plaque areas were markedly reduced in the brains of NDC-treated APP/PS1 mice compared with that in the brains of vehicle-treated APP/PS1 mice (Figures 3B,C), and 6E10-positive amyloid plaque areas were also significantly reduced (Supplementary Figure S1), indicating that NDC treatment alleviates the deposition of amyloid plaques.
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FIGURE 3. NDC alleviates amyloid plaque burden and Aβ levels in APP/PS1 mice. (A) Representative half brain sections of vehicle- or NDC-treated APP/PS1 mice brain stained with ThioS and DAPI in cortex and hippocampus are shown. Scale bar = 200 μm. (B,C) Quantitative analysis of the of ThioS-positive amyloid plaques covered area in cortex (B) and hippocampus (C). (D,E) ELISA of soluble Aβ40 and Aβ42 levels in cortical tissues of APP/PS1 mice. (F,G) ELISA of soluble Aβ40 and Aβ42 levels in hippocampal tissues of APP/PS1 mice. Data are presented as mean ± SEM. ThioS: Veh group n = 5, NDC group n = 5; ELISA: Veh group n = 6, NDC group n = 6. *p < 0.05, analyzed by two-tailed t test compared with APP/PS1 vehicle group.



Simultaneously, we performed ELISA assay to quantify Aβ levels in the cortex and hippocampus of these mice. Results showed that the Aβ levels were high in cortex and hippocampus of APP/PS1 transgenic mice. NDC treatment significantly reduced SDS-soluble Aβ40 and Aβ42 levels in cortex (Figures 3D,E). In hippocampus, the level of SDS-soluble Aβ40 was also reduced significantly (Figure 3F), but there is no significant differences between the hippocampus Aβ42 level in NDC-treated and vehicle-treated mice (Figure 3G). These results suggest that NDC reduced Aβ levels in APP/PS1 mice brain.

To identify whether NDC could reduce Aβ level in vitro, we treated HEK293/APPswe cells with various concentrations of NDC. The culture medium was collected to evaluate total Aβ level using ELISA assay and the cell were used to evaluate cell viability. Compared to the vehicle treatment, NDC significantly reduced the total extracellular Aβ level (F(6,28) = 5.459, p < 0.001; Figure 4A). The viability of cells was not declined after 24 h treatment as revealed by the CellTiter-Glo assay (F(6,14) = 0.3613, p > 0.05; Figure 4B). These results suggest that NDC can reduce Aβ generation in an AD cell model.


[image: image]

FIGURE 4. NDC reduces Aβ level in HEK293/APPswe cells. (A) The total Aβ level in HEK293/APPswe culture medium. (B) Cell viability of HEK293/APPswe cells after treatment with NDC for 24 h. Data are presented as mean ± SEM, n = 3 independent experiments, **p < 0.01, ***p < 0.005, analyzed by one-way ANOVA (A,B) followed by Bonferroni test.



NDC Attenuates Neuroinflammation in APP/PS1 Mice

Abnormal neuroinflammation, including activated astrocytes and microglia, is a typical hallmark of neurodegenerative disease, and amyloid plaques are surrounded by activated microglia and astrocytes in the brains of AD patients (McGeer and McGeer, 2003). To investigate its possible anti-inflammatory effects of NDC in APP/PS1 mice, we stained brain sections with polyclonal antibodies against Iba1 and GFAP, which are indications of active microglia and astrocytes, respectively. As previously reported (Hou et al., 2014), we observed that amyloid plaques were surrounded by GFAP-positive astrocytes and Iba1-positive microglia. Compared with vehicle-treated APP/PS1 mice, we found that NDC-treated APP/PS1 mice showed lower GFAP-positive area and Iba1-positive area in cortex and hippocampus (Figures 5A,D). Further statistical analysis demonstrated that compared with the vehicle-treated APP/PS1 mice, the proportion of GFAP-positive areas surrounding Aβ in the cortex and hippocampus of NDC-treated APP/PS1 mice were reduced (Figures 5B,C). Similarly, we found the proportion of Iba1-positive microglia areas surrounding Aβ also decreased in the cortex and hippocampus (Figures 5E,F). These results demonstrate that NDC treatment could significantly reduce the area fraction of activated microglia and astrocytes in APP/PS1 Mice.
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FIGURE 5. NDC reduces periplaque activated microglia and astrocytes in APP/PS1 mice. (A) Representative sections of vehicle- and NDC-treated APP/PS1 mice brain immunostained with ThioS and GFAP in cortex and hippocampus are shown. Scale bar = 200 μm. (B,C) Quantitative analysis of ThioS and GFAP double staining in cortex (B) and hippocampus (C). (D) Representative sections of vehicle- and NDC-treated APP/PS1 mice brain immunostained with ThioS and microglial makers Iba1 in cortex and hippocampus are shown. Scale bar = 200 μm. (E,F) Quantitative analysis of ThioS and Iba1 double staining in cortex (E) and hippocampus. (F) Data are presented as mean ± SEM, n = 5 per group, *p < 0.05, analyzed by two-tailed t-test compared with APP/PS1 vehicle group.



We then investigated the effect of NDC on the LPS-induced microglia activation. The BV2 cells were incubated with various concentrations of NDC in the presence of LPS (0.3 ug/mL) for 6 h. qPCR results demonstrated that NDC inhibited LPS-induced proinflammatory cytokines, interleukin 1 beta (IL-1β; F(6,24) = 13.04, p < 0.001), Interleukin 6 (IL-6; F(6,32) = 6.350, p < 0.001), and tumor necrosis factor alpha (TNF-α) expression (F(6,23) = 4.825, p < 0.01; Figures 6A–C). These cytokines were effectively reduced mainly by NDC at 300 μM. In addition, NDC slightly up-regulated the expression of anti-inflammatory cytokine transforming growth factor beta (TGF-β) in the presence of LPS (Figure 6D), and NDC had no obvious cytotoxicity to BV2 cells as assessed by the CellTiter-Glo assay (Figure 6E). Furthermore, Western blot results suggested that NDC also reduced IL-1β level in AD mouse brain (Supplementary Figure S2). Thus, our results indicate that NDC inhibited the expression of proinflammatory cytokines and promoted the expression of anti-inflammatory cytokines.
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FIGURE 6. NDC reduces levels of inflammation cytokines in BV2 cells. (A–D) Quantitative PCR (qPCR) quantification of proinflammatory cytokines IL-1β (A), TNF-α (B), IL-6 (C) and one anti-inflammatory cytokine, TGF-β (D). (E) Cell viability of BV2 cells after 6 h NDC treatment. Data are presented as mean ± SEM, n = 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.005, analyzed by one-way ANOVA followed by Bonferroni test revealed difference between NDC- and lipopolysaccharides (LPS)-treated condition (A–D), as well as difference between control and NDC-treated condition (E).



NDC Enhances Neurogenesis in APP/PS1 Mice

In AD patients and animal models, abnormal neurogenesis is related to cognitive decline. We investigated whether NDC could affect neurogenesis in APP/PS1 mice with the improvement in cognition. APP/PS1 mice were intraperitoneally injected with bromodeoxyuridine (BrdU) for 7 days and then euthanized after behavioral tests. Brain sections were stained with BrdU/NeuN (Figure 7A). Compared with vehicle-treated APP/PS1 mice, the number of BrdU/NeuN double-positive cells in the hippocampus of NDC-treatment APP/PS1 mice was increased significantly (Figure 7B). However, the proportion of BrdU/NeuN double-positive cells in the BrdU-positive cells was not altered among two groups after NDC treatment (Figure 7C). These results indicated that NDC treatment promotes neurogenesis in APP/PS1 transgenic mice.
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FIGURE 7. NDC enhances neurogenesis in APP/PS1 mice. (A) NeuN (green) and BrdU (red) staining in dentate gyrus (DG) of brain sections from mice treated with vehicle (A) and NDC (B). (B) Quantification of BrdU+ NeuN+ cells in the brain sections of vehicle- and NDC-treated mice. (C) Proportion of BrdU+ NeuN+ cells in all BrdU+ cells. Data are presented as mean ± SEM, Veh group n = 7, NDC group: n = 8, **p < 0.01, analyzed by two-tailed t-test (B,C) compared with APP/PS1 vehicle group. Scale bars in (A), 100 μm; insets, 20 μm.



DISCUSSION

In this study, NDC significantly ameliorated cognitive impairment and neuropathology in transgenic AD mice through reducing amyloid plaque burden and Aβ levels, suppressing neuroinflammation and promoting neurogenesis, which is in line with previous findings on other natural compounds, such as curcumin and Naoling decoction (Ono et al., 2002; Hamaguchi et al., 2006, 2010; Hatcher et al., 2008; Xia et al., 2017). Taken together, these studies suggest that natural compounds such as NDC could achieve multi-target directed therapy in the treatment of AD.

In current AD drug research, many targets or strategies are considered, such as preventing Aβ accumulation or tau phosphorylation, inhibition of secretase activity that directly modulates Aβ generation, OS, neuroinflammation, as well as mitochondrial damage (Tundis et al., 2018). On the basis of these targets and processes, most therapeutic strategies for AD focus on Aβ and phosphorylated tau levels and OS (Selkoe, 2001; Dysken et al., 2014a). However, it has been observed that drugs directed to a single target with high specificity often lacked clinical efficacy on AD, highlighting the complexity of this disorder (León et al., 2013). Notably, antioxidants such as rutin, resveratrol and vitamin E have been reported to exert beneficial effects on the treatment of AD (Zuo et al., 2015). Interestingly, in addition to its antioxidant effect, vitamin E can also reduce Aβ levels and amyloid deposition in the brain of transgenic AD mice (Sung et al., 2004). It also suppresses inflammatory responses (reduction of GFAP, IL-1β) and decreases tau pathology (Nakashima et al., 2004; Yao et al., 2004). Clinical trials further showed that vitamin E has protective effects in patients with mild to moderate AD and the cognitive performance of patients was changed significantly (Dysken et al., 2014b). In our study, NDC exhibited beneficial effects on Aβ, NDC reduced Aβ levels and alleviated the deposition of amyloid plaques in AD mice similar with vitamin E. Neurogenesis is an essential process to maintain hippocampus-dependent cognitive abilities (Deng et al., 2010), and the impaired neurogenesis is involved in the progression of AD (Martinez-Canabal, 2014). Here, NDC also enhanced neurogenesis in transgenic mice model. All these suggest that the beneficial effects of NDC may not only due to its antioxidant activity but also possess other activities.

In previous studies, the relationship between neuroinflammation and Aβ is complicated. On the one hand cerebral inflammation could increase Aβ production (Iadecola, 2003; Walker and Lue, 2007), and on the other hand aggregated Aβ peptide could activate microglia to a proinflammatory state (Walker and Lue, 2005, 2007). In our study, NDC not only reduced the activated microglia and astrocytes but also reduced Aβ plaques in AD mice brain. It has been reported that NDC possesses anti-inflammatory properties as an antioxidant (Nakamura et al., 2003). Therefore we guess that in our study NDC may suppress the neuroinflammation, which further leads to the decrease of Aβ production. What’s more, we also found that NDC treatment reduced production of inflammatory cytokines in BV2 cells, which further suggests NDC may affect microglia directly. To prove this hypothesis, more in vitro assays including treatment of NDC and Aβ in primary microglia culture should be carried out.

In summary, the current study first demonstrates the protective effects of NDC on AD pathology by targeting multiple processes in an AD mouse model, which suggests that NDC may serve as a promising therapeutic agent for AD.
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Permanent bilateral common carotid occlusion (2VO) is well-established to investigate the chronic cerebral hypoperfusion (CCH)-induced cognitive deficits. Besides, previous studies suggested that disturbance of Neuregulin1 (NRG1)/ErbB4 signaling is associated with cognitive impairments, as well as neuronal apoptosis and neuroinflammation in CNS. However, the expression pattern of hippocampal NRG1/ErbB4 has not been systematically investigated during CCH. Here, we aim to investigate the temporal changes of hippocampal NRG1/ErbB4 during CCH and their possible relationship with neuronal apoptosis and glial activation. Morris water maze (MWM) and Radial arm water maze (RAWM) tests were used to analyze cognitive impairment in 2VO rats at 28 days post-surgery, and Enzyme-Linked Immunosorbent Assay (ELISA), western blotting and immunostaining were performed at different time points (24 h, 7 days, 14 days, 28 days) to detect the expression pattern of NRG1/ErbB4 and the distribution of ErbB4. Neuronal nuclei (NeuN), NeuN/TUNEL, Iba1 and GFAP immunostaining and caspase activity in hippocampal CA1 subarea were assessed during CCH as well. We found that the expression of NRG1 and phosphorylated ErbB4 (pErbB4)/ErbB4 changed in a time-dependent manner (up-regulated in the acute phase and then decreased in the chronic phase of CCH). Besides, ErbB4-expressed neurons and selective types of GABAergic cells decreased after CCH, but the distribution pattern of ErbB4 remained unchanged. In addition, the expression of hippocampal NRG1/ErbB4 positively correlated with the level of neuronal apoptosis (both NeuN/TUNEL immunostaining and caspase-3 activity), but not with glial activation according to Pearson’s correlation. These findings indicated that hippocampal NRG1/ErbB4 may be involved in the pathogenesis of CCH, especially neuronal apoptosis during CCH.
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INTRODUCTION

Chronic cerebral hypoperfusion (CCH) may cause dramatic cognitive decline and neurodegenerative changes that are closely associated with Alzheimer’s disease and vascular dementia (Farkas et al., 2007; Zhao and Gong, 2015), but the underlying mechanisms are poorly understood so far. It is known that hippocampal neuronal death and glial activation contribute to cognitive decline (Farkas et al., 2007; Du et al., 2017) in the permanent bilateral common carotid artery occlusion (2VO) rats (a well-established animal model for CCH). More specifically, neuronal apoptosis and glial activation were found to be directly correlated with CCH-induced cognitive deficits (Xi et al., 2014). Bennett et al. (1998) previously reported selectively increased level of neuronal apoptosis in CA1 subarea during CCH, and a number of studies have further demonstrated that neuroprotection in CA1 region could improve cognitive ability in 2VO rats (Anastacio et al., 2014; Kwon et al., 2015; Liu et al., 2015). Besides, activated microglia and astrocytes take an essential role in neuroinflammation by producing inflammatory chemokines and cytokines (such as IL-1β, IL-6 and TNF-α) (Cechetti et al., 2012; Yang et al., 2014; Du et al., 2017), which may further accelerate the disease progression. These findings suggest the key role of both hippocampal neuronal apoptosis and glial activation in CCH.

Neuregulin1 (NRG1) is a growth factor that contains the epidermal growth factor (EGF)-like domain (Wu et al., 2015). Mature NRG1 is largely diffusible and exerts its effects via tyrosine kinase receptors like ErbB4, which can bind NRG1 and activate downstream signaling (Mei and Xiong, 2008; Guan et al., 2015). NRG1/ErbB4 signaling has been heavily implicated in neuronal migration, synaptic plasticity (Mei and Xiong, 2008), etc. Besides, recent studies have suggested NRG1/ErbB4 signaling may be also involved in cognitive processes, neuronal protection and anti-inflammatory actions (Li et al., 2014; Lu et al., 2016; Tian et al., 2016). With regard to cognitive processes, endogenous hippocampal ErbB4 receptors in Parvalbumin (PV) interneurons were found to mediate NRG1’s action in long-term potentiation (LTP), which is essential for cognitive process (Chen et al., 2010). Furthermore, a number of studies have suggested that NRG1 administration can ameliorate cognitive impairments in cerebral ischemia and neurodegenerative diseases (Rong et al., 2015; Ryu et al., 2016). On the other hand, emerging evidence has demonstrated that NRG1 can effectively protect neurons directly (attenuate neuronal apoptosis) and indirectly (preserve blood-brain barrier integrity and reduce glial activation) (Simmons et al., 2016; Gao et al., 2017). However, all these beneficial effects of NRG1 could be abolished by ErbB4 inhibition (Tan et al., 2011; Guan et al., 2015; Zhang et al., 2017), indicating the role of ErbB4 in NRG1’s actions. Taken together, the expression of hippocampal NRG1/ErbB4 signaling may be associated with cognitive ability, neuroprotection and glial activation in CCH. But the expression of hippocampal NRG1/ErbB4 in CCH has not been systematically investigated so far, as well as their possible relationship with neuropathological changes during CCH.

Therefore, the present study aimed to investigate the temporal changes of NRG1/ErbB4 expression in hippocampus (especially CA1 region) and their possible relationship with neuronal apoptosis and glial activation in a rat model of CCH.

MATERIALS AND METHODS

Animals and 2VO Model

All male Sprague-Dawley rats (230–250 g) were purchased from the Experimental Animal Center of the Fourth Military Medical University. Rats were housed in groups under controlled conditions (12-h light/dark cycle; 22–24°C) with free access to food and water. All experiments were approved by the Ethics Committee of the Fourth Military Medical University and followed the guidelines for the Care and Use of Laboratory Animals of the National Institute of Health (Publication No. 85–23, revised 1996). 2VO was used here. Food and water were withheld for 1 day prior to surgery. Rats were anesthetized with 10% chloral hydrate (300 mg/kg, i.p.). The bilateral common carotid arteries and vagal nerves were gently exposed and separated. Each artery was permanently ligated with silk suture. Then the wound caused by midline ventral incision was carefully sutured and closed. A total of 140 rats underwent the 2VO surgery and 44 of them died within the first 3 days. Rats that underwent a sham operation were treated similarly, but the common carotid arteries were not ligated.

Behavioral Assessment

Rats (sham group: n = 6; 2VO group: n = 6) underwent Morris water maze (MWM) tests at 28 days post-operation. The procedure has been described previously (Long et al., 2015). Briefly, the black circular tank was divided into four quadrants (I, II, III and IV) and the platform (1 cm below the water surface) was located in the center of quadrant IV for the hidden platform tasks, during which the rats were released from a randomized quadrant to search for the platform within 60 s. Rats would be gently guided to the platform and took a rest for 10 s if they failed to find it. The escape latency and swimming speed were collected during the five training days for hidden platform tasks. Then we removed the platform and performed the 1-day probe trial. The animals were allowed to swim freely for 60 s in the pool, during which the percentage of time spent in the target and the number of platform crossings were recorded. Apart from this, we also conducted radial arm water maze (RAWM) as described previously (Murray et al., 2011; Penley et al., 2013). This RAWM test is specialized to evaluate the hippocampal-dependent spatial memory ability, and it is a modified version of the traditional land-based tests. There are eight equally sized arms (numbered I to VIII) radiated from a central area (50 cm in diameter) and extra-maze cues are set around the room. As previously described (Murray et al., 2011), the escape platforms were placed at the ends of four arms (I, III, V, VII), and animals were released from the starting arm (II) to find the hidden platform within 120 s. The cumulative data of working and reference memory errors over the 5 days were collected (four trials per day).

Enzyme-Linked Immunosorbent Assay (ELISA)

Since mature NRG1 is largely diffusible (Mei and Xiong, 2008), the concentration of NRG1 in the hippocampus was evaluated by ELISA at different time points (24 days, 7 days, 14 days, 28 days) during CCH as described in previous studies (Li et al., 2014; Gao et al., 2017). Briefly, the tissue of bilateral hippocampal CA1 from rats (sham group: n = 6; 2VO group: n = 6 per time point) was carefully isolated under microscope. Afterwards, the tissue was homogenized (using ice-cold water) and centrifuged (12,000 rpm for 5 min) to get the supernatant. The concentration of NRG1 was analyzed using ELISA kit following the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). We also tested the concentration of EGF using the specific Human EGF ELISA kit (Abcam, Burlingame, CA, USA) at the same time during CCH, which was described previously (David et al., 2014).

Western Blotting

In order to detect the dynamic changes of ErbB4 expression in the hippocampal subareas during CCH, rats (sham group: n = 6; 2VO group: n = 6 per time point) were sacrificed for western blotting analysis at different time points (24 days, 7 days, 14 days, 28 days). The proteins were extracted from the tissue using the BioRad protein assay kit (Hercules, Wilmington, DE, USA). The normalized protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel, and then transferred to nitrocellulose membranes (Whatman, Germany). The membranes were blocked using 5% skim milk in TBST at room temperature for 1.5 h and incubated with anti-β-actin (Cell Signaling Technology, Danvers, MA, USA), anti-phosphorylated ErbB4 (pErbB4) (Abcam, Burlingame, CA, USA) and anti-ErbB4, anti- phosphorylated ErbB1 (pErbB1) and anti-ErbB1 (Cell Signaling Technology, Danvers, MA, USA) antibodies overnight at 4°C. After incubation at room temperature for 1 h, the membranes were thoroughly washed and incubated with peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h. Finally, the labeled proteins were visualized with chemiluminescence (SuperSignal West Pico, Pierce), and the quantification of pErbB4, ErbB4 expression on X-ray films was analyzed using Quantity One 4.5.2 software. The value for the sham group was defined as 100%.

Immunostaining and Cell Counting

Rats (sham group: n = 6; 2VO group: n = 6 per time point) were anesthetized with 300 mg/kg chloral hydrate intraperitoneally and perfused using 4% paraformaldehyde. The rat brains were then removed, and routinely dehydrated, embedded in paraffin and cut into 2 μm sections. The sections were incubated overnight with rabbit-anti ErbB4 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse anti-ErbB4 (1:50, Abcam, CA, USA), and mouse antibodies of neuronal nuclei (NeuN; 1:200), GFAP (1:200), GABA (1:50), GAD67 (1:100), PV(1:50), Somatostatin (SOM) (1:50; Abcam, CA, USA), or rabbit anti-Iba1 (1:100, Abcam, CA, USA), and then detected with secondary antibodies (goat anti-rabbit Alexa Fluor 488-conjugated and goat anti-mouse Alexa Fluor 594-conjugated) (Invitrogen, Carlsbad, CA, USA) (room temperature for 3 h followed by 0.0001% DAPI (Beyotime, China) staining) to see the distribution and location of ErbB4 receptors. The co-expression of ErbB4 and other markers in the hippocampus (including stratum oriens (SO), pyramidale (SP) and radiatum (SR) according to Paxinos and Watson (2005) was determined by counting the cells that clearly represented with DAPI staining. The images were captured using a confocal microscope (Olympus, Japan; magnification, 200×). Data obtained from at least 10 sections for each rat by three investigators were averaged to get a single estimate for each animal.

TUNEL Assay

To further determine the co-localization of apoptotic cells and neurons in the hippocampus, immunofluorescent double staining of TUNEL/NeuN was performed. Briefly, the brain sections were prepared as above. Sections were incubated in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 min on ice, and then incubated with TUNEL reaction mixture (In Situ Cell Death Detection Kit (Roche, Germany)) in a humid chamber at 37°C for 60 min. Afterwards, the sections were incubated with mouse anti-NeuN (Abcam, CA, USA) overnight at 4°C and then mounted with DAPI (Beyotime, China) for 5 min in the dark. All the double-labeled cells (NeuN/TUNEL) were carefully counted by three investigators to analyze the neuronal apoptosis in the hippocampal CA1 subarea during CCH.

Caspase Activity

Caspase-3, -8 and -9 activity was measured by colorimetric assay kits (EMD Millipore, Billerica, MA, USA) according to the manufactures’ protocol. In brief, the hippocampal CA1 tissue was carefully isolated from the rat brain (sham group: n = 6; 2VO group: n = 6 per time point) under microscope and homogenized with 1 ml ice-cold lysis buffer supplied with the kit. After centrifugation (10,000 rpm for 15 min) and assessment of protein concentration, the samples were assayed for caspase activity based on the detection of the chromophore p-nitroaniline (pNA) after cleavage from the labeled substrates (Ercan et al., 2015). The cleavage of synthetic caspase-3, -8 and -9 were spectrophotometrically detected at 405 nm in a microplate reader. The value for the sham group was defined as 1 and the ratio of optical density (OD) was finally used in the present study to show the caspase activity at different time points during CCH.

Statistical Analysis

SPSS 19.0.0 was used for statistical analysis of the data. Data were presented as the mean ± SEM. Repeated measures were used to analyze time latency and swimming speed in MWM tests, and comparisons in the individual day were analyzed by Student’s t-test, which was also used to analyze results from time spent in the target quadrant and the number of target crossings. Other multiple comparisons were analyzed using one-way ANOVA followed by post hoc Bonferroni’s test. Values of P < 0.05 were considered to be statistically significant.

RESULTS

Cognitive Deficits and Neuronal Loss in 2VO Rats

Behavioral assessments were performed on day 28 after surgery. For MWM tests (Figures 1A–D), the 2VO group showed obvious longer time latencies in comparison to the sham group (training day 2: P = 0.0001 < 0.001; training day 3: P < 0.0001; training day 4: P < 0.0001; training day 5: P < 0.0001). Besides, the percentage of time (PT (%)) and the number of platform crossings in the 2VO group increased significantly compared to the sham group (PT (%): P = 0.0035 < 0.01; platform crossings: P = 0.0001 < 0.001). No significant difference was found in the swimming speed between the two groups. For RAWM tests (Figures 1E,F), 2VO group showed remarkably increased numbers of working memory errors (P < 0.0001) and reference memory errors (P = 0.0082 < 0.01) compared to the sham group. In addition, we further performed NeuN immunostaining to see the neuronal loss in the hippocampal CA1 subarea at different time points during CCH (Figures 2A,B). Although no significant difference was found between the sham group and 2VO group at 7 days (P > 0.05), reduced NeuN-positive cells were clearly observed at 14 days (P = 0.0338 < 0.05) and 28 days (P = 0.0026 < 0.01).
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FIGURE 1. Decreased spatial learning and memory abilities in permanent bilateral common carotid occlusion (2VO) rats. (A) The escape latency in the hidden platform task. (B) The number of platform crossings in the single probe task. (C) Percentage of time spent in the target quadrant during the single probe task. (D) The swimming speed. (E) The cumulative data of working memory errors in Radial arm water maze (RAWM). (F) The cumulative data of reference memory errors in RAWM. Working memory errors defined as re-entries into arms which had previously been explored. Reference memory errors scored as first entries into arms not containing the platform. Data are expressed as mean ± SEM. n = 6 for each group. The changes in escape latency and swimming speed were first evaluated using repeated measures, then comparisons between the two groups were analyzed using Student’s t-test, which is also used for others. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham group.
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FIGURE 2. Neuronal loss in the hippocampal CA1 subarea at different time points during Chronic Cerebral Hypoperfusion (CCH). (A) Neuronal nuclei (NeuN) immunostaining in the sham group and in the 2VO group (24 h, 7 days, 14 days, 28 days). Horizontal bar = 50 μm. (B) The quantification of NeuN-positive cells. Data are expressed as mean ± SEM. n = 6 for each group. Multiple comparisons were evaluated using one-way ANOVA. Individual comparisons were analyzed by post hoc Bonferroni’s test. *p < 0.05, **p < 0.01 vs. sham group.



The Expression of Hippocampal CA1 NRG1/ErbB4 During CCH

In order to determine the spatial and temporal changes of hippocampal NRG1/ErbB4 during CCH, ELISA, western blotting and immunofluorescence were conducted at different time points (Figure 3). ELISA results showed that the concentration of NRG1 in the 2VO group significantly improved at 24 h in 2VO rats in comparison to the sham group (P = 0.0173 < 0.05), and then gradually decreased from day 7 to day 28 (P = 0.0141 < 0.05 for 14 days; P = 0.0043 < 0.01 for 28 days). For western blotting, similarly, the relative protein levels of pErbB4/ErbB4 in the 2VO group increased at 24 h (P = 0.0002 < 0.001) and 7 days (P = 0.0381 < 0.05) compared to that of the sham group, and gradually reduced later (P = 0.0130 < 0.05 at 28 days). Meanwhile, the population of ErbB4-positive cells in the hippocampal CA1 subarea in the 2VO group remarkably increased at 24 h compared to the sham group (P = 0.0056 < 0.01), and then significantly reduced on day 28 (P = 0.0393 < 0.05) in comparison to the sham group. However, no significant difference was found in regard to CA3 and DG.
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FIGURE 3. Dynamic changes of NRG1 and pErbB4/ErbB4 in hippocampal CA1 subarea at different time points during CCH. (A) The concentration of NRG1 detected by Enzyme-Linked Immunosorbent Assay (ELISA). (B) Relative protein expression and the quantification of pErbB4/ErbB4. Densities were normalized to β-actin and the value for the sham group was defined as 100%. (C) Representative images of ErbB4-immunostaining in the hippocampal subareas. Horizontal bar = 50 μm. (D) Quantification of ErbB4-positive cells. The data are expressed as mean ± SEM. For ELISA, western blotting and immunostaining, n = 6 for each group. Multiple comparisons were evaluated using one-way ANOVA. Individual comparisons were analyzed by post hoc Bonferroni’s test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham group.



The Distribution of ErbB4 in Hippocampal CA1 Subarea in 2VO Rats

First, we investigated the co-expression of ErbB4 and the main cell-types in the brain including neurons, microglia and astrocytes on day 28 (Figure 4). Double-immunofluorescence revealed that ErbB4 was largely expressed in the NeuN-positive cells, but rarely in Iba1 and GFAP-positive cells, indicating that the ErbB4 expression was mainly located in neurons. To further determine the distribution of ErbB4 in GABAergic cell types, GABA, GAD67, PV and SOM antibodies were used here (Figure 5). As expected, ErbB4 is largely expressed in the GAD67 and PV-positive cells, but rarely expressed in SOM-positive cells in the hippocampal CA1 subarea. In addition, the difference of expression patterns between the sham group and the 2VO group was analyzed using Student’s t-test (Figure 6A) and no significant difference was found between the two groups, indicating that the co-expression pattern of ErbB4 remained unchanged during CCH. Furthermore, ErbB4 expressed neurons (P = 0.0411 < 0.05) and GABAergic cells (P = 0.0091 < 0.01 for GABA; P = 0.0071 < 0.01 for GAD67; P = 0.0233 < 0.05 for PV) in the 2VO group significantly reduced at 28 days compared to the sham group (Figure 6B), which may contribute to the decreased expression of hippocampal ErbB4 in 2VO rats.


[image: image]

FIGURE 4. The co-localization of ErbB4 with neurons, microglia and astrocytes at 28 days. The representative images in the sham group are listed in the left four columns (A,C,E) and the images in the 2VO group are listed in the right (B,D,F). Horizontal bar = 50 μm. Note that ErbB4 is mainly expressed in NeuN-positive cells.
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FIGURE 5. The co-localization of ErbB4 with GABAergic cells (GABA, GAD67, Parvalbumin (PV) and Somatostatin (SOM)) at 28 days. The representative images in the sham group are listed in the left four columns (A,C,E,G) and the images in the 2VO group are listed in the right (B,D,F,H). Horizontal bar = 50 μm. Note that ErbB4 is expressed in GABA, GAD67 and PV-positive cells, but not in SOM-positive cells.
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FIGURE 6. The distribution pattern of ErbB4 in the hippocampal CA1 subarea after CCH. (A) Comparison of the co-expression pattern of ErbB4 between the sham group and the 2VO group at 28 days. No significant difference was found between the two groups. (B) The quantification of ErbB4-expressed cell loss (NeuN, GABA, GAD67, PV) at 28 days. The value for the sham group was defined as 100%. Data are expressed as mean ± SEM. Comparisons in the two groups (n = 6 for each group) were analyzed by Student’s t-test. *p < 0.05, **p < 0.01 vs. sham group.



The Expression of NRG1/ErbB4 Directly Correlated With Neuronal Apoptosis, But Not With Glial Activation During CCH

We analyzed the dynamic changes of NeuN/TUNEL, Iba1 and GFAP-positive cells at different time points (Figure 7). The level of NeuN/TUNEL positive cells significantly increased and peaked at 24 h (P < 0.0001 vs. sham group), and then remained high after that (P < 0.0001 for 7 days; P = 0.0002 < 0.001 for 14 days; P = 0.0006 < 0.001 for 28 days). For glial activation, similarly, the positive cells dramatically increased and peaked at 24 h in the 2VO group (Iba1: P < 0.0001 vs. sham group; GFAP: P < 0.0001 vs. sham group), and then remained at a relatively high level (Iba1: P < 0.0001 for 7 days and 28 days, P = 0.0014 < 0.01 for 14 days; GFAP: P < 0.0001 for 7 days, P = 0.0068 < 0.01 for 14 days).
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FIGURE 7. The dynamic changes of neuronal apoptosis and glial activation during CCH. (A–F) Representative images of ErbB4/TUNEL, NeuN/TUNEL, Iba1 and GFAP-positive cells in the sham group (left) and 2VO group (right) at 28 days. Horizontal bar = 50 μm. (G–I) The quantification of NeuN/TUNEL, Iba1 and GFAP-positive cells at different time points. The data are expressed as mean ± SEM. n = 6 for each group. Multiple comparisons were evaluated using one-way ANOVA. Individual comparisons were analyzed by post hoc Bonferroni’s test. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham group.



Pearson’s correlation was used here to detect the possible relationship between the expression of hippocampal CA1 NRG1/ErbB4 and neuronal apoptosis and glial activation. The concentration of NRG1 and the numbers of immunostained cells in the hippocampal CA1 subarea counted at different time points (24 h, 7 days, 14 days, 28 days) were analyzed (Table 1). Interestingly, both the concentration of NRG1 and the number of ErbB4 immunostained cells were positively correlated with TUNEL-positive cells (NRG1: r = 0.869, P < 0.05; ErbB4: r = 0.859, P < 0.05), but no significant results were found in regard to Iba1 or GFAP (P > 0.05).

TABLE 1. The concentration of Neuregulin1 (NRG1) (detected by Enzyme-Linked Immunosorbent Assay (ELISA)) and the number of immunostained cells (hippocampal CA1 subarea) during chronic cerebral hypoperfusion (CCH).
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Since positive correlation exists between the NRG1/ErbB4 expression and TUNEL/NeuN positive cell counts, we further performed caspase activity assay to validate the role of NRG1/ErbB4 in hippocampal apoptosis (Figure 8). And we found the caspase-3, -8 and -9 activities peaked at 24 h post-operation (P < 0.001) compared to the sham group and gradually decreased after that. The temporal profile of caspase activation seemed to coincide with the expression of NRG1/ErbB4 and Pearson’s correlation further revealed that caspase-3 activity positively correlated with the levels of NRG1 (r = 0.671, P < 0.05).
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FIGURE 8. Caspase activity in the hippocampal CA1 subarea at different time points during CCH. (A) The quantification of caspase-3 activity. (B) The quantification of caspase-8 activity. (C) The quantification of caspase-9 activity. Data are expressed as mean ± SEM. n = 6 for each group. The values in the sham group was defined as 100%. Multiple comparisons were evaluated using one-way ANOVA. Individual comparisons were analyzed by post hoc Bonferroni’s test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham group.



DISCUSSION

Numerous studies have demonstrated the neuroprotective and anti-inflammatory effects of NRG1, and even reported improved cognitive function after NRG1 administration (Guan et al., 2015; Lu et al., 2016). And in the present study, we explored the expression pattern of hippocampal NRG1/ErbB4 during CCH and its possible relationship with neuronal apoptosis and glial activation. We found that: (1) the expression of NRG1 and pErbB4/ErbB4 peaked in the acute phase and then decreased in the chronic phase of CCH; (2) ErbB4 expressed neurons and selective types of GABAergic cells decreased after CCH, but the distribution pattern of ErbB4 remained unchanged; and (3) the expression of hippocampal NRG1/ErbB4 positively correlated with the degree of neuronal apoptosis (both NeuN/TUNEL immunostaining and caspase-3 activity), but not with glial activation according to Pearson’s correlation.

To begin with, thorough analysis of the expression pattern of NRG1/ErbB4 in the hippocampal CA1 subarea is crucial for us to explore their possible involvement in the pathogenesis of CCH. According to the previous studies, the expression of NRG1 and ErbB4 receptors significantly increased in the acute phase in cerebral ischemia (24 h after surgery) and in traumatic brain injury (Erlich et al., 2000; Tokita et al., 2001). Meanwhile, a number of studies have also reported down-regulated expression of NRG1/ErbB4 signaling in sepsis-associated encephalopathy (SAE) 20 days after model establishment (Gao et al., 2017). In agreement of these studies, here we found that hippocampal CA1 NRG1 and pErbB4/ErbB4 expression changed in a time-dependent manner during CCH. Lu et al. (2016) recently reported the decreased expression of membrane ErbB4 receptors in neurons in cerebral ischemia, suggesting that recruitment or translocation of ErbB4 stimulated by NRG1 treatment is disrupted (Ma et al., 2003). Therefore, the specific location of ErbB4 should be noted too.

It is known that EGF and NRG1’s actions on GABAergic neurons are inconsistent among the ErbB ligands (Namba et al., 2006; Nagano et al., 2007). More specifically, exogenous EGF administration can reduce the expression of GAD67 and PV in neocortical cultures (Nawa et al., 2014), while NRG1/ErbB4 signaling seems to improve the development of GABAergic cells. We further analyzed the hippocampal expression of EGF and ErbB1 using ELISA and western blotting respectively (see details in the Supplementary Figure S1) and observed the up-regulation of EGF and ErbB1 expression during CCH, which is consistent with the previous research (Ashok et al., 2016). In view of the opposite changes of NRG1/ErbB4 and EGF/ErbB1, the expression of hippocampal NRG1/ErbB4 seems to be more directly linked with cognitive deficits in CCH. By the way, since the protein levels of NRG1 and ErbB4 in the hippocampus changed after 2VO surgery in our study, the transcription/translation level of them could probably present corresponding changes as well. As far as we know, the mRNA levels of NRG1 and ErbB4 have not been investigated during CCH, but similar changes have been reported in other animal models of neurodegenerative diseases (Croll et al., 1998; Dickerson et al., 2009). Interestingly, Dickerson et al. (2009) reported that the ErbB4 mRNA transcripts in rat brain selectively decreased prior to other biochemical changes in aged rats, indicating that the change of ErbB4 in translation level, rather than the protein level, can predict functional changes in neurodegenerative disorders. Therefore, time-dependent changes of NRG1/ErbB4 mRNA levels should be systematically investigated in the future.

Emerging evidence has showed the protective role of NRG1/ErbB4 in neuronal and non-neuronal cells in the hippocampal subareas (Shyu et al., 2004; Simmons et al., 2016). To further determine the role of NRG1/ErbB4 signaling on different cell types, we performed double-immunofluorescence to investigate the distribution of ErbB4 receptors and found that ErbB4 largely co-expressed in neurons (NeuN-positive cells), especially selective subtypes of GABAergic interneurons (GAD67 and PV-positive cells, but not in SOM-positive cells) in the hippocampal CA1 region. These findings were consistent with others (Neddens and Buonanno, 2010; Vullhorst et al., 2009; Li et al., 2014). Besides, we found the distribution of ErbB4 remained unchanged during CCH, while the ErbB4 expressed neurons and selective types of GABAergic cells significantly decreased in the chronic phase of CCH. In fact, we have counted the GABAergic cells in hippocampal CA1 subarea in CCH before and found decreased expression of GABA, GAD67 and GABABRs in hippocampal CA1 region (Long et al., 2015). It is likely that the remarkable decrease of ErbB4 expression in the chronic phase is caused by the reduction of these neurons and GABAergic cells (especially GAD67 and PV).

The long-lasting cognitive impairments, as well as improved degrees of hippocampal CA1 neuronal apoptosis and neuroinflammation, in CCH have been well-established over the years (Cechetti et al., 2012; Du et al., 2017), but there are still some details that should be addressed in this study. First, Ji et al. (2010) reported that the expression of hippocampal NRG1/ErbB4 significantly reduced during spatial learning tests (Tian et al., 2016). Therefore, rats that underwent cognitive tests (WMW and RAWM) in this study were not used for biochemical analysis. Second, increased neuronal death and glial activation in CCH have been reported to present early at 7 days post-operation and continue for long (Cechetti et al., 2012). However, some of the molecular changes in the hippocampus seem to change in a different way. For example, the expression of anti-apoptotic factors (such as Bcl-2) was reported to increase only in the acute phase, followed by a remarkable reduction in the chronic phase of CCH (Bang et al., 2013; Yang et al., 2013). We also found transiently increased expression of NRG1/ErbB4 signaling in the current study. The mismatch of these factors in the chronic phase of CCH may further contribute to cognitive impairment and neuropathologic changes during CCH.

Although the mismatch occurs between the NRG1/ ErbB4 expression and neuropathologic changes in the chronic phase of CCH, all these factors seemed to increase in the acute phase, and then gradually decreased later during CCH. Pearson’s correlation in our study further revealed that both the expression of NRG1 and ErbB4 positively correlated with NeuN/TUNEL cell counts during CCH. Besides, delayed hippocampal neuronal death after CCH is mediated, at least in part, through the activation of terminal caspases, particularly caspase-3 (Ji et al., 2010). Caspase-8 and caspase-9 probably mediate the activation of caspase-3 under an ischemic condition via extrinsic and intrinsic pathways respectively (Cao et al., 2002). Consistently, we found up-regulated expression of caspase activities and positive correlation between caspase-3 activity and NRG1 expression. Taken together, our results suggest the protective role of NRG1/ErbB4 signaling in CCH is closely related to direct inhibition of neuronal apoptosis, thus providing a friendly environment for cognitive improvement.

By the way, some studies have demonstrated that NRG1/ErbB signaling could improve proliferation in microglia and astrocytes (Calvo et al., 2011; Simmons et al., 2016), while both we and others found that only a few ErbB4 receptors co-expressed in glial cells, especially GFAP-positive astrocytes (Xu and Ford, 2005). Furthermore, Ghashghaei et al. (2006) further reported that these cells do not respond to exogenous NRG1 infusion in the brain. These findings may explain the reason the NRG1/ErbB4 signaling failed to correlate with glial activation. Finally, in order to further determine the neuroprotective effects of NRG1/ErbB4 signaling during CCH, the bilateral regulation of NRG1/ErbB4 signaling using an agonist/antagonist and ErbB4 knockout rats can be more useful.
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A commentary on
 Mild endoplasmic reticulum stress ameliorates lipopolysaccharide-induced neuroinflammation and cognitive impairment via regulation of microglial polarization

by Wang, Y. W., Zhou, Q., Zhang, X., Qian, Q. Q., Xu, J. W., Ni, P. F., et al. (2017). J. Neuroinflammation 14:233. doi: 10.1186/s12974-017-1002-7



In this article, Wang and colleagues have discussed the non-harmful levels of Endoplasmic reticulum (ER) stress in rats focusing mainly on primary microglia. Specifically, they sought to investigate the regulation of lipopolysaccharide (LPS) driven neuroinflammation in male Sprague-Dawley rats through mild ER-stress (MERS). In experiment 1, to determine the extent of unfolded protein response (UPR), they measured expression of phosphorylated total protein kinase RNA-like ER kinase (p-PERK), phosphorylated eukaryotic translation initiation factor 2α (p-EIF2α), phosphorylated inositol-requiring protein 1α (p-IRE1α), spliced X-box-binding protein-1 (XBP1s), XBP1u, activating transcription factor-4 (ATF4) and CCAAT/enhancer-binding protein homologous protein (CHOP) through western blot and Immunofluorescence (Wang et al., 2017). During ER stress, IRE1α gets phosphorylated & activated and cuts unspliced XBP1u mRNA into spliced XBP1s mRNA which further encodes XBP1 protein (Gardner et al., 2013). They found that expressions of p-IRE1α and XBP1s were considerably increased on administration of different doses of tunicamycin (TM), while the expression of XBP1u was significantly reduced. Expression of hippocampal p-PERK, p-EIF2α, ATF4, and CHOP were also assessed. p-PERK causes phosphorylation of EIF2α (Walter and Ron, 2011; Hetz et al., 2015) which on prolonged phosphorylation induces paradoxical translation of ATF4 mRNA into its corresponding protein, in turn inducing upregulation of pro-apoptotic components such as CHOP (Gardner et al., 2013).

Furthermore, Caspase-3 and cleaved caspase-3 expressions were assessed in the CA1 region of the hippocampus. Increased expression of p-PERK and p-EIF2-α were seen at a range of different doses of TM administration, but ATF4, CHOP and cleaved caspase-3 were only elevated at the highest dose of TM. Thus, the authors concluded that low doses of TM, i.e.; 0.3 and 3 μg/2 μl in vivo & 0.5 and 5 ng/ml in vitro led to modest UPR without cell or organism lethality as assessed by TUNEL labeling, while the higher concentrations of 30 μg/2 μl in vivo and 50 ng/ml in vitro have shown serious ER perturbations and a robust UPR. In experiment 2, the authors studied the role of MERS in LPS-induced neuroinflammation and cognitive impairment in rats. MERS was induced by using 3 μg/2 μl TM and treated with or without sodium 4-phenylbutyrate (a stabilizing agent), an hour before the LPS administration both in vivo and in vitro. This low dose of TM (3 μg) significantly improved freezing behavior and learning trials, indicating its role in protection against memory dysfunction caused by LPS.

They have also shown that TM prevented neurons from undergoing LPS-induced apoptosis. To clarify whether MERS was responsible for neuroprotective activity of TM, they administered rats with 100 mg/kg 4-Phenylbutyric acid (4-PBA) known to reduce ER stress, which at this dose does not affect normal functioning of nervous system. Treatment with 4-PBA significantly reduced expression levels of p-IRE1α and XBP1s as compared to non-PBA treated groups. Also, neuroprotection conferred by TM was partially blocked by concomitant administration of 4-PBA as revealed by increased numbers of TUNEL-positive cells. Therefore, significant reductions in cognitive function in the TM+LPS+4-PBA group confirmed that low dose of TM protects against LPS-induced cognitive dysfunction by inducing MERS which inhibits caspase-3 activation (Wang et al., 2017). As in neurodegenerative disorders, microglia activation indicates an early sign of neuronal death, thus the authors tried to explore the effect of MERS on microglia in vitro by measuring expression of microglial genes associated with classic (M1), alternative repair and regeneration (M2a) and, immunomodulation (M2b) (Tang and Le, 2016). The relative expression of classical M1 genes CD86, CD32 and inducible nitric oxide synthase (iNOS), M2a genes YM1/2 and CD206 and, M2b gene suppressor of cytokine signaling 3 were assessed. LPS was shown to significantly increase mRNA levels of M1 and M2b markers in hippocampus compared with levels in the naïve group, while M2a genes were significantly reduced as compared to the naïve group. Alternatively, TM pretreatment led to alteration in balance of M1 and M2 microglia expression patterns in hippocampus significantly increasing expression of M2a genes and decreasing expression of M1 and M2b genes. Thus, the authors concluded that LPS-induced neuroinflammation was significantly attenuated by MERS, leading to a shift of the microglia population from M1/2b to M2a in hippocampus. Further, the authors also used double immunofluorescent staining of iNOS and CD206 with microglial marker Iba1 in the hippocampal CA1 region, to show that TM inhibited LPS-induced microglia activation and shifted the phenotype of microglia toward M2a.

The authors also detected levels of TNF-α, IL-1β, and IL-6 proinflammatory factors thought to play major role in neuroinflammation. They have seen increased expression of these proinflammatory factors induced by LPS, while TM has significantly reduced this inflammatory response. But, the expression levels of these factors were significantly enhanced after 4-PBA co-treatment through reversal of anti-neuroinflammatory effects of TM. Results were further validated in vitro by demonstrating that dose of 5 ng/ml of TM was able to induce MERS in microglial culture. They have confirmed that TM has inhibited cytokine production and induced microglial polarization from M1/2b to M2a. Moreover, 4-PBA led to impairment of anti-inflammatory effects and M2a differentiation conferred by TM.

Since authors talk about neuroinflammation, they must have studied role of MERS on Astrogliosis. NF-kB plays important role in neuroinflammation, hence must have been investigated. The biochemical parameters such as Catalase and Lipid Peroxidation must have been checked in the hippocampal region. Moreover, on Page: 8, in line “LPS significantly increased the mRNA levels of M1 and M2a markers in the hippocampus compared with the levels observed in the naïve group”; there should be M2b instead of M2a.

Thus, MERS has an important role in neuroinflammation and cognitive impairment. Since, ER stress has also been seen in astrocytes, an important cell type that plays a vital role in neurodegenerative disorders through neuroinflammation, the question arises whether MERS in astrocyte in LPS-induced neuroinflammation could also have contributed to the beneficial properties of MERS.

Finally, they reported that MERS preconditioning can alleviate neuroinflammation and cognitive impairment induced by LPS, thereby suggesting that moderate level of ER stress can act as a new therapeutic possibility to suspend or delay progression of neurodegenerative diseases (Wang et al., 2017).
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Neurological disorders are the biggest concern globally. Out of ~36 million human immunodeficiency virus (HIV) positive people, about 30%–60% exhibit neurological disorders, including dementia and Alzheimer’s disease (AD) like pathology. In AD or AD like neurological disorders, the pathogenesis is mainly due to the abnormal accumulation of extracellular amyloid beta (Aβ). In this era of antiretroviral therapy, the life span of the HIV-infected individuals has increased leading towards increased neurocognitive dysfunction in nearly 30% of HIV-infected individuals, specifically older people. Deposition of the Aβ plaques in the CNS is one the major phenomenon happening in aging HIV patients. ART suppresses the viral replication, but the neurotoxic protein (Tat) is still produced and results in increased levels of Aβ. Furthermore, drugs of abuse like cocaine (coc) is known to induce the HIV associated neurocognitive disorders as well as the Aβ secretion. To target the Tat and coc induced Aβ secretion, we propose a potent bifunctional molecule Withaferin A (WA) which may act as a neuro-protectant against Aβ neurotoxicity. In this study, we show that WA reduces secreted Aβ and induced neurotoxicity in amyloid precursor protein (APP)-plasmid transfected SH-SY5Y cells (SH-APP). In this study, we show that in SH-APP cells, Aβ secretion is induced in the presence of HIV-1 Tat (neurotoxic) and drug of abuse coc. Our fluorescent microscopy studies show the increased concentration of Aβ40 in Tat (50 ng/ml) and coc (0.1 μM) treated SH-APP cells as compared to control. Our dose optimization study show, lower concentrations (0.5–2 μM) of WA significantly reduce the Aβ40 levels, without inducing cytotoxicity in the SH-APP cells. Additionally, WA reduces the Tat and cocaine induced Aβ levels. Therefore, we propose that Aβ aggregation is induced by the presence of Tat and coc and WA is potent in reducing the secreted Aβ and induced neurotoxicity. Our study provides new opportunities for exploring the pathophysiology and targeting the neurological disorders.
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INTRODUCTION

The overall life expectancy of people living with human immunodeficiency virus (HIV; People living with HIV, PLWH) has increased moderately due to introduction of effective anti-HIV therapies (Oguntibeju, 2012; Sabin, 2013). As per WHO Number of AIDS related death decreased from 1.5 million (2010) to 1.1 million (2015) globally (World Health Organization, 2016). Longer drug (anti-retroviral) consumption and virus living cycle leads to increased prevalence of HIV-1 associated neurocognitive disorder (HAND; Saylor et al., 2016). Additionally, PLWH (~2 million as per World Health Organization, 2018) are more prone to the risk of developing neurological diseases like Alzheimer’s disease and (AD)-like neurocognitive problems. HIV-infection and associated neurological disease synergism has become a pressing health issue to be managed, globally’ because HIV-infection progression facilitates AD like pathology (Koppel et al., 1985; Levy et al., 1985). Though, neurological disorders are irreversible but investigating novel therapies of better efficacy to manage these serious disorders without side-effects are urgently required.

AD is one of the prominent neurodegenerative disease, and is characterized as a progressive impairment of memory and neurocognitive functions due to abnormal accumulation of extracellular amyloid beta (Aβ) and intracellular neurofibrillary tangles (NFTs; Dorszewska et al., 2016). Aβ aggregation is prominent in the cortical and limbic regions of the brain (Snider et al., 1983; Kurapati et al., 2013, 2014). Alternative or abnormal cleavage of integral membrane amyloid precursor protein (APP) by β and γ secretases (Ghosh et al., 2008; Guardia-Laguarta et al., 2010) lead to abnormal Aβ processing, resulting into insoluble Aβ aggregation (Zheng et al., 2002; Kretner et al., 2016). Aβ peptides then aggregate into extracellular insoluble senile plaques (Echeverria et al., 2004; Guardia-Laguarta et al., 2010; Ahyayauch et al., 2012). This Aβ accumulation leads to decreased neuronal health and stability, increased deterioration, synaptic depression (Venkitaramani et al., 2007; Palop and Mucke, 2010; Li et al., 2017), oxidative stress (Butterfield et al., 2013; Arimon et al., 2015; Cheignon et al., 2018), augmented neuronal dysfunctions and inflammation (Barage and Sonawane, 2015; Marottoli et al., 2017). These dysfunctions caused by Aβ aggregation, become worst upon the presence of HIV-1 (András and Toborek, 2013; Martínez-Bonet et al., 2018) and drugs of abuse. HIV patients are reported to have augmented Aβ plaques deposition in the brain compared to HIV negative individuals (Esiri et al., 1998; Becker et al., 2004; Valcour et al., 2004). HIV associated Aβ dysfunction can be due to either the entire HIV virus, or mainly by neurotoxic Tat (transactivator of transcription) protein (Bagashev and Sawaya, 2013). HIV-1 Tat is neurotoxic and even though ART targets all the active virus, Tat could still be produced by the provirus in the viral reservoirs, such as brain (Daily et al., 2006). Tat protein as a neurotoxin, plays a prominent role in HIV neuropathogenesis as it gets secreted extracellularly and has the ability to cause neurotoxicity in the healthy cells (Chandra et al., 2005; Tahirov et al., 2010). Tat may have specific reaction with the Aβ in the CNS and facilitate Aβ aggregation, in the CNS (Hategan et al., 2017). Moreover, Aβ aggregations are studied to be increased in cortex of HIV brains when compared to age matched non-HIV controls (Achim et al., 2009; Soontornniyomkij et al., 2012).

Another factor, which augments the Aβ aggregation induced pathogenesis, are the drugs of abuse (Ramage et al., 2005; Dublin et al., 2017). These powerfully addictive stimulant drug molecules have been studied to have an exaggerating effect during HIV infection (Jayant et al., 2017). Cocaine (coc), a very common abused drug within PLWH, exerts malicious effects on the CNS (Javadi-Paydar et al., 2017; Meade et al., 2017; Wakim et al., 2017). In the presence of coc, the additive effect of HIV-1 Tat and coc may increase Aβ aggregation, which is a common factor in aging and HIV associated neurological disorders. Therefore, investigating desired therapies for coc abusing aging PLWH, are required for devising new therapeutic agent with multifunctional abilities to manage neurological disorders.

In this article, we have studied therapeutic properties of Withaferin A (WA) against multiple disease associated factors including Aβ, HIV-1 Tat and drug of abuse, coc. WA is an active purified drug moiety extracted from Ashwagandha (ASH), isolated from the root extract of a medicinal plant Withania Somnifera and expected to reverse Aβ1–42 induced toxicity in human neuronal cells (Kurapati et al., 2013, 2014). WA is a steroidal lactone, derived from Withania somnifera (Indian Winter cherry or Ashwagandha). ASH has been traditionally used in ayurvedic medicine. WA is the first member of the withanolide class of ergostane type product to be discovered (Mirjalili et al., 2009). The beneficial effects of WA has been studied in the field of tumor inhibition (Bargagna-Mohan et al., 2007), antiangiogenic activity (Mohan et al., 2004; Challa et al., 2012; Mohan and Bargagna-Mohan, 2016), and against angioproliferative and malignant diseases like pancreatic cancer (Yu et al., 2010), leukemia, breast cancer and colon cancer (Choi and Kim, 2015), as well as anti-metastasis (Lee and Choi, 2016) and anti-carcinogenic properties (Rah et al., 2012). However, the therapeutic ability of WA against neurological disorders, as a protective agent is not well studied yet. WA is also explored in the field of apoptosis and adipogenesis inhibitor in 3T3-L1 adipocytes (Park et al., 2008). In this systematic study, we have explored for the first time the neuroprotective role of WA against Aβ secretion and aggregation in vitro. During our study we observed the deleterious effect of Aβ on the neuronal health, function and morphology. In our step by step dose dependent studies, we explored the role of WA in reducing Aβ induced neurotoxicity in the HIV-1 Tat and coc treated APP-plasmid transfected SH-SY5Y cells (SH-APP) cells, towards neurological dysfunctions. The outcomes of this research claim that WA has a great potential to be promoted as a natural neuro therapeutic agent in order to manage age or viral infection associated neurological disorders. Our studies open new areas of drug efficacy against neurological conditions.

MATERIALS AND METHODS

Chemicals and Reagents

Withaferin A (WA) was commercially purchased from Sigma Aldrich (Cat# W4394 SIGMA). Methylthiazolyldiphenyl-tetrazolium bromide (MTT; Cat# M2003) and paraformaldehyde was purchased from Sigma Aldrich. HIV-1 clade B recombinant Tat protein (86-amino acid) was obtained from NIH AIDS research and reference reagent program (Cat# 2222).

Cell Culture

The cell type used in this study are SH-APP cells which is a human neuroblastoma cell line stably over-expressing human APP751 which was a kind gift from Dr. Jonathan Geiger (University of North Dakota, Grand Forks, ND, USA). SH-APP Cells were cultured in Dulbecco Eagle’s minimum essential medium (DMEM; Gibco®; Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin/streptomycin, nonessential amino acids, and sodium pyruvate (1 mM) at 37°C in 5% CO2.

Cell Viability Assay

Cells were plated at a density of 1 × 104 cells per well into 96-well plates and maintained at 37°C for 24 h. Cells were treated with various concentrations of WA for 48 h. Fresh medium containing 50μL of MTT solution (0.5 mg/mL) was added to each well. After 3 h incubation, the MTT formazan crystals were dissolved in dimethyl sulfoxide (DMSO) and viable cells were detected by measuring the absorbance at 570 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

For Tat and coc toxicity study on cell viability, we performed Cell viability test using 0.4% Trypan Blue Solution (T8154) Live dead screening. Ten microliter of cells were taken from the pellet resuspended in fresh media, after centrifugation at 1,500 rpm for 5 min, and was mixed with 10 μl of Trypan blue dye (1:1 ratio). The cells were then loaded on a cell counting slide and counted for live count on a cell counter (BioRad TC20™ Automated cell counter).

Tat and Coc Treatment of SH-APP Cells

SH-APP cells (1 × 106 cells) were cultured overnight in T-25 flasks in complete DMEM media with 10% FBS and 1% Penicillin streptomycin solution. After 48 h, cells were treated with different concentrations of HIV-1 Tat (5–100 ng/ml) and coc (0.1–10 μM) and the cells and supernatant were collected after 48 h after the treatment. The optimized dose of Tat and coc were selected based on their effect on increasing Aβ levels significantly compared to untreated controls. In further experiments, 1 × 105 SH-APP cells were seeded in six wells plates and were cultured for 48 h. Cells were treated with optimized concentrations of HIV-1 Tat1–72 and/or coc.

Quantification of Aβ40 Levels

Secreted Aβ levels were measured using human Aβ40 ELISA kit as per the manufacturer’s protocol (Thermo Fisher Scientific, Catalog# KHB3481). For secreted Aβ measurements, SH-APP cells were cultured in six well plates and after 48 h, cells were treated with HIV-1 Tat/coc in combination with WA. The media from cultured cells was collected and protease inhibitor was added to it. The supernatant was utilized as samples for the AB40 ELISA as per the specific reagents and protocol provided with the kit. Each sample was analyzed in duplicate. Cells were saved for flow cytometry studies to estimate intracellular Aβ40 level.

Flow Cytometry

Cells from Tat, coc+/– WA treated samples were utilized for flow cytometry studies. Flow Cytometry was used to identify the expression of Aβ40 protein in SH-APP cells after treatment with various concentrations of Withaferin A, Tat and coc. 1 × 106 SH-APP cells were stained with primary anti-human Aβ40 (#PA3–16760) and secondary anti-rabbit Fluorescein isothiocyanate (FITC)-labeled antibody (catalog #AP187F, Millipore). Auto fluorescence of the cells was based on the unstained cells. Cells were gated based on the secondary antibody. Accuri BD flow and Amnis® Imaging Flow Cytometers were used for acquisition. Analysis was conducted in Flow Jo software and Amnis® FlowSight® Imaging Flow Cytometer and analysis by IDEAS® image software.

Single-Cell Flow Cytometry

The SH-APP were treated with different concentrations of WA. The cells were then harvested at 24 h after treatment, washed and counted; equal amounts of cells (1× 106) were aliquoted in 1.5 ml Eppendorf centrifuge tubes in 250 μl 1× PBS. Cells were analyzed by ImageStreamX Imaging Flow Cytometer (Amnis Corporation, Seattle, WA, USA) having with INSPIRE software. A magnification of 60× was employed for all readings. Ten-thousand cells (events) were analyzed for each sample. FITC and DAPI were excited with a 100 mW of 488 nm argon laser. FITC and DAPI fluorescence was collected on channel two (505–560 nm) and channel seven (560–595 nm), respectively. Intensity adjusted bright field images were collected on channel one. Bright field area and total fluorescence intensity were calculated using IDEAS software. Data analysis was performed using the IDEAS software (Amnis Corporation), with proper data compensation with respect to singly stained samples. The compensated data was then gated to eliminate cells that were out of field of focus and doublets or debris was eliminated too.

Immunofluorescence Staining and Analysis for Studying Beta Amyloid Aggregation

To study the effect of WA on the morphology aggregation, we conducted immunofluorescence imaging experiment. The cells were cultured to 80% confluency on the 4-well microscopy slides and were then exposed to HIV-1 Tat+/− WA. After 48 h, the supernatant was discarded and the cells were fixed in 4% PFA. PFA embedded slides were then immunostained by using Aβ40 primary antibody (1:100) and GFP secondary antibody (1:100). Immunohistochemically stained sections were captured using the Keyence microscope. The images were captured at a magnification of 10×.

Immunofluorescence Staining for Studying Effect of WA on Neuronal Morphology

To study the effect of WA on the neuronal morphology, we conducted immunofluorescence imaging experiment. The cells were cultured to 80% confluency on the 4-well microscopy slides and were then treated with HIV-1 Tat protein/coc +/− WA. After 48 h, the supernatant was discarded and the cells were fixed in 4% PFA. PFA embedded slides were then washed and immunostained using MAP2 primary antibody (1:100) and anti-FITC secondary antibody (1:100). Immunohistochemically stained sections were captured using the ImageScope AT2 image scanner (Aperio Technologies) and analyzed using the ImageScope software; Scale 50 μm.

Data Analysis

Results in this study are representative of three or more independent experiments. Statistical significance was analyzed using Graph Pad Prism5 software, La Jolla, CA, USA by performing ANOVA or the Student’s t-test for unpaired observations. The values are presented as means ± SEM.

RESULTS

WA Dose Optimization and Aβ Neutralizing Efficacy Studies in SH-APP Cells

To optimize the non-toxic dose of WA, different concentrations of WA (0.5–10 μM) were treated to SH-APP (neuroblastoma cell lines stably expressing human APP751) cells and results showed that 2 μM of WA reduces the secreted Aβ40 in SH-APP cells significantly when compared to non-treated control, (Figure 1A) without inducing cytotoxicity to the cells (Figure 1B). Further, results were confirmed with the flow cytometry and showed (Figures 2A–C) dose dependent reduction in the Aβ1–40 levels and the maximum reduction was reported at 2 μM WA concentration without causing cellular toxicity. Additional single cell flow cytometry and imaging also showed the same trend highlighting the effective role of 2 μM WA against Aβ1–40 (Figures 3A,B).
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FIGURE 1. Effect of Withaferin A (WA) on amyloid beta (Aβ) secretion. (A) Cells were treated with different dose of WA and the supernatants were collected 48 h after treatment. The supernatant collected were analyzed by Aβ1–40 ELISA which demonstrated that at an optimum dose of 2 μM WA, the levels of secreted Aβ40 showed significant decrease compared to control untreated samples. (B) The dosage of WA used for this experiment were also analyzed for the associated cellular toxicity. The cell toxicity assay showed that the lower doses of WA were not toxic to cells. Optimum dose of 2 μM, WA did not cause any loss in cell viability or toxicity in amyloid precursor protein (APP)-plasmid transfected SH-SY5Y (SH-APP) cells (*p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001).
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FIGURE 2. WA inhibits Aβ1–40 in concentration dependent manner. Panel (A) shows histograms of Aβ secretion by the SH-APP cells upon treatment with varying dose of WA. Panel (B) shows the layover of the peaks in one histogram, and (C) shows the quantification of the same. The cells were treated with WA concentrations, and after 48 h of treatment were analyzed by Flow cytometry for determining Aβ1–40 levels. Flow cytometry was used to identify the expression of Aβ1–40 in SH-APP cells after treatment with three different concentration of WA. 1× 106 SH-APP cells were stained with primary anti-human Aβ40 (#PA3–16760) and secondary anti-rabbit Fluorescein isothiocyanate (FITC)-labeled antibody (catalog #AP187F, Millipore). Auto fluorescence of the cells was based on the unstained cells. Cells were gated based on the secondary antibody. Accuri BD flow and Amnis® Imaging Flow Cytometers were used for acquisition. Analysis was conducted in Flow Jo software and Amnis® FlowSight® Imaging Flow Cytometer and analysis by IDEAS® Image software. For each experiment, from all events collected, FITC positive cells were gated from single cells (***p ≤ 0.001).
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FIGURE 3. WA inhibits Aβ production: single cell flow Cytometry was used to identify the expression of Aβ1–40 protein in SH-APP cells after treatment with different concentration of WA. (A) Bar graph representing the mean ± standard error of percent of mean fluorescence intensity. (B) Representative single cell images. We have observed significantly reduced Aβ with WA exposure dose dependently (n = 3; **p ≤ 0.01; NS: Non Significant).



Effect of HIV-Tat Protein and coc on Aβ Production in SH-APP Cells

Human Aβ40 ELISA was performed with the supernatant collected from control and WA treated SH-APP cell samples in order to evaluate the efficacy of WA in reducing the HIV-Tat and coc induced Aβ secretion. SH-APP cells were treated with different concentrations of Tat (5–50 ng/ml) and coc (0.1–10 μM). Figure 4 shows that the SH-APP cells treated with Tat exhibited upregulation of Aβ1–40 secretion compared to untreated control (Figures 4A,B). Effective dose of Tat (50 ng/ml) when treated with 2 μM WA, showed significant decrease in Aβ1–40 (Figure 4C). Further, the results were also confirmed by the flow cytometry using Aβ1–40 specific primary antibody. The dose of 50 ng/ml Tat most significantly increased the Aβ levels when compared to control (Figures 5A,B). Additionally, we studied the effect of coc in the similar study pattern, and observed the increase in Aβ1–40 secretion (Figures 6A,B). We report that 0.1 μM showed most significant upregulation in Aβ1–40 secretion compared to untreated controls. Effective dose of coc (0.1 μM) when treated with 2 μM WA, showed significant decrease in Aβ1–40 (Figure 6C). This trend was also confirmed by the flow cytometry experiment which showed a coc induced increase in Aβ levels (Figures 7A,B).
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FIGURE 4. Tat induce increase in secreted Aβ40 levels (A). Human Amyloid Beta ELISA analysis showing that Tat (5–50 ng/mL) increased the secreted Aβ1–40 significantly in SH-APP cells. (B) Cellular toxicity assay showing viability of the cells in the Tat treated samples. (C) 2μM WA reduced the Tat levels significantly when compared to Tat (50 ng/mL) only treated samples. 1× 106 SH-APP cells were seeded in 6-well plates and were grown for 48 h and then treated with human immunodeficiency virus (HIV)-1 Tat in different doses and the cells were then incubated for 48 h at 37°C. The supernatant from the culture was collected and treated with protease inhibitor (1μl/ml) and analyzed by Aβ1–40 ELISA (Sigma). The results are from three independent experiments and the statistical significance was calculated by Student’s t-test. Cell viability study was performed by Trypan blue live dead screening, to study the toxicity levels of various Tat dose. Dose selected for Tat treatment for further experiment was elected on the basis of increase in Aβ40 secretion levels and correlated with cell viability (***p ≤ 0.001).
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FIGURE 5. Dose response. (A) Histograms showing Tat (5–100 ng/mL) increases the Aβ1–40 levels. SHAPP cells were treated with different concentrations of Tat and after 48 h of treatment were analyzed by Flow cytometry for determining the Aβ1–40 levels. (B) Quantification representation of the percent positive cells (****p ≤0.0001; ns: Non Significant).
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FIGURE 6. Coc induces increase in secreted Aβ40 levels. Similar study pattern of ELISA and flow cytometry, like in the case of HIV-1 Tat, was performed with various concentrations of coc to choose an optimized dose of coc for further studies. (A) Coc increases Aβ1–40 secretion. Coc (0.1–10 μM) increased the secreted Aβ1–40 but the significant increase was found in the samples treated with 0.1 μM coc. (B) Cellular toxicity assay showing viability of the cells in the coc treated samples. (C) 2μM WA reduced the coc (0.1 μM) induced Aβ1–40 levels significantly when compared to coc only treated samples (**p ≤ 0.01; ***p ≤ 0.001; ns, not significant).
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FIGURE 7. Dose response. (A) Histograms showing coc (0.1–10 μM) increases the Aβ1–40 levels. The cells were treated with different concentrations of coc and after 48 h of treatment were analyzed by flow cytometry for determining the Aβ1–40 levels. (B) Quantification representation of the percent positive cells (**p ≤ 0.01; ****p ≤ 0.0001; ns, not significant).



Tat and coc Induced Increase in Aβ40 Levels, in Combination

An optimized dose of Tat (50 ng/mL) and coc (0.1 μM) alone or in combination were used to study the neutralizing efficacy of WA (2 μm) in SH-APP cells. Results showed the combined effect of Tat and coc together in increasing the Aβ1–40 levels. (Figures 8A,B). Individual optimized dose of Tat (50 ng/mL) and coc (0.1 μM) were used for further WA neutralizing efficacy studies from here on.
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FIGURE 8. Tat and coc combination. (A) Tat (50 ng/mL) and coc (0.1 μM) individually and in combination increase the Aβ1–40 levels. The cells were treated with selected Tat and coc concentrations and combination of both, and after 48 h of treatment were analyzed by flow cytometry for determining the Aβ1–40 levels. (B) Quantification representation of the percent positive cells (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001).



WA Reverses Tat and coc Induced Amyloid Aggregates in vitro

Immunocytochemistry studies showed that WA was able to reduce the amyloid aggregation when compared to the untreated control SH-APP cells. The cells were grown in the microscopic slides (eight wells) and after 24 h of growth, the wells were treated individually with Tat+/− WA and coc+/− WA for 48 h and control wells had fresh media added. The cells were then collected, fixed and stained with primary Beta amyloid 1–40 antibody (1:100) and GFP secondary antibody (1:100). We observed that the cells exposed to Tat and coc had strong signals for amyloid beta aggregations, which was mitigated by WA treatment as seen in the Tat + WA and coc + WA microscopic chambers, when compared to control well (Figures 9A–G).
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FIGURE 9. WA inhibits HIV-1 Tat induced Aβ-production, respectively. SH-APP cells were treated with HIV-1 Tat (50 ng/mL; C) coc (0.1 μM; E) +/− WA (2 μM; (D,F) respectively) were compared to Control (A) and only WA treated cells (B). After 24 h, cells were fixed and stained with Anti-Human Aβ40 overnight. Cells were washed and stained with secondary anti-rabbit FITC-labeled antibody (catalog #AP187F, Millipore). Images were acquired using Keyence ALL in one microscope (10×). WA significantly suppressed Tat and coc induced Aβ-secretion, respectively (n = 3). Florescent intensity of these stained cells was quantified using the ImageJ software (G; ***p ≤ 0.001; ****p ≤0.0001).



WA Reverses/Decreases coc Induced Neurotoxicity

Additionally, to study derogatory effects of coc on the SH-APP cells and the effect of WA on the neuronal morphology, we conducted immunofluorescence imaging experiment. Cultures of SH-APP cells grown on the eight well imaging slides for 48 h, and then the cells were stained by MAP2 primary antibody. We observed that the cells exposed to coc for 48 h exhibited heavy dendritic beading (indicated by yellow arrows) and cytoplasmic vacuoles (Figure 10C). The control SH-APP cells (Figure 10A) and WA only treated cells (Figure 10B) showed no abnormal beading or thickening of the dendrites, when compared. Upon treatment with WA, in coc exposed cells (Figure 10D), we observed reduced dendritic beading and more pronounced and elongated dendrites, communicating with other neuronal cells. We also observed reduced cytoplasmic vacuoles in the WA treated cells. This indicates that coc induces the stressed environment in the cell culture system which leads to neuronal damage (Figure 10).
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FIGURE 10. WA reverses coc induced dendritic beading and cytoplasmic vacuoles. SH-APP cells were treated with coc (0.1 μM) +/− WA (2 μM). After 24 h, cells were fixed and stained with MAP2 primary antibody overnight. Cells were washed and stained with secondary anti-rabbit FITC-labeled antibody (catalog #AP187F, Millipore). (A) Control SH-APP cells and (B) WA only treated cells showed no abnormal beading or thickening of the dendrites when compared to (C) coc exposed SH-APP cells which exhibited heavy dendritic beading (yellow arrows) and cytoplasmic vacuoles, measure of the cells being in drug-induced stress, (D) WA treated coc exposed cells on the other HIV-1 associated neurocognitive disorder (HAND) displayed reduced dendritic beading and elongated dendrites, with minimal cytoplasmic vacuoles.



DISCUSSION

Currently, the studies focusing towards neurodegeneration caused by either aging or due to viral infections, are extremely important. The accumulation of Aβ in the CNS is major factor contributing towards neurodegeneration (Green et al., 2005). The introduction of HAART gives a longer life span, giving a major opportunity to age related disorders in these recovering patients (Ellis et al., 2010; Heaton et al., 2010, 2011). The currently available drugs against Aβ aggregation, for example, Memantine (N-methyl-D-aspartic acid (NMDA) receptor antagonist), helps in repair of damaged neurons (van Marum, 2008), but does not aid in overall cure for neurological issues. Another drug which is very well studied for its anti-inflammatory, antioxidant and neuroprotective properties is Cucurmin/Curcuminoid, obtained from the roots of a plant Curcuma longa (Sharma et al., 2007). It has been reported that Curcuma may have potential role in AD treatment by targeting Aβ aggregates and associated toxicity in the neuronal cells (Ringman et al., 2005; Ishrat et al., 2009). Unfortunately, Curcuma is weakly stable and easily hydrolyzed, and gets photodegraded or even oxidized. This makes it very challenging and leads to its minimal bioavailability in the CNS (Anand et al., 2007).

Currently, there is no direct cure available for AD or AD-like neurodegenerative symptoms. Therefore in this paper we have focused on a drug compound WA, as a neuroprotective agent against Aβ induced neuronal toxicity. Our studies show that WA reduces the levels of secreted Aβ significantly without causing cytotoxicity in the cell cultures. Our microscopic studies demonstrate the protective role of WA as the human neuroblastoma cells showed healthy growth in the presence of WA. We observed that WA treatment reduced dendritic beading and cytoplasmic vacuoles in the SH-APP cells, conferring towards protective role of WA. Our observation coincides with other studies as well, which show that W. somnifera whole root extract treatment promotes neuronal health by inducing dendrite formation in vitro (Tohda et al., 2000; Zhao et al., 2002). Moreover, our study shows for the first time that a small sized active moiety of Withania root extract, termed as WA neutralizes secreted Aβ, in the SH-APP cells in vitro. Our previous lab has studied the role of Ashwagandha (ASH) which is a big molecule extracted from roots of W. Somnifera. We reported the properties of ASH towards neutralizing Aβ in the neuronal cells in vitro. ASH showed the reduction of Aβ in treated cells significantly when compared to untreated controls, suggesting anti-amyloid role of ASH (Kurapati et al., 2013, 2014). Even though ASH is capable of reducing the secreted Aβ, the understanding of ASH’s efficacy in the CNS across the BBB is minimum, as it is a big moiety. Therefore, the systematic delivery of the drug into the CNS and increased bioavailability becomes a pressing issue. This urged a need to find potent smaller molecular weight molecules with similar properties. Systematic chromatographic studies show the various components, upon breakdown of ASH molecule. This gave us an opportunity to study small molecule WA and assess its ability as a neuroprotectant to target the Aβ levels.

We further wanted to explore the effect of WA on induced Aβ production by the exposure of HIV-1 Tat. Therefore, in this study, we have analyzed the effect of HIV-1 Tat protein (Nuovo et al., 1994; Nath et al., 1996; Merino et al., 2011) on the Aβ secretion in SH-APP neuronal cells and found significantly increased Aβ production. Our results are in agreement with other studies which have reported the role of Tat protein in increased neuronal Aβ secretion (Rempel and Pulliam, 2005; Giunta et al., 2009; Aksenov et al., 2010). Tat is a neurotoxin and we show that it aggravates the Aβ aggregation in vitro. The mechanism through which this happens is still not understood well (Chen et al., 2013; Hategan et al., 2017), Tat may have a direct interaction with the Aβ fibrils, resulting in induced aggregation of monomers, towards plaques. This hypothesis is supported by our Immunocytochemistry studies which show dense accumulation of Aβ, in the cell medium exposed to HIV-1Tat (50 ng/ml). Our human Aβ40 ELISA experiment detected increased concentration of Aβ in Tat treated samples as well. This leads us to a conclusion that Tat is extremely neurotoxic and has an ability to interact with Aβ, increasing the overall toxicity of the cell system, and urging more and more release and aggravation of Aβ. HIV-1 Tat tends to have a direct physical interaction with Aβ peptide, leading to excessive aggregation of Aβ leading to neurotoxicity (Hategan et al., 2017).

Further, among the most abused drugs by People living with HIV (PLWH), coc abuse has been one of the major contributors towards the increased severity of neurocognitive disorders in the patients (Fiala et al., 1998; Gannon et al., 2011; Buch et al., 2012). Additionally, the percentage of drug abusers in the HIV positive population and aging population is very high. Drug abuse/addiction and HIV/AIDS are linked since the beginning of the HIV/AIDS epidemic. People who inject drugs accounted for about six percent of HIV diagnoses in 2015 (CDC, 2018). Even though the association of coc is shown with the exaggeration in HIV neuropathogenesis, the underlying mechanisms remain unclear. We elucidate the mechanism, in this study, for the first time, we observed the increased levels of Aβ production by coc. We also observed in our Immunocytochemistry experiments that coc affects neuronal morphology and communications, and aggregation of Aβ in the SH-APP cells, in vitro. This verifies the toxic effect of coc on the neuronal cells, which contribute in the increased accumulation of the amyloids. Coc alone and in combination with HIV-1 Tat is highly neurotoxic. These results coincide with various in vivo studies done by other research groups which show that the peritoneal injection of coc in rats stimulates hyperphosphorylation of tau and neurofilament in cortex, hippocampus and caudato-putamen regions of brain, indirectly contributing to the Aβ toxicity (Liu et al., 2003). These observations indicate that coc addiction may be associated with neurofibrillary degeneration. Therefore, here we report that coc in addition to HIV-1 Tat increases Aβ secretion in vitro. Our findings suggest that HIV-1 Tat and coc introduce cellular toxicity and cause neuronal dysfunctions by increasing amyloid secretion and modulating neuronal morphology and communications. Moreover, accumulation and deposition of Aβ in the brain of HIV patients (active infection or latent infection) drive the pathogenic cascades of neurological disorders, contributing towards aging or associated dementias (Pulliam, 2009). Targeting Aβ secretion, will have a translational significance in the treatment of HIV coc abusers and other neurological disorders like AD.

Additionally, the main rationale behind introducing WA is the unavailability of the direct medicine/drugs which target neurological disorders. Moreover the drugs, get rejected due to pharmacotherapy failures like inadequate physical chemistry, minimal absorption, unfavorable pharmacokinetic parameters, instability and toxicity. This urges the need of the alternate medicine/nanomedicine. Therefore, our next step is to address the limitation or incapability of drugs to cross BBB into the CNS, by employing nanotechnology assisted approaches, where our developed drug magneto-liposomes (which are a biopolymeric vesicle with capacity to deliver drugs across BBB) would be able to transmigrate across BBB (Ding et al., 2014; Kaushik et al., 2016).

In summary, it is critical to design and identify compounds that specifically target and inhibit Aβ secretion and aggregation, and also the interaction between Aβ and HIV-Tat 1 and drug of abuse, against their synergistic role towards neurodegenerative disorders. When combined with other strategies targeting Aβ, including immunotherapy, these approaches might allow for a reduction, if not elimination, of Aβ-related toxicity. Further in vivo efficacy and drug delivery mechanistic studies are necessary to explore WA’s therapeutic role in neurological disorders like HIV associated neurocognitive disorders and Alzheimer’s disease.
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Time point NRG1 (ng/g)® ErbBa® NeuN & TUNEL® Ibatd GFAP®

Sham 129.33 £ 4.10 16.12+£0.79 12.33 £ 081 1023+ 1.457 77.00 +£5.20
24h 150.72 + 4.98 24.06 £ 1.70 3433+ 154 39.95 +2.47 186.30 + 8.86
7 days 128.31 £ 4.49 2140+ 185 2833+ 1.33 3457 £1.79 162.31 £ 6.98
14 days 107.53 £3.97 13.42:£1.01 2347+ 1.54 2550 £2.19 117.49 £ 952
28 days 104.71 £3.72 974+1.20 2233+ 1.86 29.47 £2.90 103.69 £ 6.15

Data are expressed as mean  SEM. n = 6 for each group. Pearson’s correlational analysis showed significant results between 2 and © (r = 0.869, P < 0.0), ® and ©

(r = 0.859, P < 0.05). But no significant correlation was found between @ and @ (r = 0.020, P > 0.05),  and

0.078, P> 0.05), 2 and ® (P > 0.05), ? and ® (P > 0.05).
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Test llumina lon Proton Cross-Platform Comparison

Total Genes Detected adj-p <0.05 Total Genes Detected adj-p < 0.05 Mutual Found adj-p <0.05 adj-p <0.05and FC Concordant

CAT vs. CA3 18,987 5722 19,506 3,062 18,263 2,384 2,379
CATvs.DG 19,427 8675 19,506 5515 18,436 4,366 4,352
CA3vs.DG 19,870 8,903 19,072 5,589 18929 4,647 4,642

Total Genes Detected are the number of genes detected that were not fiitered out by DESeq2 and for which an adj-p-value was computed.
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Gene Gene Name. Immune related
symbol

cs Complement component 3 x
Card11  Caspase recitment domain family, member 11 x
Cd4 Ca4 molecule x
cdr4 Cai74 molecule, major histocompatibilty complex, x
class Il invariant chain
Cant Gadherin 1
Cdh23  Cadherin 23 (otocadherin)
Csfir Colony stimulating factor 1 receptor x
ctss Cathepsin S x
ctsz CathepsinZ
Cx3or1  Chemokine (C-X3-C mofif receptor 1 x
Fegr2b  Fe fragment of IgG, low affiniy I, receptor (CD32) x
Gfap Gl fibillry acidic protein x
Gori83 G protein-coupled receptor 183 x
Gors4 G protein-coupled receptor 84 x
Itgb2 Integrin beta 2 x
Neft Neutrophil cytosolic factor 1 x
NekapTl  NCK associated protein 1 like x
Noc2 Niemann-Pick disease, type C2
Pedhbd  protocadherin beta 4
P4 Phospholipase D famiy, member 4
Sic14al  Solute carrier famiy 14 (urea transporter),
member 1
Trem2 Tiggering receptor expressed on myeloid cells 2 x
Bpitbd BPI Fold Containing Family B, Member 4
watya WDFY Family Member 4

G il sre ki Sosrwrsine Ko ae rcionind:
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Young participants Older participants

Construct
(n=47) (n =46)
Years of education 15.46 (2.16) 16.62 (3.06)
Typical sleep duration  7.46 (1.45) 7.25(1.09)
(in hours)
Current stress level 3.35(1.35) 2.44(1.85)
Health
Number of bodly — 1(0,2) 42,7)
symptoms
Physical health 850(1.13) 8.49 (1.00)
Mental health 8.46 (1.20) 8.84(1.21)
Cognitive measures
Processing speed 64.38 (10.15) 45.72 (1.71)
Shorttermmemory  9.23 (1.94) 7.63 (2.44)
Inflammation markers
IL-6 0.97 (0.71, 1.49) 2.07 (112, 2.62)
TNF-a 0.65 (0.45,0.78) 0.91 (0.66, 1.25)
CRP 6137(316.56,1812.73)  957.82(438.13,2276.4)

Note. Q1 = First Quartile; Q3 = Third Quartil. Typical Sleep Duration “How many
hours do you normally sleep per nighte” was measured by a single seif-report item
in hours. Current Stress Level “Please rate your current stress” was measured by
a single self-report item on a scale from 1 = Not at all stressed to 10 = Extremely
stressed. Number of Bodily Symptoms indicated the total number of symptoms
that participants reported based on a brief review of all major bodily systems, in
which participants indicated the presence (Yes or No) of each of 66 symptoms.
Physical Health “Please rate your general physical health” and Mental Health “Please
rate your general mental health/mood” were measured by single self-report items
on a scale ranging from 1 = Poor to 10 = Excellent. We presented the median
as well as the first and third quartiles for Number of Bodily Symptoms and for
the inflammation biomarkers, given the posttively skewed distribution of these
variables. We applied bias-corrected bootstrapping with 10,000 resampling for the
examination of age-group differences in the three inflammation biomarkers. Bold
indicates significant age-group differences at p < 0.05.
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-6 TNF-a CRP

IL-6 -0.08 0.28
TNF-a 0.41 0.18
CRP 0.52 0.34

Note. Correlation coefficients above the diagonal refer to young participants;
correlation coefficients below the diagonal refer to older participants. We applied
bias-corrected bootstrapping with 10,000 resampling to determine the significance
of each correlation. Bold indicates significant age-group differences at p < 0.05.
According to Fisher z-test, the correlation between interleukin 6 (IL-6) and
tumor necrosis factor alpha (TNF-a) was significantly higher in older than young
participants (z = —2.17, p = 0.03). In contrast, correlations between IL-6 and
C-reactive protein (CRP; z = —1.35, p = 0.18) and between TNF-a and CAP
(z=—0.80, p = 0.42) did not diiffer between the age groups.
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Paper

Dik et al,, 2005

Jordanova et al., 2007
Rafnsson et al., 2007

(Schram et al, 2007) (Leiden 85-Plus
cohort)

(Schram et al., 2007) (Rotterdam cohort)
Singh-Manoux et al,, 2014
Weaver et al., 2002

Yaffe et al., 2003

Cohort (location)

Longitudinal Aging Study Amsterdam
(The Nethertands)

/A (Britain)
urgh Artery Study (Britain)

Leiden 85-Plus cohort (The
Netherlands)

Rotterdam cohort (The Netherlands)
‘The Whitehall Il Study (Britain)

The MacArthur Study of Successful
Aging (America)

‘The Health ABC Study (America)

Subjects at
baseline (n)

1,284

290
a52
491

3,874
5217
1,189

3,081

Female (%)

51

57
50
65

52

Mean age at baseline
(vears)

754£66
655£55

731£50
85

724£69
65.7£60
743£2.7

736£29

Mean follow
up (years)

3

34

46
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Study Selection? Comparability® Outcome® Total

Weaver et al., 2002 - - 8
Yaffe et al., 2003 o °
Dik et al., 2005 - . 7
Jordanova et al,, 2007 e B 7
Rafnsson et al., 2007 - 8
(Schram et al., 2007) - - s
(Rotterdam cohort)

(Schram et al., 2007) - s
(Leiden 85-plus cohort)

Singh-Manoux et al., 2014 & B 7

Scores per section are presented as asterisks. * = one point. Only those answers with an
asterisk are given a score. *Salection; (1) Representativeness of the exposed cohort
(high/intermediate IL-6 group): (a) Truly representative of the average community-
dweling olcer adults". (o) Somewhat representative of the average community-ciweling
older aclts". () Selected group of users e.g., nurses, volunteers. (o) No descriotion of the
derivation of the cohort. (2) Selection of the non-exposed cohort (low IL-6 group):
(@) Drawn from the same community as the exposed cohort'. (5) Drawn from a different
source. (¢) No descrition ofthe dervation of the non-exposed cohort. (3) Ascertainment
of IL-6 category: (2) Quantified from blood (unstimulated) using an appropriate technique
(e., ELISAT". (b) No description. (4) Demonstration that dementia was not present
at start of study: (a) Yes - assessed via interview or using an established cognilive test..

(6) No - presumed. ®Comparabiy; (1) Comparability of cohorts on the basis of the
design or analysis: 2) Study controls for age AND gender in analysis". (b) Study controls
for education level or prior cognitive abilty in analysis'. “Outcome; (1) Assessment of
outcome: (a) Cognitive test (e.g., MMSE) which was the same as baselie". (b) Self
report. (¢) No description. (2) Was follow-up long enough for outcomes to occur:
(2) Yes (average > 2 years)". (o) No (average < 2 years). (3) Adequacy of follow up of
cohorts: a) Complete follow up - allsubjects accounted for". (b) Subjects ost to ollow up
uniikely to introduce bias - smallnumber ost (< 25%), or description provided of thoselost
suggesting no diferent from those followed!". c) Follow up rate <50% and no description
of those lost. (d) No statement.
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Paper Cognitive test ~ Global cognitive decline  IL-6 categories (pg/mL)  Blood specimen  Model adjustments
definition
Di et al., 2005 MMSE Change based on cognitive  Low: <5.0 Serum Age, gender, education.
testand regressiontothe  High: 5.0-58.3
mean.
Jordanova et al, 2007 Battery Factor analysis based on Low: <8.1 Plasma Age, gender, education, stroke,
cognitive score change. hypertension, diabetes, smoking,
alcohol status, BMI, NSAID use,
disabiity.
Rafnsson et . Battery = 1 standard devations Low: 0.55-1.66 Plasma Age, gender, depressed mood,
from a general cognitive Intermediate: 1.67-3.00 peak prior cognitive abilty,
factor value. High: 3.01-100 fifetime smoking, alcohol intake,
presence of major cardiovascular
diseases, presence of diabetes
melitus.
(Schrametal, 2007)  MMSE >3 points in MMSE scores.  Low: 0-4 Plasma Age, gender, education.
(Leiden 85-Plus cohort) Intermediate: 5-25
High: 26-75,001
(Sohrametal, 2007)  MMSE 23 points in MMSE scores.  Low: 0.53-1.82 Plasma Age, gender, education.
(Rotterdam cohort) Intermeiate: 1.82-3.00
High: 3.10-80
Singh-Manoux et al,, MMSE 23 points in MMSE scores.  Low: <1.18. Serum Age, gender, ethnicity, education,
2014 Intermedate: 1.18-1.74 smoking, obesity, Framingham
High: 21.75 cardiovascular disease risk
score, coronary heart disease,
stroke, cancer, diabetes
antidepressant use.
Weaver et al,, 2002 Battery 27 points in cognitive score.  Low: <2.13 Plasma Age, race, gender, yearly
Intermediate: 2.13-3.8 income, education level, alcohol
High: 23.8 intake, activty level, BMI,
self-reported history of cancer or
diabetes, HBATG levels, baseiine
cognitive scores.
Yafte et al., 200 ams >5 points in 3MS scores, or  Low: 0.2-1.4 Plasma Age, education, race, gender,
iftaking cholesterase High: 2.4-16.0 smoking, aloohol use, BMI,

inhibitor, or hospitalized for
dementia.

self-reported health,
co-morbidities, baseline 3MS,
use of NSAID.
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Cl, Confidence interval: MMSE, Mini Mental State Examination.
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19.46
179.28
13.74
67.12
57.71
14.47
16.52
10.43
116.76
37.97
47.06
11.01
105.93
697.24
26.04
29.31
824.95
78.57
258.39
20.08
11.36
16.18
30.96
123.44
34.63
125.10
255.35
29.59
39.08
8760.77
22.60
94.64
11.55
11.36
39.23
302.03
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hsa-let

For all tables, expression represents averaged counts.

R-223-3p
R-451a
R-191-5p
R-126-3p
R-126-5p
R-103a-3p
R-23a-3p
R-26a-5p
R-19b-3p
R-150-5p
R-484

hsa-let-7a-5p

R-185-5p
R-320a
R-22-3p

-7b-5p
-79-5p

Average expression

8760.771
2372.06
1548.376
1174.333
1021.754
824.9511
804.3156
796.5815
717.237
697.2409
654.56321
557.691
436.1216
361.9573
349.7947
325.3197
302.027
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Asterisks indicate a significant contribution *p < 0.05, **p < 0.01.

iR-342-3p
iR-125b-5p
iR-10a-5p
iR-140-3p
iR-451a
iR-99a-5p
iR-23b-3p
iR-10b-5p
iR-125a-5p
iR-186-5p
iR-378a-3p
iR-26b-5p
iR-30c-5p

Coefficients

miRNA

—1.06**
—1.42*
—1.39*
—1.74*
—1.14*
—1.08*
—1.37*

'k

—1.41%
—1.28*
—1.74*
—1.14*
—1.01*

Age

—0.069*
—0.063*
—0.065*
—0.065*
—0.074**
—0.067*
—0.066*
—0.069*
—0.064*
—0.063*
—0.063*
—0.065*
—0.065*

Expression

149.03
21.73
79.04
14.23

2372.06
52.26
64.87
84.84

114.18
11.59
22.60
49.22
15.67





