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Editorial on the Research Topic
 Alzheimer's disease: new insights into biomechanisms and therapeutic target




Alzheimer's disease (AD) is the most common age-related dementia and primarily characterized by the extracellular deposition of amyloid-beta (Aβ) plaques and intracellular neurofibrillary tangles in the brain. Over the last decade, significant progress has been made in understanding etiology and therapeutic targets of AD. However, due to the complex pathogenesis of AD, we still face severe challenges in clinical treatment.

The Research Topic of this issue is “Alzheimer's disease: new insights into biomechanisms and therapeutic targets”, which aims to explore the various molecular mechanisms of AD pathogenesis and discover new promising potential therapeutic targets. Here are 10 articles, including 6 original works and 4 reviews, which collectively address various facets of biomechanisms aspects of biological mechanisms and therapeutic targets in the context of AD, such as abnormal sphingolipid metabolism, clathrin-mediated endocytosis (CME) and the role of hypoxia in the pathogenesis of AD. The contents of these articles are briefly summarized as follows:

1. This study explored changes in the effective connectivity (EC) network of the basal forebrain in AD patients before and after donepezil intervention using rs-fMRI data and the Granger causality analysis (GCA) approach. The findings suggested that donepezil enhanced the strength of connections between the basal forebrain with the default mode network and middle occipital gyrus, thereby improving cognitive function in AD patients. These results are helpful for better understanding of the neural mechanism of donepezil in the treatment of AD and for finding clinical targets for intervention (Yang et al.).

2. The role of sphingolipids was investigated in AD brains, Cerad score B brains and induced pluripotent stem (iPS) cells. AD brains exhibited higher levels of sphingosine (Sph), total ceramide 1-phosphate (Cer1P) and total ceramide (Cer), while higher levels of sphingomyelin (SM) exclusively in Cerad-B brains, which suggested the importance of sphingolipid metabolism in AD pathology (Uranbileg et al.).

3. The neuroprotective effects and mechanism of 4,4′-methylenediphenol in AD model worms were examined in this study. The results showed that 4,4′-methylenediphenol improved motility and stress tolerance, while also delaying the onset of paralysis and senescence in the AD model. Along with upregulating the expression of SKN-1, SOD-3, and GST-4 in the corresponding GFP reporter lines and promoting the nuclear translocation of DAF-16, 4,4′-methylenediphenol also increased antioxidant activity and decreased Aβ toxicity, suggesting to further study the anti-AD effects of Gastrodia elata and its active ingredients (Yu et al.).

4. The study investigated the degree of GluN2A or GluN2B-containing NMDAR contribute to Aβ (1–42) mediated impairments of hippocampal function. The results showed that GluN2A subunit knockdown modified the membrane characteristics of hippocampal neurons and lowered the amount of long-term potentiation (LTP). LTP's early phase was diminished by GluN2B knockdown, while its later stages were unaffected. However, neither GluN2A nor GluN2B-containing NMDAR mediated the aged hippocampus's susceptibility to Aβ-mediated impairments of LTP. It suggested that the pathogenic effects of oligomeric Aβ (1–42) on hippocampal function were not propagated via NMDAR in the aged hippocampus (Südkamp et al.).

5. Abnormal dynamic functional connectivity (DFC) is a neuroimage feature of AD. Energy landscape analysis was applied to the resting-state fMRI data to characterize the aberrant brain network dynamics in AD patients and controls. Their results suggested that the co-activation state could be important to cognitive processing and AD group possibly raised cognitive ability by increasing the occurrence and transition between the impaired cognitive control and sensory integration states (Xing et al.).

6. The authors carried out a MR study to investigate causal links between a variety of immune cell phenotypes and AD using GWAS data from European cohorts. Findings showed that HLA DR expression on B cells and the absolute number of CD28–CD4–CD8—T cells were associated with a protective effect against AD, while 13 other immunological phenotypes were risk factors. This work offers novel insights into the immunopathogenesis of AD (Zhang et al.).

7. This review summarized the research progress on cognition-related neural network oscillations, and complex anatomical and projective relationships between nucleus basalis of Meynert (NBM) and other cognitive structures. The important functions of the NBM in neuromodulation were also reviewed. The authors believe that neuromodulation based on the NBM plays an important and complex role in treating neurodegenerative disorders (Jiao et al.).

8. The review explored the impact of clathrin-mediated endocytosis (CME) on AD etiology. Disrupted CME in neurons leads to synaptic dysfunction, Aβ processing, and Tau pathology in early AD pathogenesis. CME alterations also affect the ability of astrocytes and microglia to clear Aβ, and neuroinflammation. Dysregulated CME in these cells highlights its AD pathophysiological implications (Jaye et al.).

9. Hypoxia has long been identified as one of the potential causes of AD. This review elucidated the effect of hypoxia-inducible factors-1α and oxidative stress in AD process, including inflammation, Aβ deposition, and mitochondrial dysfunction. The authors speculated that antioxidants could be a potential therapeutic approach for AD (Tao et al.).

10. This systematic review seeked to explore the correlation between sTREM2 levels and AD progression through a meta-analysis of sTREM2 levels in both cerebrospinal fluid (CSF) and blood. The findings indicated a positive correlation between elevated CSF sTREM2 levels and a higher risk of AD and MCI. Besides, plasma sTREM2 levels were notably higher in the AD group, which may serve as a promising biomarker for AD (Wang et al.).

In short, all articles published in this Research Topic contribute to a better understanding of the biomechanisms underlying AD. The findings have the potential to affect clinical practice, inspire new therapeutic targets, and guide the development of novel intervention and approaches of AD. We look forward to additional revolutionary studies in this Research Topic that provides a new perspective.
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As a crucial component of the cerebral cholinergic system and the Papez circuit in the basal forebrain, dysfunction of the nucleus basalis of Meynert (NBM) is associated with various neurodegenerative disorders. However, no drugs, including existing cholinesterase inhibitors, have been shown to reverse this dysfunction. Due to advancements in neuromodulation technology, researchers are exploring the use of deep brain stimulation (DBS) therapy targeting the NBM (NBM-DBS) to treat mental and neurological disorders as well as the related mechanisms. Herein, we provided an update on the research progress on cognition-related neural network oscillations and complex anatomical and projective relationships between the NBM and other cognitive structures and circuits. Furthermore, we reviewed previous animal studies of NBM lesions, NBM-DBS models, and clinical case studies to summarize the important functions of the NBM in neuromodulation. In addition to elucidating the mechanism of the NBM neural network, future research should focus on to other types of neurons in the NBM, despite the fact that cholinergic neurons are still the key target for cell type-specific activation by DBS.
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1 Introduction

As the largest group of cholinergic neurons in the basal forebrain, the nucleus basalis of Meynert (NBM) is a crucial source of cholinergic efferents to the neocortex and plays an indispensable role in supporting vital brain functions, such as arousal, attention, multimodal encoding, visual processing, and experience-dependent cortical plasticity (Goard and Dan, 2009; Sanchez-Alavez et al., 2014; Liu et al., 2015; Ljubojevic et al., 2018; Martinez-Rubio et al., 2018; Meir et al., 2018; Wan et al., 2019). NBM dysfunction is implicated in multiple neuropsychiatric and neurological disorders, including Alzheimer’s disease (AD), schizophrenia, Parkinson’s disease (PD), Lewy body dementia (LBD), and Down syndrome (Williams et al., 2013; González et al., 2021; Mehraram et al., 2022; Schumacher et al., 2022). The involvement of the NBM may be a critical prodrome or an early molecular cascade event. For instance, research has demonstrated that in AD, the earliest accumulation of neurofibrillary tangles (NFTs) occurs in the NBM, preceding the accumulation in the entorhinal cortex and locus coeruleus (Braak et al., 2011; Arendt et al., 2015; Chung et al., 2016; Hanna et al., 2020). Drugs that regulate the activity of cholinergic neurons in the NBM and its cortical efferent have been proposed as promising therapeutic approaches for various neurodegenerative diseases. However, current drugs targeting this pathway, including existing cholinesterase inhibitors, have limited efficacy and cannot halt or reverse neurodegenerative diseases (Yu et al., 2021). Based on advancements in neuromodulation technology, deep brain stimulation (DBS) has been proven to be the most effective strategy for treating neurodegenerative diseases due to its precise circuit-targeted neuromodulation (Krauss et al., 2021). Therefore, DBS has been approved by the Food and Drug Administration (FDA) for treating PD, essential tremor, dystonia and other movement disorders, and it has yielded satisfactory clinical outcomes and evidence (Krauss et al., 2021). In addition, DBS has been used to treat pain syndromes, such as neuropathic pain and cluster headache, as well as epilepsy (Pereira and Aziz, 2014; Lee et al., 2019). Based on the key role of the NBM in cognition, many published studies have focused on the effect of cognitive neuromodulation via DBS targeting the NBM (NBM-DBS) in various diseases (Kuhn et al., 2015; Gratwicke et al., 2018, 2020; Cappon et al., 2022; Sasikumar et al., 2022). A phase I clinical trial conducted by Kuhn et al. (2015) investigated the effects of NBM-DBS on the treatment of AD, revealing a mere 3-point deceleration in the rate of progression according to the Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) and an increase in cerebral cortical glucose metabolism revealed by [18F]-fluoro-desoxyglucose-PET at a 12-month follow-up. Davide Cappon et al. explored the effects of NBM-DBS in five Parkinson’s disease dementia (PDD) patients, two of whom experienced slower cognitive decline; however, the Mini-Mental State Examination (MMSE) score still exhibited an annual mean decrease of 0.3 points at the 36-month follow-up (Cappon et al., 2022). However, studies from Sasikumar S and Gratwicke J found that NBM-DBS did not improve cognitive function in PDD patients (Gratwicke et al., 2018; Sasikumar et al., 2022). In addition, Gratwicke J found that although no consistent improvements were observed in exploratory clinical outcome measures for NBM-DBS, but the severity of neuropsychiatric symptoms reduced with NBM-DBS in 3 of 5 dementia with Lewy bodies (DLB) patients (Gratwicke et al., 2018).

The mechanisms of NBM-DBS have also been investigated recently in animal models of AD, and a variety of hypotheses have been proposed, such as regulating the cholinergic system (Hotta et al., 2009), modulating regional glucose metabolism (Wang et al., 2018), increasing regional cerebral blood flow (Adachi et al., 1990a,b), providing neuroprotective effects (Temel et al., 2006; Wallace et al., 2007) and regulating neural circuits (Singh et al., 2022). However, the significant treatment effects of NBM-DBS on cognitive dysfunction that have been observed in animal studies have not been replicated in clinical trials. Therefore, NBM-DBS is still in the preliminary stage of exploration.

The current review aims to provide a comprehensive update and summary of progress on cognition-related neural networks or circuits as well as the neuroanatomical and neurophysiological properties of the NBM. Additionally, this study aims to provide evidence from animal and clinical studies regarding the effect of NBM-DBS on cognitive dysfunction in various neurological diseases. The findings of this study will provide a basis for obtaining a precise understanding of the important and promising role of the NBM in neuromodulation.



2 Neural network oscillations related to cognition

Rhythmic neural electrical activity, also known as oscillations, has attracted research attention for nearly a century. Behavior-dependent oscillations are the result of dynamic interactions between intrinsic cellular and circuit properties within the brain and are ubiquitous in mammals (Berger, 1929; Berger, 1969; Llinas, 1988; Steriade, 2001; Laurent, 2002; Destexhe and Sejnowski, 2003). The neural network contains multiple frequency bands of oscillations, ranging from 0.05 Hz to 500 Hz, which are categorized as slow oscillations (<1.5 Hz), δ oscillations (1.5–4 Hz), θ oscillations (4–8 Hz), α oscillations (8–13 Hz), β oscillations (13–30 Hz), γ oscillations (30–80 Hz) and fast oscillations (>100 Hz) based on frequency (Jasper and Penfield, 1949; Nokia and Penttonen, 2022). Oscillations are currently thought to be shaped by the summations of thousands of neurons in a particular brain region (Engel et al., 2001; Varela et al., 2001). In normal cognitive processes, each oscillatory frequency band is associated with a specific behavioral or executive function. Studies have shown that the δ oscillation phase correlates with the reaction time of behavior and plays a role in neural group synchronization in multiple brain regions (Stefanics et al., 2010). In addition, these oscillations are often associated with resting states, and slow oscillations (<1 Hz) can trigger thalamically generated spindles (Amzica and Steriade, 1998). θ oscillations are believed to play a crucial role in almost all cognitive functions. Previous studies have revealed the key roles of these proteins in learning, memory and synaptic plasticity (Herweg et al., 2020; Senoussi et al., 2022). Additionally, it is common for pyramidal neurons to fire phase locking with θ oscillations, indicating their key roles in interconnecting various brain regions (Pare and Gaudreau, 1996; Buzsaki, 2002; Jacobs et al., 2007; Rutishauser et al., 2010). θ oscillations are also the fundamental bands for cross-frequency coupling (CFC), as they synchronizing with the gamma band in a phenomenon known as θ–γ cross-frequency coupling; the role of θ–γ cross-frequency coupling in working memory has been extensively studied (Lisman and Jensen, 2013). α oscillations are also the most widely understood frequency bands, mostly due to their well-defined roles in attention needs and visual perception (Başar et al., 1997; Klimesch, 2012). β oscillations are often associated with motor-induced events (Pittman-Polletta et al., 2018). Synchronization of β oscillations has always been an indicator of normal motor system function and has also been shown to play a role in working memory (Schmidt et al., 2019). Finally, γ oscillations also play a crucial role in memory, as observed in the θ-γ coupled oscillations throughout the hippocampus and cortex (Lisman and Buzsaki, 2008).

Although each frequency band appears to be separated into a variety of behavioral or cognitive functions, synchronization between different bands through CFC analysis has provided new insights into the complexity of neural networks (Palva and Palva, 2007). CFCs are thought to be integral to the spatiotemporal activation of specific cortical circuits (Canolty and Knight et al., 2010; Yakubov et al., 2022). For example, phenomena such as the θ-γ phase-amplitude (p-a) CFC – which refers to the γ amplitude modulated by the θ phase (Bragin et al., 1995; Montgomery et al., 2008; Colgin et al., 2009; Sakalar et al., 2022) and is known for its crucial role in working memory and memory formation in the hippocampal CA1 region – are among the many modes of CFCs (Lisman and Jensen, 2013). By optogenetic selectively targeting fast-spiking GABAergic interneurons in the barrel cortex in vivo, Cardin JA et al. tested whether the synchronous activity of fast-spiking GABAergic interneurons generates γ oscillations, which produce rhythmic inhibitory postsynaptic potentials (IPSPs) to distal dendrites of local pyramidal neurons; their findings showed that the rhythmic inhibition produced excitatory neural ensemble synchrony to process information (Cardin et al., 2009). Sakalar E et al. found that neurogliaform cells (NGFCs), which form synaptic connections with excitatory neuronal ensembles, lead to delayed synchronous firing; moreover, this delay leads to GABAergic inhibition to excitatory neural ensembles when information processing is complete, thereby resulting in actively disengaged excitatory neural ensemble synchronization that enables the formation of new patterns of information processing (Sakalar et al., 2022). These findings represent compelling examples of the significance of cell type-specific activation in rhythmic neural electrical activity and provide a reference for research on the mechanism underlying neural networks. Based on these studies, we constructed a schematic diagram of how θ-γ p-a CFC regulates neuronal firing patterns and cognitive processes (Figure 1).
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FIGURE 1
 θ/γ p-a CFC regulation (A) and neuronal firing pattern (B). a, in mice without stimulation, θ oscillations did not form coupling with γ oscillations (A), and the firing of the three types of neurons was irregular (B). b, when mice are stimulated, the fast-spiking interneurons synchronous firing (IPSP) causes γ oscillations, θ oscillations and γ oscillations, thus leading to θ-γ p-a CFC (A). The pyramidal neurons, which are inhibited by GABA released by interneurons, do not fire, while the uninhibited pyramidal neurons form an ensemble and fire synchronously, completing the information encoding. Additionally, neurogliaform cells that form synaptic connections with this pyramidal neuronal ensemble also form delayed synchronous firing (B). c, after a very short interval when the information processing is done, the delayed synchronous firing from neurogliaform cells cause the release of GABA from the synaptic, which inhibits the pyramidal neuronal ensemble and stops fire (B), and decouples of the θ-γ p-a CFC and return to state awaiting to receive new information (A). Black lightning bolt, neuronal firing, red lightning bolt and red dashed line, the moment when mice are stimulated.


The cholinergic system plays a key role in controlling neural oscillations throughout the brain and cortical structures (Semba and Fibiger, 1989). Cholinergic neurons suppressed specific low-frequency oscillations, including δ, θ, and α oscillations, while high-frequency oscillations, such as β and γ oscillations, were accompanied by increased acetylcholine release in the thalamus and cortex (Steriade, 2004). Furthermore, cholinergic neurons appear to play a crucial role in influencing θ oscillations in the hippocampus. Acetylcholine (ACh) levels are directly related to θ oscillations in hippocampal neurons and have a direct effect on the amplitude of θ waves (Danışman et al., 2022). θ-γ p-a CFC also appears to rely heavily on ACh modulation, with detected cues evoking phasic ACh release as well as neuronal synchrony across several frequency bands and the emergence of θ-γ coupling (Howe et al., 2017). It is reasonable to assume that the NBM, as the largest group of cholinergic neurons in the basal forebrain, plays an independent role in the regulation of nerve concussion. Although the NBM acetylcholine system has an important influence on neural network oscillations, as shown by Rodriguez R et al., the cholinergic system may also regulate neural network oscillations through muscarinic receptors in addition to nicotinic receptors (Rodriguez et al., 2004), indicating that other types of NBM neurons or receptor components also play an important role in the generation and regulation of neural network oscillations. There are few relevant studies, which need to be explored in the future.



3 Anatomy and electrophysiology properties of the NBM


3.1 Anatomy of the NBM

The basal forebrain is one of the four regions containing cholinergic neurons in the mammalian brain (the others being the brainstem, striatum, and limbic system). This region is anatomically situated above the optic nerve, below the anterior commissure and medially adjacent to the lateral ventricular wall, and it includes the medial septal nucleus (MS), the diagonal band of the Broca nucleus (DBB) (with vertical and horizontal branches), the preoptic nucleus, the basal ganglia (NB) and the anonymous substance (SI) (Woolf, 1991). Mesulam et al. investigated acetyl cholinergic neurons in nonhuman primate brain tissue and introduced the Ch1-Ch4 nomenclature to classify four distinct cholinergic neuron groups located in the basal forebrain. Ch1 corresponds to the MS; many of its neurons are embedded among the fibers of the precommissural fornix, and approximately 10% of its neurons are cholinergic, thus providing a substantial projection to the hippocampus (Figure 2). Ch2 corresponds to the vertical limb of DBB; at least 70% of its neurons are cholinergic, and they merge with the Ch1 cell group dorsally and with Ch3 and Ch4 ventrally. Furthermore, Ch2 is the major source of innervation that the hippocampus and hypothalamus receive from the basal forebrain (Figure 3). The Ch3 group most closely corresponds to the horizontal limb of the DBB. It extends from the septal-preoptic region medially to the amygdaloid region laterally. Only 1% of its neurons can definitely be proven to be cholinergic; furthermore, this group is the major source of basal forebrain projections to the olfactory bulb (Figure 4) (Mesulam et al., 1983, 1984).
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FIGURE 2
 A diagram depicting the location of the human Ch1 on MRI. Images sourced from https://openneuro.org/datasets/ds002179/versions/1.1.0 (Marceglia et al., 2021). Ch1 represents the cholinergic component of MS. Coronal (left), sagittal (middle), axial (right). LV lateral ventricle, CG cingulate gyrus, 3 V third ventricle, Fx Fornix, Th thalamus, Cd caudatum, Cl claustrum, Gp globus pallidus, Pu putamen, Ic Internal capsule, ON optic nerve, Opc optic chiasma, CC corpus callosum, ScA subcallosal area, AC anterior commissure, MB mamillary body, Cy cyathus.
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FIGURE 3
 A diagram depicting the location of the human Ch2 on MRI. Images sourced from https://openneuro.org/datasets/ds002179/versions/1.1.0. (Marceglia et al., 2021) Ch2 corresponds to the cholinergic component of the vertical branch of DBB. Coronal (left), sagittal (middle), axial (right). LV lateral ventricle, CG cingulate gyrus, 3 V third ventricle, Fx Fornix, Th thalamus, Cd caudatum, Cl claustrum, Gp globus pallidus, Pu putamen, Ic Internal capsule, Opc optic chiasma, CC corpus callosum, ScA subcallosal area, AC anterior commissure, MB mamillary body, Ps pituitary stalk.
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FIGURE 4
 A diagram depicting the location of the human Ch3 on MRI. Images sourced from https://openneuro.org/datasets/ds002179/versions/1.1.0.33 (Marceglia et al., 2021). Ch3 refers to the cholinergic component of the horizontal branch of DBB. Coronal (left), sagittal (middle), axial (right). LV lateral ventricle, CG cingulate gyrus, 3 V third ventricle, Fx Fornix, Th thalamus, Cd caudatum, Cl claustrum, GPi internal globus pallidus, GPe external globus pallidus, Pu putamen, Ic Internal capsule, Opt optic tract, Opc optic chiasma, PtG paraterminal gyrus, CC corpus callosum, ScA subcallosal area, AC anterior commissure, MB mamillary body, R red nucleus.


Ch4 encompasses a complex network of basal nuclear giant cells, including the substantia innominate (SI), NBM, preoptic nucleus, and ventral pallidum. Ch4 is further divided into five subregions: the anterior portion (Ch4a), which is subdivided into anteromedial (Ch4am) and anterolateral (Ch4al) regions; the middle portion (Ch4i), which is subdivided into dorsal middle (Ch4id) and ventral middle (Ch4iv) regions; and the posterior portion (Ch4p). (Mesulam et al., 1983) In humans, the Ch4 nucleus is situated in the posterior region of the basal forebrain and measures approximately 13–14 mm in length and 16–18 mm in width. However, a distinct subregion known as Ch4ai exists between Ch4a and Ch4i within the human brain; this subregion may have emerged due to an increased demand for cholinergic neurons and projection fibers to accommodate the expanded lateral surface area of the neocortex during the evolution of primates into Homo sapiens (Mesulam and Geula, 1988). Liu et al. (2015) proposed a conceptual definition for the anterior, intermediate and posterior subsectors of the human Ch4 to simplify its original classification. The anterior division of Ch4 (Ch4a) is situated laterally to the supraoptic nucleus and ventrally to the anterior commissure. The intermediate division (Ch4i) is located in the inferior part of the globus pallidus, medially adjacent to the lateral end of the anterior commissure. At this level, the intermedullary lamina divides the globus pallidus into internal and external components, with the lateral end of the anterior commissure located ventral to the putamen and sometimes the infundibulum visible. The posterior division (Ch4p) is anatomically connected to the globus pallidus medially and superiorly, the putamen laterally and superiorly, and the amygdala inferiorly; furthermore, Ch4p passes through the optic tract medially (Figure 5) (Liu et al., 2015).

[image: Figure 5]

FIGURE 5
 A diagram depicting the location of the human Ch4 on MRI. Images sourced from https://openneuro.org/datasets/ds002179/versions/1.1.0.33 (Marceglia et al., 2021). Coronal (left), sagittal (middle), axial (right). Ch4a (top), Ch4i (middle), Ch4p (bottom). LV lateral ventricle, CG cingulate gyrus, 3 V third ventricle, Fx Fornix, T temporal lobe, Th thalamus, Cd caudatum, Cl claustrum, Gp globus pallidus, GPi internal globus pallidus, GPe external globus pallidus, Pu putamen, Ic Internal capsule, Opt optic tract, Opc optic chiasma, CC corpus callosum, ScA subcallosal area, AC anterior commissure, Amg Amygdala, CP cerebral peduncle, Aq aqueduct of midbrain, R red nucleus.


Mesulam MM et al. utilized HRP retrograde tracer and acetylcholinesterase (AChE) colocalization technology to effectively demonstrate that cortical topographical innervations originate from distinct subregions of CH4 in the macaque brain. In summary, Ch4a cells innervate limbic regions. Specifically, Ch4am projects to medial cortical regions such as the cingulate cortex, while Ch4al targets fronto-parietal opercular regions and the amygdala. Additionally, Ch4p is responsible for superior temporal and temporal polar regions, while Ch4i covers all remaining cortical areas (Mesulam et al., 1983). By examining human cadaveric brain tissue sections and performing diffusion tensor imaging (DTI) studies, it was discovered that cholinergic efferent fibers originating from the NBM converged into medial and lateral bundles before diffusing throughout the target cortex. The medial bundle fibers converge toward the rostrum of the corpus callosum, penetrate into the cingulate gyrus, and extend posteriorly to reach the splenium and retrosplenial white matter. These axons emanate from the bundle to innervate various regions, including the medial orbitofrontal cortex, subcallosal cortex, cingulate cortex, pericingulate cortex and retrosplenial cortex. The lateral bundle comprises two additional divisions. The capsule division traverses the external capsule and projects fibers to the amygdala and temporal cortex, while the perisylvian division initially enters white matter surrounding the claustrum before radiating laterally to innervate the frontoparietal cortex, superior temporal gyrus, and insula (Selden et al., 1998; Hong and Jang, 2010).

Notably, not all magnocellular neurons in the basal forebrain are cholinergic, and basal forebrain cholinergic neurons are interspersed with noncholinergic neurons and distributed across these nuclei. Therefore, the terms NBM and Ch4 cannot be used interchangeably. Additionally, NBM afferent fibers are primarily derived from the central amygdala, with additional nonsensory and nonmotor cortical input originating from the orbitofrontal cortex, anterior insular lobe, temporal pole, entorhinal cortex, and medial temporal lobe. Subcortical input is received from the diencephalon (midthalamic nucleus and lateral hypothalamus) as well as brainstem structures such as the tegmental area of the midbrain, pontine reticular formation, and nucleus tractus solitarius. These synaptic inputs to the NBM include cholinergic, catecholaminergic, and γ-aminobutyric acid (GABA) axons (Jones et al., 1976; Woolf and Butcher, 1982; Russchen et al., 1985; Kasa, 1986; Mesulam and Geula, 1988; Jones and Cuello, 1989; Smiley and Mesulam, 1999; Zheng et al., 2018). From an anatomical perspective, in addition to emitting cholinergic projection fibers to the neocortex, the NBM also forms bidirectional projections with numerous structures within the limbic system and Papez loops.



3.2 Electrophysiology properties of the NBM

Cholinergic neurons in the NBM possess a resting membrane potential of approximately −45 mV and are equipped with voltage-gated ion channels, including fast-activated and rapidly inactivated Na + channels as well as fast-activated and delayed rectification K+ channels (Song et al., 2013; Morelli et al., 2017). Additionally, these neurons are equipped with various ligand-gated ion channels, such as ACh, nicotinic receptors (Morelli et al., 2017), muscarinic receptors (Khateb et al., 1993), epinephrine α1 and β receptors (Fort et al., 1995), histamine H1 and H2 receptors (Khateb et al., 1995; Knoche et al., 2003; Luo and Leung, 2009) and GABA receptors (Khateb et al., 1998; Manfridi et al., 2001). These properties enable the NBM to respond excitably or inhibitably to various neuromodulators, including ACh, nerve growth factor (NGF), estrogen, GABA and dopamine. Cholinergic neurons in the NBM account for approximately 5% of all neurons in this region and exhibit high-frequency pulse bursts that have been shown to be correlated with cortical activation, including cortical γ and θ oscillations; these bursts occur during both awake (AW) and paradoxical sleep (PS) states but are almost completely absent during slow-wave sleep (SWS) (Lee et al., 2005). Spencer JP et al. examined the induction of γoscillations in rat hippocampal slices by AChE inhibitors in vitro (Spencer et al., 2010). Chernyshev BV et al. discovered a significant negative correlation between cortical δ oscillation power and the spontaneous firing rate of cholinergic neurons in the NBM by simultaneously recording basal forebrain cholinergic cell firing rates and frontal lobe EEG in spontaneous behavior rabbits; the results indicated that cortical δ oscillation power can serve as an indicator of the activity of cholinergic neurons in the NBM (Chernyshev et al., 2004). These studies demonstrated the indispensable role of ACh pathways in maintaining normal neural network function.




4 The role of the NBM in neural network activation and modulation


4.1 Evidence from NBM injury animal models

An increasing number of researchers have focused on alterations in neural network oscillations in numerous animal models of NBM injury (Table 1). These findings indicated that NBM lesions caused some consistent changes in neural network oscillations: (1) an increase in the total power of electroencephalography (EEG), particularly in low-frequency bands (δ and θ); (2) a significant decrease in high-frequency oscillations, especially in the γ band; and (3) a reduction in event-related oscillation (ERO) phase-locking index (PLI) (Berntson et al., 2002; Rispoli et al., 2004, 2008, 2013; Sanchez-Alavez et al., 2014; Sanchez-Alavez and Ehlers, 2016). Despite these consistent changes, Rispoli et al. (2013) performed a quantitative EEG (qEEG) analysis of θ oscillations in the hippocampus and the entire EEG spectrum in the cerebral cortexes of rats with bilateral NBM lesions induced by 2-amino-3-(3 hydroxy-5-methylisoxazol-4-yl)-propionic acid (AMPA); the results showed increased power of θ oscillations in the frontal parietal cortex but not in the hippocampus, indicating that the EEG effect of NBM lesions might depend on brain regions. Ljubojevic et al. (2018) reported that the accuracy of visual and olfactory target detection was lower in rats with NBM lesions induced by the selective cholinergic immunotoxin 192 IgG-saporin than in healthy controls; furthermore, the detection accuracy was correlated with decreased local field potential (LFP) coherence in the β range between the prefrontal and posterior parietal cortex and with decreased β power in the posterior parietal cortex before the target’s appearance. Ciric et al. (2016) performed sleep EEG monitoring and found that δ-amplitude attenuation in the sensorimotor cortex during rapid eye movement sleep (REMS) was the earliest indication following bilateral NBM lesions induced by ibotenic acid (IBO) (Ciric et al., 2016). Similarly, Chernyshev et al. (2004) reported a significant negative correlation between cortical δ power and the spontaneous firing rate of cholinergic neurons in the NBM through simultaneous recordings of basal forebrain cholinergic cell firing rates and frontal lobe EEG signals in spontaneous behavior rabbits (Chernyshev et al., 2004). These two studies above indicating that cortical δ oscillation power can serve as an indicator of the activity of cholinergic neurons in the NBM, and future targeted studies are needed to verify this association and explain the underlying mechanisms. Rispoli et al. (2013) examined the use of Huperzine A, a natural selective AChE inhibitor; after this inhibitor was intraperitoneally injected into rats with NBM lesions, the EEG architecture was partially reversed, and desynchronization and reduced θ-power were observed in the frontal and parietal cortexes. Spencer et al. (2010) revealed that the use of AChE inhibitors induced γ oscillations in rat hippocampal slices in vitro. These two studies provide further evidence regarding the indispensable role of ACh pathways in the maintenance of normal neural network functioning within the hippocampus.



TABLE 1 Effects of the NBM on the neural network –evidence from NBM injury animal models.
[image: Table1]



4.2 Neuromodulation effects of NBM-DBS in animal models

Due to the challenges of current drug therapy and the confirmed mechanism of neural network dysfunction in neurodegenerative diseases, there is an urgent need for research on neuromodulation strategies, especially NBM-DBS. Previous animal studies have provided evidence that NBM-DBS could improve cognitive function in AD models, for example, Liu et al. (2018) showed that NBM-DBS could improve performance in monkeys on a continuous performance task, Lee et al. (2016), Nagasaka et al. (2017), and Huang et al. (2019) demonstrated that NBM-DBS could improve spatial memory performance in AD mice, as assessed by Morris water maze. While these animal studies have focused on behavioral outcomes, cellular and molecular mechanisms, and neural network effects. Relatively consistent findings indicate that NBM-DBS leads to decreased power in θ and α oscillations but increased power in γ oscillations in the visual and auditory cortexes and prefrontal cortex (Table 2) (McLin et al., 2002, 2003; Weinberger et al., 2006; Goard and Dan, 2009; Singh et al., 2022). In addition, Dezawa et al. (2021) reported that NBM-DBS facilitated the release of ACh in the primary somatosensory cortex (S1) of rats with NBM lesions and partially reversed the increase in the peak LFP amplitude in S1 after forepaw stimulation. Goard M et al. performed NBM-DBS on healthy rats and recorded the LFP and neuron spike rate in the primary sensory cortex (V1); the findings revealed that (1) NBM-DBS induces notable changes in the power spectrum of the V1 LFP, including increased γ band power and decreased power at low frequencies (<10 Hz), and (2) NBM-DBS leads to prominent decorrelation among neurons and marked improvement in the reliability of neuronal responses to natural scenes by analyzing each single-neuron response to 30 repeats of a natural movie (Goard and Dan, 2009).



TABLE 2 Neuromodulation effects of NBM-DBS in animal models.
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4.3 Evidence of the role of the NBM in neuromodulation from clinical cases

In recent years, many studies have performed qEEG analysis on clinical patients with diseases related to NBM lesions (Table 3). Wan et al. (2019) examined the role of NBM-visual cortex functional connectivity in α reactivity by analyzing simultaneous EEG-multimodal MRI data from cohorts of young and older adults; the results showed that the decrease in α reactivity in older adults was associated with a reduced volume of the fiber bundles connecting the NBM to the visual cortex quantified by leukoaraiosis volume. Similarly, patients with AD (Schumacher et al., 2020) and DLB (Rea et al., 2021) also exhibited decreased α reactivity, which was correlated with a reduced volume of NBM. Furthermore, Schumacher et al. (2021) found that, compared to healthy controls and MCI-AD patients, MCI-DLB patients generally displayed a slower EEG background due to shifts in power from the β and α bands to the preα and θ bands, which was also linked to decreased NBM volume. The evidence above suggests that general sluggishness of EEG signals, an increase in energy at slow frequencies, and a decrease in α reactivity are common characteristics in the process of both natural aging and neurodegenerative diseases and may be associated with lesions of the NBM and its projected fibers. However, the observed decrease in γ oscillation power in animal models with NBM lesions has not been replicated in humans. This may be due to the poor spatial resolution of EEG analysis in humans, which reduces the accuracy of local cortical function represented by γ oscillations compared to LFPs generally applied in animal models.



TABLE 3 Effects of the NBM on the neural network: evidence from clinical cases.
[image: Table3]

With the development of advanced techniques such as fMRI and LFP recording by microelectrodes in NBM-DBS, the NBM neural network can now be explored in greater depth in patients with neurodegenerative diseases. Oswal et al. analyzed the LFP of NBMs with DBS electrodes recorded from PDD (6 patients) and DLB (5 patients) patients treated with NBM-DBS, along with MEG and MRI tractography, to explore the intersection between the NBM neural network and fiber junction (Oswal et al., 2021). First, a β band network strongly related to the projection fiber from the supplementary motor area to the NBM was identified, indicating that the supplementary motor region might be the driver of NBM activity. Then, a δ/θ band network was further identified to be strongly related to the projection fiber from the NBM to the parahippocampal gyrus and lingual gyrus, which might play important roles in memory and visual function. Lee DJ et al. observed distinct neuronal discharge rates in internal globus pallidus (GPi) cells (92.6 ± 46.1 Hz), border cells (34 ± 21 Hz), and NBM cells (13 ± 10 Hz) by performing microelectrode recordings through the GPi and NBM in five PDD patients who received bilateral GPi/NBM-DBS. In addition, the oddball task significantly reduced the discharge rate of NBM cells (from 2.9 ± 0.9 to 2.0 ± 1.1 Hz, p < 0.05) (Lee et al., 2019). Nazmuddin M et al. recorded LFP in two PDD patients who underwent GPi-DBS with microelectrodes in the GPi and one or more distal contacts close to or inside the NBM and found that δ (1–4 Hz) oscillations were more prominently present in the NBM region than in its vicinity (Nazmuddin et al., 2018). Considering the negative correlation between δ oscillations and spontaneous discharge of cholinergic neurons in the NBM in an NBM lesion animal model (Chernyshev et al., 2004), the often-ignored δ oscillations can serve as a potential indicator of the specific effects and mechanisms of the NBM on neural network oscillations. In the phase I clinical trial of NBM-DBS for AD patients completed by Kuhn J et al., a positive effect was observed in slowing the decline in ADAS-Cog and increasing cortical glucose metabolism on FDG-PET. However, regarding neural network changes, only one patient exhibited significantly decreased power of α oscillations, and the expected increase in high-frequency oscillation power was not observed. (Kuhn et al., 2015) The possible reason is bias due to the small clinical sample size, while another possible reason that cannot be ignored is the complex relationship between neural network oscillations and different types of cholinergic receptors in the cortex. As shown in the study by Rodriguez R et al., cortical muscarinic receptors can also regulate neural networks (Rodriguez et al., 2004), so the effect of NBM-DBS must be affected simultaneously by the muscarinic and nicotine receptors, and the changes of cortical cholinergic receptor types are different in different neurodegenerative diseases (Graham et al., 2002).



4.4 Effects of the NBM in arousal, sleep, and epilepsy

Luo T et al. reversed the frontal EEG inhibition effect of isoflurane by stereotactically injecting histamine into the NBM of anesthetized rats under isoflurane, resulting in a shift from burst inhibition to δ activity, which can be blocked by NBM premicroinjection with an H1 receptor antagonist but not by an H2 receptor antagonist (Luo and Leung, 2009). Similarly, Marino J et al. discovered that cortical nitric oxide (NO) was elevated after basal forebrain electrical stimulation but could be inhibited by systemic nitric oxide synthase (NOS). Additionally, blocking the activity of NOS in the sensory cortex of anesthetized cats significantly weakened the ability of basal forebrain electrical stimulation to induce cortical activation, as evidenced by decreased low-frequency high-amplitude oscillatory activity and increased high-frequency low-amplitude activity (Marino and Cudeiro, 2003). Manfridi’s study on sleep EEG in rats revealed that the activation of GABAA and GABAB receptors in NBM neurons led to increased SWS time and decreased wake time and that only the activation of GABAA receptors led to decreased REMS time (Manfridi et al., 2001). Berdiev et al. (2007) discovered that in the WAG/Rij rat (a model of absence epilepsy), NBM lesions (induced by the selective cholinergic immunotoxin 192 IgG-saporin) increased frontal cortical synchronous activity characterized by the number of spike–wave discharges (SWDs), which were successfully inhibited by the NBM/reticular nucleus of the thalamus (RT)-DBS. Combined with the findings of above studies, NBM neurons are involved in modulating arousal, sleep and epilepsy -related neural networks (Table 4).



TABLE 4 Effects of the NBM on the neural network in arousal, sleep and epilepsy.
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5 Future research prospects of the NBM for neuromodulation

Neuromodulation, represented by DBS and brain-computer interfaces (BCIs), is undoubtedly a promising therapeutic method that meets the urgent need for more effective therapies for a range of debilitating diseases and conditions, including inflammatory and autoimmune disorders, obesity, diabetes, cardiovascular disease, cancer, neurodegenerative and neuromuscular disorders and paralysis (Fetz, 2007; Jackson and Fetz, 2011; Orsborn and Carmena, 2013). The aforementioned findings collectively underscore the pivotal role of the NBM in the neural network, thereby emphasizing the need to investigate its function within the neural network by using advanced techniques such as optogenetics, multielectrode recording, and computer modeling to unravel the underlying mechanisms. Such research will serve as a fundamental basis for precise modulation via DBS and BCIs in the future (Wang, 2010; Bensmaia and Miller, 2014; Shenoy and Carmena, 2014; Guidetti et al., 2021; Marceglia et al., 2021). Moreover, with regard to cholinergic neurons in the NBM that have diffuse projections and diverse functions, it is crucial to avoid treating them as a homogeneous population. Instead, distinguishing them based on histological differences is imperative. Furthermore, cholinergic neurons account for only 5% of the neurons in the NBM; the other cellular components of the NBM have received little attention (Buzsaki et al., 1988; King et al., 1998; Lee et al., 2005). The involvement of other cell types, including glial cells, interneurons, glutamatergic neurons, etc., in each anatomical subdivision unit of the NBM poses an inevitable challenge for investigating the underlying neural network mechanism.

Considering the complexity of neural networks and the multi-site damage of brain tissue in neurodegenerative diseases, it is necessary to break the boundary of single nucleus, and future neural network research needs to be integrated from the perspective of the whole brain. On the one hand, in addition to cholinergic neurons, other neurons or receptor components, such as serotonergic (Viana et al., 2021), GABAergic (Iaccarino et al., 2016), glutamatergic neurons (Xu et al., 2015) and even muscarinic receptor (Velazquez-Moctezuma et al., 1991) also play important roles in the generation and modulation of neural network oscillations. On the other hand, in addition to NBM, other sites, such as the dorsal raphe nucleus (Qamhawi et al., 2015), entorhinal cortex (Leng et al., 2021), and hippocampus (Moodley and Chan, 2014) also play an important role in the development of neurodegenerative diseases, this may explain why so far evidence for NBM-DBS of improving cognitive function in clinical AD patients is rather scant, so dual-target NBM-DBS in the treatment of neurodegenerative diseases is a promising strategy and worth exploring in the future.



6 Conclusion

The NBM plays an important and complex role in the neural network dysfunction of various neurodegenerative diseases. The above studies demonstrated that lesions in the NBM can induce alterations in neuronal firing patterns within the prefrontal cortex, auditory cortex, and visual cortex, leading to a reduction in γ oscillation power and an increase in θ and α oscillation power. The underlying mechanism for these changes primarily involves the degradation of cholinergic neurons within the NBM and their cortical projection fibers; however, the contribution of other cellular components within the NBM, such as interneurons, should not be disregarded. Animal experiments utilizing NBM-DBS have shown that NBM-DBS partially reverses neural network abnormalities following NBM lesions, as indicated by decreased cortical θ and α oscillation power, increased γ oscillation power, and improved animal memory function. Although clinical trials investigating the effectiveness of NBM-DBS may not demonstrate outcomes as significant as studies in animal models, delayed cognitive decline associated with AD has been observed. With further advancements in our understanding of neural networks and the development of neuromodulation technologies, neuromodulation based on the NBM will play a transformative role in treating neurodegenerative disorders.
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Introduction: Donepezil enhances the function of cholinergic nerves by increasing the concentration of acetylcholine, thereby improving clinical symptoms in patients with Alzheimer’s disease (AD). However, the neural mechanisms of how donepezil modulates the effective connectivity (EC) network of cholinergic system in AD patients remain unknown. We speculated that the effective network of the cholinergic system changes in AD patients after donepezil intervention.

Methods: We employed resting-state functional magnetic resonance imaging and Granger causality analysis approach to explore changes in the effective connectivity network of the basal forebrain in AD patients before and after donepezil intervention. This study included 32 participants, including 16 healthy controls (HCs) and 16 AD patients. In a 3T MRI scanner, the 16 AD patients were scanned before and after the donepezil intervention. To compare EC differences between the three groups of participants, ANOVA and post-hoc t-tests analysis were employed.

Results: Compared to baseline status, AD patients after donepezil intervention had an increased EC from left middle occipital gyrus to right medial septum/diagonal bands. Compared to HCs, AD patients after donepezil intervention had an increased EC from right inferior frontal gyrus/orbit part to right medial septum/diagonal bands, AD patients before donepezil intervention had a reduced EC from right precuneus to right medial septum/diagonal bands. A significant positive correlation was found between EC values in right precuneus and Mini-Mental State Examination in pre-intervention AD patients (r = 0.7338, p = 0.0012).

Discussion: Our study showed that effective connectivity of brain regions associated with the default mode network in the cholinergic pathway was enhanced after donepezil intervention. The results of this study will help us to better understand the neural mechanisms of donepezil intervention in AD and to find clinical targets for intervention.

Keywords
Alzheimer’s disease, cholinergic, functional magnetic resonance imaging, donepezil, effective connectivity


1 Introduction

Cholinesterase inhibitors are currently the first line of treatment for AD patients in clinical practice (Renn et al., 2018). Among them, donepezil is highly selective for acetylcholinesterase in the central nervous system (CNS). Cholinesterase inhibitors increases the concentration of acetylcholine in the CNS, particularly in cortical and basal forebrain (BF) synapses, little effect on peripheral acetylcholinesterase, thus effectively improving cognition. Donepezil hydrochloride is therefore widely used in clinical practice (Fan et al., 2022). AD is considered a “disconnection syndrome,” suggesting that loss of neurons and their connections disrupts the structural and functional connections between neurons and macroscopic brain regions, leading to clinical symptoms (Stam, 2014). Therefore, understanding the brain mechanisms by which donepezil modulates the cholinergic network to intervene in the clinical symptoms of AD may help to improve the theoretical basis for clinical drug selection.

In recent years, magnetic resonance imaging (MRI) technology has been used to study the brain mechanisms of donepezil intervention in AD (Saykin et al., 2004; Dubois et al., 2015; Griffanti et al., 2016; Luo et al., 2019). Short-term treatment with cholinesterase inhibitors enhances neuronal activity of frontal circuits in mild cognitive impairment (MCI) patients, and this increase is associated with improved cognitive performance and baseline hippocampal integrity (Saykin et al., 2004). The rate of hippocampal atrophy in prodromal AD was reduced by 45% after 1 year of treatment with donepezil compared to the placebo group (Dubois et al., 2015). Studies of functional connectivity showed an increase in functional connectivity (FC) in the orbitofrontal neural network in AD patients after donepezil intervention and correlated with post-treatment cognitive improvement (Griffanti et al., 2016). However, it has been shown that there is not only strength of connection but also directionality in the correlation between brain regions (Luo et al., 2019). A cross-sectional study of the Granger causality analysis (GCA) showed reduced EC from the posterior cingulate to the middle temporal gyrus, anterior cingulate and precuneus in patients with AD carried by APOEε4 (Luo et al., 2019). However, there are no studies examining the neural mechanisms underlying the effective connectivity network of cholinergic pathways in AD patients before and after donepezil intervention.

The basal forebrain can be divided into the nucleus basalis of Meynert and the medial septum/diagonal bands (MS/DB), depending on the brain region to which the cholinergic nerves project remotely (Zaborszky et al., 1999). Castaneda et al. (2015) explored changes in cholinergic neurons in a rat model in which the medial septal nucleus was injected with Aβ1-40 and memantine. They found that the number of cholinergic neurons in the medial septum and diagonal band was significantly reduced in the Aβ1-40 group compared to the Aβ/memantine treated group (Castaneda et al., 2015). Reduced MS/DB gray matter volume in AD patients also correlates with spatial cognitive function (Parizkova et al., 2020). Selective activation of cholinergic circuits that branch vertically from the medial septal nucleus of the basal forebrain and the diagonal band nucleus to the hippocampus attenuates memory deficits in APPswe/PSEN1dE9 (APP/PS1) mice (Liu et al., 2022). However, studies investigating the mechanisms of MS/DB-related brain networks in AD patients are still scarce.

Thus, we aimed to examine EC network modifications in cholinergic pathways in Alzheimer’s disease patients following donepezil administration using rsfMRI data and the GCA approach. For EC analysis, we used the MNI standard space’s basal forebrain subregions template as the region of interest. We predicted that changes in the basal forebrain EC network are linked to cognitive function in Alzheimer’s disease patients.



2 Materials and methods


2.1 Patients

Between January 2018 and July 2022, sixteen individuals with Alzheimer’s disease participated in this longitudinal study at Tongde Hospital in Hangzhou, Zhejiang Province, China. According to the National Institute on Aging-Association Alzheimer’s recommendations (Gmitrowicz and Kucharska, 1994), patients with AD matched the criteria for probable AD. They were right-handed, had a CDR of 0.5, a Mini-Mental State Examination (MMSE) score of less than 24, and had completed more than six years of education. Sixteen healthy people were enrolled to serve as healthy controls (HC). They were cognitively normal and had a CDR score of 0. Participants with a history of mental illness, who were using antidepressants, or who had MR imaging contraindications were eliminated.

To determine the level of depression, the neuropsychiatric inventory (NPI) (Gmitrowicz and Kucharska, 1994) and the Cornell scale for depression in dementia (CSDD) (Alexopoulos et al., 1988) were employed. Depression symptoms were declared present when the CSDD score was larger than 6 and the NPI depression domain score was larger than 4 (Alexopoulos et al., 1988; Cummings et al., 1994; Schneider et al., 2001).

At baseline (T1) and after 24 weeks (T2) of donepezil treatment, patients had MRI scans, neurological and medical examinations, and neuropsychological assessments (5 mg daily for the first 4 weeks, then 10 mg daily) (Zhang and Gordon, 2018). Everyone who took part signed an informed consent form. The Ethics Committee approved the study.



2.2 MRI scanning

This study was performed using a Siemens Magnetom Verio (Siemens Medical Systems, Erlangen, Germany), a 3.0 Tesla MRI scanner with an 8-channel head coil. Fast gradient echo images of anatomical T1-weighted whole brain magnetization-prepared were obtained using the following parameters: TI/TR/TE = 900/1,900/2.48 ms, 128 slices, 1 mm thickness, 0 mm gap, 9° FA, 256 × 256 acquisition matrix, 256 mm × 256 mm FOV. Gradient echo planar imaging was used to provide axial functional images with the following parameters Images: repetition rate (TR) = 2,000 ms, echo time (TE) = 30 ms, slice = 33, thickness = 4.8 mm, gap = 0 mm, field of view (FOV) = 200 mm × 200 mm, acquisition matrix = 64 × 64, flip angle = 90°. It took 6 min 40 s to complete the fMRI scan.



2.3 Data processing

Data preprocessing was done using SPM121 and Resting-State fMRI Data Analysis Toolkit plus V1.25 (RESTplus V1.25).2 The first ten volumes were eliminated. Slice-timing was carried out and motion correction was applied. In terms of framewise displacement, participant head motion was minimal (mean FD < 0.5). We first coregistered the fMRI images to each subject’s high-resolution T1 anatomical scan before normalizing them to Montreal Neurological Institute (MNI) space. The images were then adjusted to match the MNI152 template. 6 mm full widths at half maximum Gaussian kernel were used to smooth the normalized images and linear detrending. To reduce low-frequency drift and physiological high-frequency respiration, temporal bandpass filtering (0.01–0.08 Hz) were applied. White matter, cerebrospinal fluid and head motion artifacts were regressed out to eliminate false signals.



2.4 Effective connectivity calculation

For each participant, four BF seeds (two per hemisphere) were created using a method based on Julich-Brain Atlas (Schneider et al., 2001), respectively. The four subregions are ch123 in the left and right medial septum/diagonal bands and Ch4 in the left and right basal nuclei of Meynert (Figure 1).


[image: image]

FIGURE 1
Localization map of basal forebrain subregions on a standard MNI spatial template. Ch123L and Ch123R indicate the left and right medial septum/diagonal bands, respectively; Ch4L and Ch4R indicate the left and right basal nuclei of Meynert, respectively.


Each subject underwent a voxel-wise GCA analysis using RESTplus V1.25. Four BF subregions were chosen for each participant in accordance with the available literature (Amunts et al., 2020). The seed time series X is the average time series of the seed regions, and the time series Y is the time series of the remaining voxels across the entire brain. In the entire brain, the linear direct effects of X on Y (information flow from X to Y) and Y on X (information flow from Y to X) are assessed voxel by voxel. In terms of directionality, a positive coefficient from X to Y denotes a causal relationship between activity in area X and Y. A negative coefficient from X to Y shows that activity in area X has a direct opposite influence on activity in area Y. A GCA map from the BF subregions to the whole brain (x2y) and a GCA map from the whole brain to the BF subregions (y2x) are represented as the results for each subject. For second-level group analyses, each individual-level EC map was then transformed using Fisher’s r-to-z transformation into a z-map (Zang et al., 2012).



2.5 Statistical analysis

The demographics and clinical characteristics were analyzed using statistical software (Statistical Package for the Social Sciences v.15.0; SPSS, Inc., Chicago, IL, USA). A two sample t-test was used to analyze differences in age and education, and chi-squared tests were used to analyze differences in gender distribution.

Prior to statistical analyses, we tested the normality of the functional MRI data using the Lilliefors test. A one-way analysis of covariance (ANCOVA) was used to compare the BF EC maps voxel by voxel between the three groups. Then, from the ANCOVA analysis, we extracted brain masks that showed significant differences. Finally, we performed post-hoc t-tests between each pair of groups using the ANCOVA brain masks. The two sample t-test was used to compare the AD group to the HC group after the intervention, and the paired t-test was used to compare the AD group before and after the intervention. To ensure the accuracy of the results, we removed the mean relative displacements of head motion, age and gender as covariates in the ANCOVA and t-tests. The resulting statistical map was set to p < 0.05 for multiple comparisons (AlphaSim corrected for multiple comparisons, with a combined individual voxel p-value 0.005 with a cluster size > 25 voxels).



2.6 Relationship of EC with clinical variables

The mean BF EC values of the abnormal brain regions were extracted, and Pearson correlations were used to investigate the relationships between abnormal FC values and clinical variables in AD patients before and after intervention (P < 0.05).




3 Results


3.1 Neuropsychological results

Table 1 displays the demographics and clinical data. Age, gender distribution, and educational attainment differences between groups were not statistically significant (p = 0.107, 0.157, and 0.240, respectively). The AD group had significantly lower MMSE scores and higher NPI scores than the HC group (p < 0.001).


TABLE 1 Demographics and neuropsychological data.

[image: Table 1]



3.2 Abnormal BF EC values in the AD group

ANCOVA analysis revealed significant EC differences between the three groups in brain regions located in the left middle occipital gyrus, right inferior frontal gyrus/orbit part and right precuneus (Table 2 and Figure 2). Compared to baseline status, AD patients after donepezil intervention had an increased EC from left middle occipital gyrus to right MS/DB. Compared to HC, AD patients after donepezil intervention had an increased EC from right inferior frontal gyrus/orbit part to right MS/DB, AD patients before donepezil intervention had a reduced EC from right precuneus to right MS/DB (Table 2 and Figure 3).


TABLE 2 Brain regions with significantly different effective connectivity values with right medial septum/diagonal bands in the AD after intervention group compared with the AD group before intervention and HC group.
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FIGURE 2
Brain regions showing the abnormal right medial septum/diagonal bands functional connectivity values among three groups.
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FIGURE 3
(A) Brain regions showing the alternation of right medial septum/diagonal bands effective connectivity values in the post-intervention AD group compared with pre-intervention AD and HC groups. (B) Means and standard deviations of the difference brain regions obtained from the comparison of the three groups of effective connectivity. t1, pre-intervention AD patients; t2, post-intervention AD patients.




3.3 Correlations of EC with clinical variables

A significant positive correlation was found between EC values in right precuneus and Mini-Mental State Examination in pre-intervention AD patients (r = 0.7338, p = 0.0012) (Figure 4).
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FIGURE 4
The correlation between EC values in the right precuneus and clinical variables in AD patients. There is a significant positive correlation was found between EC values in right precuneus and MMSE in pre-intervention AD patients (r = 0.7338, p = 0.0012).





4 Discussion

Using rsfMRI data and the GCA method, we investigated the alternation of the BF EC network in the AD groups before and after donepezil intervention in comparison to the HC group. Compared with their baseline status, AD patients after donepezil intervention had an increased EC from left middle occipital gyrus to right MS/DB. Compared to HCs, AD patients after donepezil intervention had an increased EC from right inferior frontal gyrus/orbit part to right MS/DB, AD patients before donepezil intervention had a reduced EC from right precuneus to right MS/DB. A significant positive correlation was found between EC values in right precuneus and Mini-Mental State Examination in pre-intervention AD patients.

Our research shows that AD patients after donepezil intervention exhibited an increased EC from right inferior frontal gyrus/orbit part and right precuneus to right MS/DB. The precuneus and orbitofrontal lobes belong to the default mode network (DMN). The DMN is a key brain network in the development of AD and is also the main brain network associated with cognitive function (Gomez-Ramirez and Wu, 2014). The donepezil-treated group showed increased volume of the precuneus and higher connectivity in the default mode network area compared to the untreated group (Solé-Padullés et al., 2013; Moon et al., 2016). High frequency stimulation of the precuneus in AD patients using repetitive transcranial magnetic stimulation (rTMS) was found to improve situational cognitive function in AD patients (Koch et al., 2018). Analysis of TMS-electroencephalogram (EEG) signals showed increased neural activity in the precuneus and altered functional connectivity with the medial frontal region of the DMN in AD patients (Koch et al., 2018, 2022). A Single-photon emission computed tomography (SPECT) imaging-based study showed a significant increase in preconditioning stress, disinhibition and euphoria and a significant decrease in bilateral orbital frontal perfusion in responsive AD patients compared to non-responsive AD patients after donepezil intervention (Mega et al., 2000). Our findings are consistent with those of the previous study. Donepezil did not only enhance functional, but effective connections between the basal forebrain and the default mode network, thereby improving clinical symptoms in AD patients.

Our results show that, comparison to their baseline status, AD patients after donepezil intervention had an increased EC from left middle occipital gyrus to right MS/DB. Visual dysfunction is one of the main clinical symptoms of AD patients, symptoms including spatial disturbances and reduced visual field for cognitive range of vision (Kusne et al., 2017). Better orientation performance in AD patients is associated with enhanced cerebral metabolism in the bilateral middle and inferior temporal lobes, bilateral middle and posterior cingulate gyrus, left angular gyrus and left middle occipital gyrus. Orientation functions include list learning, recognition memory, visuospatial function, attention and language (Weissberger et al., 2017). Four hours after donepezil administration, there was a significant relative increase in perfusion in the left parietal, right superior frontal gyrus and right middle occipital gyrus in responders (Tepmongkol et al., 2019). Our findings suggest that donepezil enhances the strength of connections between the basal forebrain and middle occipital gyrus, thereby improving visual cognitive function in AD patients.

Our study adds to the neural mechanisms of donepezil intervention on clinical symptoms in AD patients. Previous findings have shown that donepezil modulates clinical symptoms in AD patients from different perspectives, such as hippocampal volume, frontal functional networks and MAPK/NLRP3 inflammasome/STAT3 signaling (Dubois et al., 2015; Griffanti et al., 2016; Kim et al., 2021). Moreover, the combination of machine learning methods and imaging data can provide guidance for clinical drug use. By increasing the amount of training data and the generalization ability of the machine learning model, it can better predict the efficacy of clinical drugs for AD patients and guide the use of clinical drugs (May, 2021).

We should be aware of some restrictions on our study. To further validate the accuracy of the results, larger samples and data from multiple sites are first required. Second, a growing body of evidence suggests that cognitive changes in preclinical AD may be more global (Salmon, 2012). Thus, more comprehensive scales, like the Montreal Cognitive Assessment and the Alzheimer’s Disease Assessment Scale-cognitive subscale, could be used to assess the clinical status of AD patients since the scales used in this study to measure the cognitive function of AD patients are not sufficiently rich. Third, this study used rsfMRI to examine changes in the functional network of the cholinergic pathway in the gray matter of AD patients. Diffusion imaging may be used in the future to investigate abnormalities in the connections between white matter fibers in the cholinergic pathway in AD patients. Finally, T2-weighted MR images were not collected in this study to assess white matter hypersignal (WMH) in the patients. WMH loading indicates the severity of possible cerebral small-vessel disease or other cerebrovascular abnormalities, and may be an important influencing factor.



5 Conclusion

In the current study, we compared the BF EC in AD groups before and after donepezil intervention and HC groups. Our results showed that abnormal brain regions are located on the DMN and occipital lobe. These findings suggest that donepezil enhances the strength of connections between the basal forebrain with DMN and middle occipital gyrus, thereby improving cognitive function in AD patients.
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This review provides a comprehensive examination of the role of clathrin-mediated endocytosis (CME) in Alzheimer’s disease (AD) pathogenesis, emphasizing its impact across various cellular contexts beyond neuronal dysfunction. In neurons, dysregulated CME contributes to synaptic dysfunction, amyloid beta (Aβ) processing, and Tau pathology, highlighting its involvement in early AD pathogenesis. Furthermore, CME alterations extend to non-neuronal cell types, including astrocytes and microglia, which play crucial roles in Aβ clearance and neuroinflammation. Dysregulated CME in these cells underscores its broader implications in AD pathophysiology. Despite significant progress, further research is needed to elucidate the precise mechanisms underlying CME dysregulation in AD and its therapeutic implications. Overall, understanding the complex interplay between CME and AD across diverse cell types holds promise for identifying novel therapeutic targets and interventions.
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1 Introduction

Endocytosis is a ubiquitous and essential function of mammalian cells as it mediates many downstream pathways through the internalization of extracellular material from the cell surface. Many types of endocytosis have been described, including clathrin-mediated endocytosis (CME), dynamin-dependent endocytosis, caveolin dependent endocytosis, micropinocytosis, and phagocytosis (Doherty and McMahon, 2009). Of these, CME is one of the most well characterized and mechanistically understood. Processes that rely on CME include uptake of intracellular signals, transmembrane receptor recycling, regulation of membrane composition, synaptic vesicle recycling, and initiation/regulation of downstream intercellular signaling cascades such as the endolysosomal system. The distinct phases of CME are comprised of nucleation, cargo selection, coat assembly, scission, and uncoating. Each step is moved forward by an essential hub protein, which are supported by additional accessory proteins, described in detail through decades of studies (McMahon and Boucrot, 2011; Kaksonen and Roux, 2018). Hub and accessory proteins are indicated in Figure 1.
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FIGURE 1
 CME step-by-step. (1) Nucleation: Initial invagination of the membrane surface and recruitment of support proteins to the pit. (2) Cargo selection: Budding vesicle couples with the intended cargo via receptors and adaptor proteins, which concurrently begin recruiting clathrin. (3) Coat assembly: Clathrin begins forming a lattice around the budding vesicle. (4) Scission: Dynamin assembles around the vesicle neck, and with support from accessory proteins the vesicle is removed from the extracellular membrane. (5) Uncoating: The clathrin lattice disassembles and the early endosome can be trafficked through several pathways including back to the cell surface or through the endolysosomal pathway.


CME is initiated by proteins involved in nucleation (Figure 1, Step 1), including FCH and mu domain containing endocytic adaptor 1/2 (FCHO1,2), Intersectin1 (ITSN1), and Epidermal growth factor receptor substrate 15 (EPS15). These proteins cluster and bind to the plasma membrane to initiate membrane curvature and recruit other proteins, such as the Adaptor protein 2 complex (AP-2), for cargo selection (Figure 1, Step 2). Clathrin is also recruited by AP-2, which then begins the clathrin coat assembly (Figure 1, Step 3) of the endosome and curves the membrane further, forming the vesicle around the clustered cargo. The vesicle then undergoes scission from the membrane (Figure 1, Step 4) by recruitment of Dynamin via the BAR-domain containing proteins. Uncoating of clathrin (Figure 1, Step 5) is subsequently initiated by Auxilin of G-associated kinase (GAK), which recruits ATPase HSC70 to disassemble the clathrin coat allowing the machinery to be available for the next endocytosis event. Cargo internalized through CME is typically sorted through the endolysosomal pathway for delivery to the appropriate cellular compartment (Boulant et al., 2011; McMahon and Boucrot, 2011; Mettlen and Danuser, 2014).

Given the fundamental need for cells to utilize this process, there are many diseases associated with disruption of CME. However, dysfunction is more common in accessory proteins, as genetic mutations of essential hub proteins, for example those that make up the AP-2 complex, can be embryonic lethal (Mitsunari et al., 2005; Azarnia et al., 2019). Changes in accessory proteins can still have profound effects on CME function and are associated with cancer, psychiatric diseases, and various neurodegenerative diseases (McMahon and Boucrot, 2011). For example, in Parkinson’s disease, mutations in synaptojanin and auxilin have been shown to be causative for early onset Parkinson’s (Schreij et al., 2016). In Alzheimer’s disease (AD), genetic links have been made to endocytic protein genes such as AP-2 (cargo selection), Clusterin (CLU, cargo selection), Bridging integrator 1 (BIN1, scission), CD2 associated protein (CD2AP, scission/uncoating), and Phosphatidylinositol binding clathrin assembly protein (PICALM, cargo selection) (Raj et al., 2018; Azarnia et al., 2019; Ando et al., 2022; Szabo et al., 2022). BIN1 and PICALM are two of the most significant risk factors for late onset AD (Andrade-Guerrero et al., 2023). Importantly, while not directly involved in CME, many other significant AD risk factors like Apolipoprotein E (APOE), Ras and rab interactor 1 (RIN1), and Sortilin related receptor 1 (SORL1) have been related to endosomal and lysosomal dysfunction downstream from CME and are reviewed elsewhere (Szabo et al., 2022; Maninger et al., 2024).

AD is the most common form of dementia (Alzheimer's Association, 2023) and is characterized by the progressive development of amyloid beta (Aβ) plaques and neurofibrillary Tau protein tangles in the brain (Braak and Braak, 1991; Selkoe and Hardy, 2016). AD is often diagnosed 15–20 years after pathology begins to develop, so there is a need for reliable tools to detect early brain changes that lead to it (Deture and Dickson, 2019) and the effort to identify early cellular changes before the onset of symptoms is of great importance. As AD progression is a highly complex process, many mechanisms have been associated with disease progression, such as neuroinflammation, impaired autophagy, oxidative stress, vascular dysfunction, and endolysosomal dysfunction (Nixon et al., 2000; Theerasri et al., 2022). Perhaps one of the most widely referenced mechanisms is the Aβ cascade hypothesis, a well-established model of disease progression, in which intercellular Aβ accumulates as plaques in the brain, induces Tau pathology, and ultimately neuronal death (Hardy and Allsop, 1991; Hardy and Higgins, 1992). Others have since suggested that the imbalance of extracellular Aβ clearance and intracellular accumulation of Aβ initiates neuronal dysfunction rather than merely the accumulation of extracellular plaques (Selkoe and Hardy, 2016; Volloch and Rits-Volloch, 2022, 2023). As such, the processes of Aβ production and clearance have been of particular interest in the field of AD.

The pathogenic form of Aβ (Aβ1-42) is produced when Amyloid precursor protein (APP) is endocytosed and processed in the endolysosomal pathway of neurons (Koo and Squazzo, 1994; Selkoe and Hardy, 2016). CME has also been related to Tau pathology, primarily as a function of intercellular propagation in which aggregated pathologic Tau (Lamontagne-Kam et al., 2023) is internalized via many types of endocytosis including CME (Ando et al., 2020). While the potential cellular effects of Tau internalization by endocytosis are substantial (Thal and Tome, 2022), the ratio of Tau internalized via CME versus other endocytic pathways is unknown and thus studies are needed to determine if CME is as prominent a mechanism of Tau internalization, as it is for Aβ uptake.

As the primary process that feeds into the endolysosome, disruption of CME has the potential to affect this and many other downstream cellular pathways implicated with AD. The endolysosomal pathway in AD has been extensively studied downstream of CME (Nixon, 2017; Szabo et al., 2022), yet few investigators have evaluated the upstream changes and contribution of actual endocytosis, specifically CME, to AD pathogenesis. Additionally, in other brain cell types like microglia and astrocytes, CME is implicated in extracellular debris uptake and could be important to Aβ1-42 clearance, illustrating the potential for CME to affect the balance of both intra- and extra-cellular Aβ1-42 accumulation in multiple ways via multiple cell types. Here, we discuss how CME in different brain cell types has thus far been implicated in AD risk and progression. Aside from neurons, there is a gap in knowledge regarding a role for CME in Tau pathology. Thus, we will be focusing on CME and its relation to Aβ but will include Tau where information is available. We also focus the review on research that examines the importance of CME as a potential early disease modifier. For a detailed review of the role of downstream endosomal trafficking on AD pathogenesis see (Nixon, 2020; Behl et al., 2022; Szabo et al., 2022).



2 AD and endolysosomal function

The endolysosomal pathway systematically internalizes and sorts extracellular molecules that can either be used in the cell, recycled back to the cell membrane, or degraded internally through lysosomes and autophagosomes. Classically, molecular cargo is internalized through CME or other endocytic pathways and trafficked to early endosomes and then late endosomes, recycled to the surface membrane, or sent to the lysosome for degradation (Cullen and Steinberg, 2018). In AD, defects in the endolysosomal pathway cause cellular stress in multiple ways, including decreased endosomal transport, altered endosome signaling, reduction in vesicle recycling, decreased lysosomal acidification, and oxidative stress. These defects then result in various neuropathological outcomes such as Aβ1-42 over production and clearance deficits, as well as dystrophic neurites (Nixon, 2017; Colacurcio et al., 2018; Szabo et al., 2022).

Interestingly, the earliest presenting cytopathology in sporadic AD, even before accumulation of extracellular Aβ plaques are observed, is enlargement of early endosomes in neurons containing soluble Aβ (Cataldo et al., 2000, 2004). Indeed, this intracellular Aβ frequently associated with the enlarged endosomes (Cataldo et al., 2004). This phenotype is specific to sporadic AD and has not been observed in familial AD or other neurodegenerative diseases like Parkinson’s and Huntington’s disease (Cataldo et al., 2000). Enlarged early endosomes are also observed in induced pluripotent stem cell (iPSC) derived neurons from sporadic AD patients (Israel et al., 2012) and iPSC lines with APP and presenilin 1 (PSEN1) mutations, both genetic risk factors for early-onset AD (Kwart et al., 2019; Lacour et al., 2019). Interestingly, endolysosomal dysregulation and enlarged early endosomes are also seen in Down syndrome, a genetic disorder caused by a triplication of chromosome HSA21 (Cataldo et al., 2000). People with Down syndrome have a significantly higher risk of developing AD, with nearly all patients developing neuropathology and symptoms by age 65 (McCarron et al., 2017; Fortea et al., 2021). This phenomenon is thought to be due to several AD related genes encoded on HSA21, such as APP and PSEN1 (Colacurcio et al., 2018; Jiang et al., 2019; Botté and Potier, 2020; Filippone and Praticò, 2021). This connection between Down syndrome and AD could point toward endocytic processes as a potential driver of early endolysosomal dysfunction in AD.

Increased size and/or number of early endosomes is thought to correlate with an increase in general endocytosis, which results in the enlarged endosomal phenotype (Stenmark et al., 1994). This effect could indicate that changes in upstream endocytosis are important factors in downstream endolysosomal dysfunction in AD. The impact of cargo processed into this pathway has also been shown to alter endosomal function. For instance, in primary cortical rat neurons, internalization of Aβ1-42 resulted in increased levels and altered distribution of endolysosomal markers, as well as triggered neuronal degeneration. Inhibiting general endocytosis via phenylarsine oxide, and CME specifically with sucrose, attenuated this effect and returned endolysosomal markers to normal, suggesting that endocytosis of pathogenic Aβ1-42 contributes to downstream endosomal dysfunction (Song et al., 2011). Therefore, changes in CME may contribute to AD endolysosomal dysregulation in multiple ways.

Small et al. (2017) and Kimura and Yanagisawa (2018) summarize many of these endolysosomal disruptions into the “traffic jam” hypothesis. This hypothesis posits that disruptions in endocytosis and downstream endosome trafficking could be involved in altering the metabolism of AD related proteins and thus act as a pathogenic hub in AD. Similarly, Limone et al., proposed using the related genetic changes in endolysosomal trafficking as a “genetic hub” of AD which could contribute to many pathological events and illuminate potential drug targets (Limone et al., 2022). However, as these hypotheses focus primarily on trafficking of endosomes after endocytosis, how endocytosis itself may be altered and affect cellular phenotypes in the context of AD remains to be considered.



3 Clathrin mediated endocytosis in AD

CME has been well studied under normal physiological conditions, but little is known about how it may be changed during AD progression. In addition to its downstream connection with the endolysosomal pathway, several studies have indirectly implicated CME in AD in humans and animal models through genomics, transcriptomics, and proteomics of CME-related genes and proteins. A current summary of CME proteins associated with AD, their function in CME, and which AD brain regions are affected is presented in Table 1.



TABLE 1 CME proteins in human post-mortem AD brains.
[image: Table1]

In 2018, Ahmad et al., calculated weighted genetic risk scores by combining data from the longitudinal AD Rotterdam Study (Hofman et al., 2015) and 20 AD genetic risk variants. These risk scores were then clustered within cellular pathways and associated with AD, mild cognitive impairment (MCI), and brain MRI phenotypes. The risk score of endocytic pathways was significantly associated with MCI, and the clathrin/AP-2 adaptor complex pathway was modestly associated with white matter lesions (Ahmad et al., 2018). Interestingly, other studies assessing genetic risk factors of AD found that the endocytosis pathway was significantly associated with reliance against AD (Tesi et al., 2020) and that abnormal Aβ levels, but not Tau, are significantly associated with endocytosis (Schork and Elman, 2023). These associations suggest an early involvement of endocytosis, specifically CME, in AD risk/etiology and potential resilience. Indeed, proteins involved in CME such as AP180 (cargo selection), AP-2 (cargo selection/clathrin recruitment), and Dynamin 1 (scission) are shown to be decreased in AD in various regions of human post-mortem brains at both the RNA and protein level (Yao et al., 1999, 2000, 2003; Cao et al., 2010; Piras et al., 2019). Together, the changes of CME protein levels point toward involvement of the pathway in AD and its potential to be both disease contributing or neuroprotective, but each protein must be evaluated individually to understand how its changes may affect or contribute to potential CME dysfunction in AD.

Several of these protein changes also translate to a transgenic mouse model of AD with a mutation in humanized APP (APPSWE) (Hsiao et al., 1996). Dynamin 1 and AP180 were decreased in APPSWE brains versus controls, with varying degrees of specificity in subregions of the hippocampus, entorhinal cortex, and temporal cortex, similar to their changes in human AD brains (Cao et al., 2010). Interestingly, a separate study of the cortex in APPSWE mice showed several CME proteins (APP, Clathrin, Dynamin 2, and PICALM) were upregulated, not downregulated as was observed in other brain areas. Importantly, proteins related to clathrin-independent endocytosis such as flotillin-1, and caveolin-1 and -3 were not changed (Thomas et al., 2011). These observations demonstrate that proteins specific to CME, and not to other common endocytic pathways, are changed and could point toward CME being specifically responsible for downstream endocytic abnormalities in APPSWE mice. However, it is unknown whether more recently studied AD models with multiple transgenes, such as the 3xTg (Oddo et al., 2003) or 5xFAD lines (Oakley et al., 2006), recapitulate these changes or have CME disruptions. Several studies have shown that pharmacological modulation of downstream endolysosomal functions in 5xFAD mice (Cuddy et al., 2022) and in the 3xTg improved endolysosomal function and disease phenotypes (Kim et al., 2023), though how these manipulations may affect and be affected by upstream CME function is unclear.

Another consideration is whether normal aging affects levels of CME proteins and CME function. It is well known that the biggest risk factor of developing AD is aging, and a change in CME proteins over time could account for a possible connection between this risk factor and early cellular phenotypes. To date, only one study has attempted to address this possible connection. In 2018, Alsquati et al., examined how endocytosis-related proteins change in the frontal cortex of neurologically normal males from different age groups: 20–30 (young), 45–55 (middle aged), and 70–90 (old) (Alsaqati et al., 2018). Interestingly, both CME and clathrin-independent proteins were changed in an age-dependent manner. Four CME proteins, Dynamin I, isoform 4 of PICALM, AP180, and Rab5, were all significantly increased from the young to old age groups. Clathrin-independent proteins such as caveolin-2 and flotillin-2, increased with age, while caveolin-3 was decreased with age. Of note, some of these protein changes contrast with those seen in AD brains in the studies described above (Yao et al., 1999, 2000, 2003; Cao et al., 2010; Piras et al., 2019) and in Table 1, and may be related to general changes in endocytosis rather than specific changes to CME. It is unclear whether this effect may be due to evaluation of different brain regions, or to the exclusion of females from the aging study. Prior studies examining CME proteins in AD included both females and males in their cohorts, which is important, as females have a much higher incidence of AD (Rajan et al., 2021; Alzheimer's Association, 2023). Thus, examination of protein levels in males only does not allow any exploration of potential sex difference in endocytosis during aging, which could be a factor in the differential direction of expression changes between the aging study and others mentioned above. Additionally, the 15-year gap between each age group in these data should be considered. While the average age of AD diagnosis is about 75 years of age (Barnes et al., 2015), brain changes can occur for many years beforehand; thus, the 15 year gap between the middle aged (45–55) and old aged (70–90) groups could be enlightening and thus an important time point to evaluate. While the Alsquati study is a very promising initial study, more research is needed to elucidate the potential role of CME in early AD and if, or how, aging may be involved.

When thinking about how these observed differences in AD CME proteins may affect function, we must also consider the potential for specific CME functions in different brain regions and cell types. CME proteins show different changes depending on what brain region was analyzed (summarized in Table 1). Also, CME proteins may not change in the same way in all cells, since AD has varying effects on many brain cell types (e.g., neurons, astrocytes, and microglia) throughout disease progression (Maninger et al., 2024). Studies are still needed to examine how the effect on overall CME function might be different in each brain region depending on how a specific protein, or set of proteins, is changed. It is possible that an increase in one protein potentially reduces CME, while the same increase in a different protein could decrease CME in a different brain region. Additionally, depending on the cell type, dysregulation of CME proteins and resulting downstream dysfunction may have distinct cellular outcomes. However, studies using whole brain lysate are not able to distinguish protein expression in different cell types. Thus, studies focused on individual cell types are needed to establish whether CME is altered in distinct ways. Though brain region-specific changes are more challenging to evaluate due to difficulty obtaining the appropriate samples, many studies have begun to tease apart the potential cell type differences of CME proteins in AD, and will be further described in the remainder of this review.



4 CME dysfunction and AD cellular disruptions across multiple cell types


4.1 Neurons


4.1.1 CME involvement in synaptic dysfunction

As AD is characterized by increasing loss of neurons throughout disease, many studies to date have focused on how altered neuronal functions may affect disease progression. It is well established that synaptic dysfunction, loss, and subsequent neuronal degeneration contributes to the progressive nature of AD. Reduced synapse numbers are observed throughout disease progression and are strongly correlated with cognitive decline (Terry et al., 1991), but synapses start to show dysfunction even before measurable cellular degeneration. Normally, functioning synapses rely on the quick release of pre-synaptic vesicles which are rapidly recycled via CME to maintain the pool of vesicles available for transmission (Soykan et al., 2016). Synaptic disruption in AD can be induced by both extracellular Aβ1-42 oligomers and intracellular hyperphosphorylated Tau, and as such, may be connected to other aspects of AD neuropathology, such as altered APP processing, abnormal phosphorylation, and calcium imbalance (Yao, 2004; Pei et al., 2020; Hori et al., 2022; Ratan et al., 2023). Of note, synaptic vesicle recycling is reduced in AD, and multiple CME proteins that are involved in maintenance of synaptic vesicle size, uniformity, and turnover, are clustered at pre-synaptic sites (Pechstein et al., 2010; Milosevic, 2018). While several other mechanisms work in parallel to CME to maintain the synaptic vesicle pool, studies have shown that blocking CME significantly reduces synaptic vesicle recycling (Soykan et al., 2016), indicating that CME is a major recycling mechanism, and supporting that disruption of this machinery could contribute to AD synapse dysfunction.

Synaptic dysfunction in AD can also result from disrupted regulation of AMPA receptors (AMPARs) in the post-synaptic cleft. Regulation of AMPARs at the membrane is involved in learning and memory, with receptor presentation leading to long-term potentiation (LTP) and internalization leading to long-term depression (LTD) (Chater and Goda, 2022). In AD, AMPAR trafficking is changed such that LTP is impaired and LTD is enhanced which contributes to cognitive deficits (Al-Hallaq et al., 2007; Pei et al., 2020; Babaei, 2021). In LTD, AMPARs are internalized via CME, and internalization can be induced by interaction with Aβ1-42 (Man et al., 2000; Lacor et al., 2004; Snyder et al., 2005; Guntupalli et al., 2017) suggesting that CME could be involved in the LTP/LTD changes in AD. Additionally, the AD risk factor and CME protein PICALM is involved in surface regulation of AMPARs. Loss of PICALM in mice initiates LTP and reduces LTD which improves learning (Azarnia Tehran et al., 2022). This directly implicates CME in AMPAR trafficking alterations and potential effects on learning and memory in AD. If CME dysfunction is an initial piece of this early synaptic dysfunction in multiple contexts, it could very well be an upstream driver in disruption of many neuronal functions.



4.1.2 CME involvement in Aβ processing and uptake

As briefly mentioned above, in AD APP is preferentially processed into amyloidogenic Aβ1-42 in the endolysosomal pathway of neurons after internalization via CME (Koo and Squazzo, 1994; Wu and Yao, 2009). This processing occurs in the early endosome, where the enzyme BACE1 and APP are individually delivered, and APP is cleaved by BACE1 and α-secretase into the pathogenic Aβ1-42. Regulators of endosomal trafficking, which normally prevent BACE1 and APP from being delivered to the same compartment, have been identified as genetic risk factors for AD (APOE4, PICALM, BIN1) (Szabo et al., 2022; Maninger et al., 2024). Disrupted expression of these regulators could contribute to the increased production of Aβ1-42 in the endosome (Thomas et al., 2016; Guimas Almeida et al., 2018). After amyloidogenic cleavage of APP, Aβ1-42 peptides are secreted from the cell and aggregate to form toxic fibrils and plaques (Zhang et al., 2011). In aged mouse hippocampal neurons, APP endocytosis is reduced with CME inhibition, but it is unclear if this directly results in less Aβ1-42 production (Burrinha et al., 2021). How CME alterations directly affect APP internalization and Aβ1-42 production in an AD model has not yet been closely studied, but it is plausible that increased CME could cause a subsequent increase in APP internalization and processing, and conversely, that decreased CME may therefore decrease Aβ1-42 production.

The production of Aβ1-42 has also been connected to synaptic activity, which can stimulate CME and increase the internalization of APP. In fact, electrical stimulation in the hippocampus of the APPswe mouse model increased Aβ1-42 in brain interstitial fluid but was prevented up to 70% by CME inhibition using a Dynamin dominant-negative inhibitory peptide (Cirrito et al., 2005, 2008). This result suggests that endocytosis, both synaptic activity-mediated and clathrin-mediated, affects the levels of Aβ1-42 produced and released from neurons, which could contribute to the development of extracellular Aβ1-42 aggregation and spreading.

In addition to APP being endocytosed through CME, different forms of processed Aβ have also been shown to be internalized into neurons and accumulate in insoluble aggregates within endolysosomal compartments in AD brains (Gouras et al., 2000). This accumulation of Aβ1-42 in late endosomes and lysosomes could contribute to endolysosomal dysfunction and associated cellular disruptions (Colacurcio et al., 2018; Lai et al., 2021). Furthermore, endocytosed Aβ1-42 can also cause intraneuronal dysfunction outside of lysosomal accumulation; for example, cultured rat hippocampal neurons treated with Aβ1-42 showed decreased synaptic vesicle endocytosis and Dynamin 1 expression after stimulation, indicating that the replenishing of vesicles to the readily available pool is impaired by Aβ1-42 (Cao et al., 2010). Another of many observed intercellular effects of Aβ1-42 fibrils is the induction of neuritic defects and growth cone collapse. In cultured cortical neurons, Aβ1-42 internalization can result in failure of axonal repair and contribute to axonal degeneration (Kuboyama et al., 2005; Laferla et al., 2007). It has since been shown that endocytosis in growth cones is increased after Aβ1-42, and that inhibition of CME prevents the cone collapse (Kuboyama et al., 2015) suggesting that CME is a primary mechanism driving downstream effects of Aβ1-42.

However, there are conflicting reports as to which endocytic mechanism is responsible for taking up each form of processed Aβ (e.g., monomeric, oligomeric, or fibrillar Aβ1-42). One study that evaluated the uptake of monomeric non-pathogenic Aβ1-40 and pathogenic Aβ1-42 in SH-Sy5Y neuroblastoma cells found that uptake of Aβ1-42 is twice as efficient as that of Aβ1-40 and is primarily independent of CME (Wesén et al., 2017). A subsequent study from the same group found that while the mechanism of Aβ uptake observed was similar to some established endocytic pathways, there are likely more undiscovered molecular components regulating Aβ1-42 uptake (Wesén et al., 2020). Yet other studies report that several forms of Aβ are internalized through CME in different cell types. For example, in rat primary hippocampal neurons, prefibrillar oligomeric forms of Aβ1-42 were rapidly taken into cells in a Dynamin-dependent manner, accumulated in lysosomes, and caused disruption to endolysosomal function. Importantly, a non-misfolded variant of Aβ1-42 was not internalized and did not show any effects on endolysosomal function (Marshall et al., 2020). In addition, in mouse neuro-2a cells, both Aβ1-42 monomers and oligomers showed minimal capacity for binding with the membrane itself but were not able to enter cells under CME inhibition (Shi et al., 2020), meaning that toxicity of Aβ1-42 fragments could be due to their internalization through receptors.

These observed differences in uptake methods for each Aβ1-42 form could be due to the use of multiple experimental models or structural changes in receptor binding to initiate endocytosis. They point to aggregation state of Aβ1-42 as an important factor to consider when evaluating the mechanisms and further effects of Aβ1-42 internalization. Indeed, several studies have shown that oligomeric and aggregated Aβ1-42 are internalized more and are more toxic to neurons than fibrillar or monomeric Aβ1-42 (Chafekar et al., 2008; Jin et al., 2016). However, these studies do not clarify which mechanism of endocytosis is involved, clathrin mediated or otherwise. Additionally, when comparing uptake of pathogenic Aβ1-42 vs. non-pathogenic Aβ1-40, Aβ1-42 and not Aβ1-40 is internalized by Dynamin-dependent endocytosis (Omtri et al., 2012) which can include more endocytic processes than purely CME (Mayor et al., 2014; Rennick et al., 2021). Taken together, it is still unclear how each different form of Aβ is internalized into neurons and what downstream effects they may have inside the cell. Nevertheless, there are many indications that CME is clearly an important player in neuronal AD mechanisms and should be studied further to tease the emerging nuances apart.



4.1.3 CME involvement in Tau dysfunction

While we have thus far focused on how CME disruptions may relate to Aβ pathology, it may also play a role in Tau dysfunction. During its propagation, pathological Tau is excreted and then internalized by neighboring cells (Mohamed et al., 2013). Internalization of extracellular Tau aggregates, as opposed to monomers, has recently been suggested to initiate Tau propagation in recipient cells (Usenovic et al., 2015; Kolarova et al., 2017). Uptake of Tau has been observed to occur through many types of endocytosis, including phagocytosis, Dynamin-dependent endocytosis, bulk endocytosis, CME, and others (Calafate et al., 2016; Ando et al., 2020; De La-Rocque et al., 2021; Zhao et al., 2021). However, as with CME effects on Aβ, there are few direct experiments that examine how CME disruption in AD may affect Tau propagation and resulting neuronal dysfunction or vice versa.

In non-disease state, it has been shown that heathy human neurons uptake both aggregated and soluble Tau in similar ways (Evans et al., 2018) and so Tau internalization may not be solely a toxic disease process. On the other hand, cultured mouse neurons with overexpressed human Tau show pre-synaptic endocytosis deficits by decreasing Dynamin RNA and protein but not clathrin, indicating that dysregulation of Tau, such that occurs in AD, may interfere with synaptic transmission via endocytic disruption (Xie et al., 2019). Additionally, a fragment of BIN1, a CME protein and AD risk factor, accelerates Tau aggregate uptake in primary cultured neurons. This process is inhibited by Dynasore, a Dynamin-dependent endocytosis inhibitor which reduces CME and several other Dynamin-dependent endocytic processes (Mayor et al., 2014; Zhang et al., 2024). Of note, it has been reported that inhibition of clathrin specifically does not reduce Tau endocytosis (Holmes et al., 2013; Wu et al., 2013), so these effects could be mediated by non-CME specific processes that still rely on Dynamin.

It is also important to consider that it may be difficult to distinguish AD-specific Tau endocytic changes from changes in other tauopathies. One study applied brain derived Tau oligomers from human post-mortem tissue of tauopathies including AD, progressive supranuclear palsy, and dementia with Lewy bodies to mouse primary neurons and showed that Tau oligomers from each disease state were internalized via the same non-Dynamin dependent endocytic mechanisms (Puangmalai et al., 2020). Thus, as multiple endocytic pathways seem to be involved, more work needs to be done to tease apart the nuances of how CME specifically might affect or be affected by Tau pathology in healthy neurons and in AD versus other tauopathies.




4.2 Astrocytes

As CME is a ubiquitous process, changes in non-neuronal cell types during AD must be considered. Here, we will focus on astrocytes and microglia, which have myriad functions essential for maintaining a healthy nervous system and respond quickly to changes in environment (Vainchtein and Molofsky, 2020). Both have been implicated in reactivity to and protection from AD pathology, often in synchrony (Al-Ghraiybah et al., 2022).

Astrocytes perform many essential functions in a healthy central nervous system, including regulating synapse activity, interactions with blood vessels and endothelial cells to facilitate the blood brain barrier, neurogenesis, and maintenance of neuronal homeostasis. Astrocytes have diverse morphology and mechanisms of action for these functions (Eroglu and Barres, 2010; Sofroniew and Vinters, 2010; Sofroniew, 2020; Torres-Ceja and Olsen, 2022). In AD, many astrocytes become reactive, localize around Aβ1-42 plaques, and excrete inflammatory cytokines that contribute to widespread neuroinflammation and subsequent neuronal dysfunction (Al-Ghraiybah et al., 2022). It has also been shown that activated microglia can induce astrocytes to lose neuronal support abilities, and these neurotoxic astrocytes are abundant in AD and other neurodegenerative diseases (Liddelow et al., 2017).

Astrocytes are closely tied to the clearance of dying neurons and take up large amounts of neuronal Aβ1-42 and debris (Yuan et al., 2023; Mun et al., 2024). However, astrocytes can become overburdened with Aβ, resulting in impaired phagocytosis of diseased synapses and potentially contributing to the increased amount of dystrophic neurites seen in early stages of AD (Sanchez-Mico et al., 2021). Additionally, Aβ protofibrils engulfed by mouse primary astrocytes are not degraded in the cell and induce lysosomal dysfunction within them (Söllvander et al., 2016). Astrocytes of aged primate brains show enlarged early endosomes filled with Aβ, suggesting that aging may also play a role in astrocytic dysfunction (Kimura et al., 2014). And while it is largely thought that astrocytes internalize Aβ through phagocytosis, it has recently been shown that multiple forms of Aβ (1-40 and 1-42) are internalized via clathrin-coated vesicles in rat primary astrocytes, where they induce increased reactive oxygen species production and decreased cell viability. When treated with chlorpromazine, a pharmacological inhibitor of CME, astrocytes exhibit significantly decreased uptake of Aβ1-42 and a partial rescue of Aβ1-42 induced cell death (Domínguez-Prieto et al., 2018). Additionally, astrocytes can take up and accumulate monomeric and oligomeric Tau (Martini-Stoica et al., 2018; Brezovakova et al., 2022; Eltom et al., 2024; Giusti et al., 2024), though to the best of our knowledge the specific endocytic mechanisms involved have not been thoroughly examined and there is no strong link to CME specifically in astrocytes.

Another consideration of astrocytic involvement in AD is their connection to the genetic risk factor of apolipoprotein E4 (APOE4). APOE is mainly expressed in astrocytes as their primary cholesterol carrier, and expressing the APOE4 allele is one of the biggest risk factors for developing AD (Martens et al., 2022). Many AD phenotypes are affected by APOE status including Aβ clearance and lipid metabolism (Koistinaho et al., 2004; Kim et al., 2009; Lin et al., 2018). Human iPSC derived astrocytes with APOE4 exhibit both decreased CME and early endosomal markers, suggesting that APOE4 disrupts CME. Interestingly, increased expression of PICALM rescues endocytic defects in the APOE4 astrocytes (Narayan et al., 2020). The connection of these two major genetic risk factors of AD through CME suggests that CME is instrumental in disease development.

Taken together, it is possible that the changes in CME protein levels observed in AD post-mortem brains contribute to the dysfunction of astrocytes and their role in driving subsequent AD pathology. Moreover, the involvement of CME in astrocytic responses to Aβ1-42 illustrates the importance of evaluating CME in cell types other than neurons. It also opens questions regarding how aberrant CME early in AD contributes to non-neuronal disease phenotypes.



4.3 Microglia

Microglia, central nervous system resident phagocytes, are well recognized to have a dual role in AD, as reviewed recently (Cai et al., 2014; Al-Ghraiybah et al., 2022; Wendimu and Hooks, 2022; Zhao et al., 2022). Briefly, microglia can act in both a neurotoxic and neuroprotective role in AD, and which role they perform depends on many factors. Microglia activated from their resting state into neurotoxic phenotypes promote neuroinflammation through release of neurotoxic cytokines and other inflammatory factors. Contrasting this response, activated microglia in their neuroprotective phenotype can limit plaque formation by clearing extracellular Aβ1-42. Paradoxically, both phenotypes can be initiated by Aβ1-42. One prominent hypothesis in AD pathogenesis is that an initial problem that arises in disease progression is the loss of neuroprotective microglial function due to age-associated microglial senescence, which in turn leads to loss of Aβ1-42 clearance and accumulation of Aβ1-42. This accumulation of Aβ1-42 then activates microglial neurotoxic states, which increase neuroinflammation and eventually leads to dementia (Streit et al., 2021). This idea implicates microglia, and specifically a disruption in Aβ1-42 clearance, in early stages of AD.

Endocytic clearance of Aβ1-42 by microglia can occur through several mechanisms, the most commonly studied being micropinocytosis and phagocytosis (Ni et al., 2024). However, recent studies have begun to implicate CME in this process. In HMO6 cells, a human microglial cell line, treated with an amyloid-degrading enzyme activator, Aβ1-42 uptake was significantly increased, and both clathrin and caveolin expression were upregulated (Jang et al., 2015). However, no studies were done to examine the effect of inhibiting clathrin- or caveolae-dependent endocytosis independently, so it is unclear whether one process is more prominent that the other. Nevertheless, these findings suggest an involvement of CME in microglial Aβ1-42 clearance, although it may not be the only mechanism at play.

More recently, a study using a mouse microglial cell line treated with fibrillar Aβ1-42 found that clathrin colocalized with internalized Aβ42 and that inhibition of CME resulted in 80% reduction of Aβ1-42 uptake (Fujikura et al., 2019), further supporting the hypothesis that CME is involved in microglial Aβ uptake. Additionally, in another mouse microglia cell line, a novel form of endocytosis has been described, autophagy protein Light Chain 3 (LC3)-associated endocytosis (LANDO) (Heckmann et al., 2019). LANDO supports the clearance of Aβ and prevents activation of inflammatory microglia, yet inhibition of actin polymerization and phagocytosis had no effect on internalization of Aβ. This finding suggests that LANDO occurs though CME, as LC3 is colocalized with clathrin and Rab5 early endosomes (Heckmann et al., 2019). Also, it is important to note that these studies have not yet been replicated in vivo and should be validated further, as microglia function is strongly influenced by the surrounding environment. However, the recent evidence of CME in microglial clearance of Aβ1-42 does point toward another potential effect of CME disruption in AD. When considering microglial involvement in Tau pathology, to our knowledge there has been no specific link between microglial uptake and propagation of Tau via CME mechanisms. How microglia contribute to Tau pathology is reviewed in depth elsewhere (Das et al., 2020; Ayyubova, 2023; Chen and Yu, 2023; Ou-Yang et al., 2023). CME in microglia needs to be further investigated to clarify what degree it and other endocytic mechanisms are disrupted in AD in relation to both Aβ and Tau pathology. Reduction in CME could contribute to neurotoxic microglial function through reduction of Aβ1-42 clearance. Alternatively, if CME is not changed or is increased in AD microglia, it could be driving neuroprotection of microglia, whereby Aβ1-42 clearance is actually contributing to a slowing of disease progression.




5 Targeting CME for AD treatment

Currently, most clinical treatments for AD are Aβ-targeting monoclonal antibodies and have varying success in reducing Aβ burden and slowing cognitive decline (Alshamrani, 2023; Rabinovici and La Joie, 2023). However, they are also most effective in early stages of disease, as characterized by Aβ and Tau levels (Alshamrani, 2023). Aβ burden can be decreased in some patients, but progression is not completely halted (Sevigny et al., 2016; Mintun et al., 2021; Swanson et al., 2021; Budd Haeberlein et al., 2022) suggesting that targeting Aβ is not sufficient to significantly alter other molecular pathways involved in later stage AD pathophysiology. Therapies targeting Tau have recently become more heavily studied with several immunotherapies in clinical trials (Ji and Sigurdsson, 2021; Alshamrani, 2023). However, early intervention is still sorely needed for patients and modulation of other AD pathophysiology outside of targeting Aβ and Tau directly are being considered for treatment (Zhang et al., 2021).

As discussed within this review, there is abundant evidence that CME is a potential early disease modifier of AD in neurons, astrocytes, and microglia upstream of endolysosomal involvement. There have been several clinical trials evaluating endocytosis inhibitors which specifically block CME to treat coronavirus infection (Szewczyk-Roszczenko et al., 2023). These inhibitors include Ruxolitinib and Simvastatin, Chlorpromazine, and most interestingly Hydroxychloroquine (HCQ) which reduces PICALM expression (Szewczyk-Roszczenko et al., 2023). HCQ is a common treatment for arthritis and in 2001 was found to have no significant benefit to early AD (Van Gool et al., 2001). More recently, HCQ was found to reduce dementia risk in humans and rescued AD phenotypes in vitro and in vivo (Varma et al., 2023). While HCQ treatment is promising, its mechanism of action in specific cell types should be evaluated as it can also affect other non-CME pathways (Schrezenmeier and Dörner, 2020). Thus far, to our knowledge no other endocytic inhibitors have been applied to a clinical context of AD.

So, while there is great therapeutic potential of modulating CME in AD due to the many ways its disruption can interface with aspects of disease pathophysiology, it is also clear that treatments must be targeted to specific cell types. This is an area of interest for the delivery of anticancer drugs to specifically target diseased tissue and cells and reduce off target effects (Zhao et al., 2020; Mitchell et al., 2021) the application of which could be applied to AD treatment in the future. Additionally, since CME itself can be a mechanism of uptake for therapeutics (Congdon et al., 2013; Rennick et al., 2021), if its function is disrupted in AD already, drug delivery into cells may be compromised and should also be considered. There is still much to unravel before potential therapeutic developments using CME modulation for AD are possible, such as the directionality of CME functional changes and how it may vary between cell types.



6 Conclusion

In conclusion, CME is emerging as a critical player in the development and progression of AD in multiple brain cell types. CME is an important intersection between early neuronal dysfunction via Aβ1-42 accumulation and downstream effects that contribute to neuronal viability, such as synaptic vesicle recycling deficits and disruption of AMPAR regulation. Not only is Aβ1-42 produced following CME of APP, but internalization of multiple forms of extracellular Aβ1-42 contribute to downstream neuronal pathology. In astrocytes and microglia, which are heavily involved in clearance of extracellular Aβ1-42 in the brain, CME disruptions reduce internalization of Aβ1-42. Importantly, other brain cell types, including endothelial cells, oligodendrocytes, and ependymal cells that are not reviewed herein, should also be considered in the context of CME and AD as they could also be affected by changes in CME. Further, other copathologies associated with AD that may also affect or be affected by CME disruption, such as TDP-43 (Root et al., 2021), should be considered. Ultimately, CME appears to be involved in dysfunction in multiple cell types across early and late stages of AD. Thus, elucidating the mechanisms of CME and how their disruption is related to AD pathogenesis or neuroprotection in each brain cell type would both lead to a better understanding of AD mechanisms and potentially point to novel targets for the treatment or prevention of AD.
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Introduction: Alzheimer’s disease (AD) is associated with disturbed metabolism, prompting investigations into specific metabolic pathways that may contribute to its pathogenesis and pathology. Sphingolipids have garnered attention due to their known physiological impact on various diseases.

Methods: We conducted comprehensive profiling of sphingolipids to understand their possible role in AD. Sphingolipid levels were measured in AD brains, Cerad score B brains, and controls, as well as in induced pluripotent stem (iPS) cells (AD, PS, and control), using liquid chromatography mass spectrometry.

Results: AD brains exhibited higher levels of sphingosine (Sph), total ceramide 1-phosphate (Cer1P), and total ceramide (Cer) compared to control and Cerad-B brains. Deoxy-ceramide (Deoxy-Cer) was elevated in Cerad-B and AD brains compared to controls, with increased sphingomyelin (SM) levels exclusively in Cerad-B brains. Analysis of cell lysates revealed elevated dihydroceramide (dhSph), total Cer1P, and total SM in AD and PS cells versus controls. Multivariate analysis highlighted the relevance of Sph, Cer, Cer1P, and SM in AD pathology. Machine learning identified Sph, Cer, and Cer1P as key contributors to AD.

Discussion: Our findings suggest the potential importance of Sph, Cer1P, Cer, and SM in the context of AD pathology. This underscores the significance of sphingolipid metabolism in understanding and potentially targeting mechanisms underlying AD.
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1 Introduction

Alzheimer’s disease (AD) is a widespread neurodegenerative condition that affects millions of individuals worldwide, with a far-reaching impact on not only the patients themselves, but also their families, society, and healthcare systems (Winblad et al., 2016). AD is responsible for approximately two-thirds of all dementia cases (Livingston et al., 2017) and is characterized by the presence of aggregates of pathologically misfolded proteins, mainly of amyloid β (Aβ), which is a product of the proteolytic cleavage of the transmembrane Aβ precursor protein (Karran et al., 2011; Brunkhorst et al., 2014). The precise pathogenesis of AD remains incompletely understood, and the true significance of the numerous disruptions observed in these patients remains ambiguous. Several established mechanisms have been linked to neuronal and synaptic degeneration in the brains of patients with AD. These established mechanisms include oxidative damage, perturbed redox signaling, and mitochondrial dysfunction (Chen and Zhong, 2014; Yuyama et al., 2014; Ashleigh et al., 2023), impaired glucose metabolism (Serviddio et al., 2011), and an inflammatory response (Hansen et al., 2018; Singh, 2022).

However, the changes in lipid components and their relationship with AD still remain inadequately understood. The central nervous system (CNS) is rich in lipoprotein components, particularly apolipoprotein-E (ApoE)-rich high-density lipoprotein (HDL) (Vance and Hayashi, 2010), and the ApoE polymorphism has been stablished as a major risk factor for AD (Corder et al., 1993). In addition to cholesterol, ApoE types can affect the metabolism of sphingolipids. Actually, emerging evidence suggests that sphingolipids play important roles in the pathogenesis of AD, starting from earlier stages of the disease (Kosicek et al., 2012). For example, sphingolipids play structural roles in cellular membranes, including lipid rafts, which imply their involvement in Aβ metabolism (Olsen and Faergeman, 2017).

The brain expresses various sphingolipids, and multiple studies have examined the changes in sphingolipid levels in patients with AD. Among them, sphingosine 1-phosphate (S1P) and ceramides (Cer) have been extensively studied in the field of neurology (Ceccom et al., 2014; Couttas et al., 2014; Ghasemi et al., 2016). Sphingolipids can interconvert among themselves, forming a dynamic and intricate metabolic map. For instance, S1P is produced from sphingosine, and ceramides are derived from sphingomyelins, which can also be converted into sphingosine. Moreover, dihydrosphingosine 1-phosphate (dhS1P) is another ligand for S1P receptors that is produced from dihydrosphingosine (dhSph). The levels of sphingomyelins (SMs) have been reported to be elevated in AD brains (Kosicek et al., 2012; Barbash et al., 2017), whereas S1P levels are decreased (He et al., 2010; Couttas et al., 2014). However, the findings pertaining to ceramides are conflicting, with some studies reporting increased levels (Satoi et al., 2005) and one study reporting decreased levels in AD brains (Barbash et al., 2017). Because sphingolipids form an intricate metabolic map; and not only S1P and Cer, but also other sphingolipids [such as ceramide 1-phosphate (Cer1P) and deoxy-ceramide (Deoxy-Cer)] can be involved in the pathogenesis of AD, considering their potential biological properties (Bertea et al., 2010; Othman et al., 2012; Presa et al., 2020), a comprehensive analysis of sphingolipids is necessary to understand their modulation and estimate the potential roles of the disturbed metabolism of sphingolipids in AD.

Therefore, in the current study, we aimed to obtain a deeper understanding of the role of sphingolipids in AD by employing an advanced analytical method. We recently developed a novel LC-MS/MS method (Uranbileg et al., 2024) that allowed us to analyze a broader range of sphingolipid species using consistent solvent, column, and measurement conditions. This innovation expanded our capacity to explore the dynamic changes in sphingolipid metabolism in pathological conditions.

In this study, we utilized this advanced method to comprehensively analyze sphingolipids in both human postmortem brain tissue samples and AD induced pluripotent stem (iPS) cells. Our aim was to obtain insights into how these sphingolipids are modulated and involved in AD. To understand our findings better, we integrated our sphingolipid data with statistical methods based on machine learning techniques, which enabled us to pinpoint the factors that are most closely associated with AD.



2 Materials and methods


2.1 Tissue samples

Sphingolipids and ceramides were measured in the following samples: human postmortem brain tissues (cerebral cortex) obtained from subjects who had no medical history of AD or showed no evidence of other CNS disorders at the Tokyo Metropolitan Geriatric Medical Center (Braak stage 1–2; n = 6); human postmortem brain tissues obtained from subjects with Cerad-B (classified as an intermediate probability of AD, Braak stage 1–2; n = 7) (Murayama and Saito, 2004); and human postmortem brain tissues obtained from subjects with AD (Braak stage 5; n = 6), representing an advanced pathology related to end-stage disease. All specimens collected from autopsies were obtained from the Brain Bank for Aging Research.1 The Aβ contents were measured using a Human β Amyloid (1–40) and (1–42) ELISA kits (298-64601 and 298–62401, WAKO Pure Chemical Industries, Osaka, Japan), and adjusted to the brain protein levels. The characteristics of these patients are listed in Table 1.


TABLE 1 Patients characteristics.
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This study was conducted in accordance with the ethical guidelines outlined in the Declaration of Helsinki. Written informed consent was obtained in advance from the brain donors and/or the next of kin. The study design was approved by the Tokyo Metropolitan Geriatric Medical Center and The University of Tokyo Medical Research Center Ethics Committee (2018088NI).



2.2 Cell culture

Human AD-patient-derived iPS cells (iPS cell derived neuronal progenitor cells; ReproNeuro AD-patient 1, RCDN003P); PS [a genetically modified variant (P117L) of Presenilin 1, which is one of the causative molecules in AD], introduced into induced pluripotent stem (iPS) cells derived from healthy individuals; and ReproNeuro AD-mutation (RCDN002N) and Control (normal model neurons, RCDN001N) cells were purchased from ReproCELL, Inc. (Tokyo, Japan) and cultured according to the manufacturer’s protocol.



2.3 Sample preparation

For the measurement of all sphingolipids, a total of 10 μl of homogenized tissue samples and cell lysates samples were mixed with 10 μl of internal standards [SPLASH LipidoMix™, Cer1P-d7, hexosyl ceramide (HexCer), C17S1P, C17dhS1P, C1 7:1 Sphingosine (Sph), C17:1 dihydrosphingosine (dhSph), d18:1/17:0 Ceramide (Avanti Polar Lipids)] at 1 ng/ml (final concentration), and the sphingolipid content was extracted with 100 μl of 0.1% formic acid in methanol (Wako Pure Chemical Industries) and 80 μl of acetonitrile (Wako Pure Chemical Industries). The mixtures were sonicated for 5 min and then centrifuged at 16,400 × g for 10 min at 4°C. The supernatants were then analyzed using the LC-MS/MS method.



2.4 LC-MS/MS analysis

Sphingolipids were measured using the LC-MS/MS system (WATERS Corporation). Briefly, 5.0-μl samples were injected and LC separation was performed using a normal-phase column [InertSustain Amide 3-μm column: 2.1 × 100 mm (UP)] with a gradient elution of solvent A (10 mM ammonium acetate, 95% acetonitrile, and 5% water) and solvent B (10 mM ammonium acetate, 50% acetonitrile) at 0.6 ml/min. The conditions used in this experiment were as follows: a gradient run was performed at 99% solvent A and 1% solvent B for 1 min, followed by a run at 90% solvent A and 10% solvent B for 1 min, a run at 60% solvent A and 40% solvent B for 3 min, and a run at 20% solvent A and 80% solvent B for 2 min. The total run time was 11 min, the target column temperature was 50°C, and the target sample temperature was 10°C.

The mass spectrometer was operated in electrospray ionization-positive ion mode using the following analytical conditions: the cone gas flow was set at 50 L/h, the desolvation gas flow was set at 1,000 L/h, the source temperature was set at 150°C, and the desolvation temperature was set at 600°C.

The analyses were performed in the multiple reaction monitoring mode in the positive ion mode for sphingolipids. The data were analyzed by MassLynx, TargetLynx XS (WATERS Corporation). The monitored lipids are described in Supplementary Table 1. Both the intra-day and inter-day coefficients of variation for this assay were below 20%.

Using this newly established LC-MS/MS method, we conducted an analysis of sphingolipids and their species, including S1P, Sph, dhS1P, dhSph, Cer (24 species), Cer1P (12 species), HexCer (23 species), lactosyl-ceramide (LacCer, 5 species), dh-ceramide (9 species), deoxy-ceramide (9 species), deoxy-dh-ceramide (9 species), and SM (9 species).

After LC-MS/MS measurement, the areas of each sphingolipid are utilized in the subsequent analysis to determine their respective levels. The protein levels of each sample, which were determined by a colorimetric assay for protein concentration (DC protein assay, 500-0116, Bio-Rad Laboratories, Inc. Hercules, CA, USA), and the areas of the corresponding internal standards were then employed to calculate the final concentrations of the measured sphingolipids.



2.5 Statistical analysis

Data processing and analysis were performed using the SPSS (Chicago, IL, USA), MetaboAnalyst 5.02 and GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, USA). To examine the statistical significance of the differences detected in the sphingolipid levels and among the control brains, Cerad-B brains, and AD brains or cells, we used a one-way analysis of variance test or multiple comparisons with Tukey correction using SPSS. The results pertaining to the lipid levels are expressed as the mean and SD. To assess correlations, Spearman’s rank analysis was employed to examine the association between sphingolipids and other components using SPSS. A sparse Partial Least Square-Discriminant Analysis (PLS-DA) or machine learning study was performed using MetaboAnalyst or by SPSS Modeler, respectively, to explore the characteristics of the three diagnostic groups.

Variable Importance in the Projection (VIP) is a metric that was used to quantify the weighted contribution of sphingolipids to the differences between the groups. VIP was calculated as the sum of squares of the PLS loadings, considering the amount of variation explained in each dimension (for additional details, see text footnote 2). The Kendall rank correlation was employed to investigate the association of sphingolipids or clinical (pathological) data [Aβ levels, Braak stage, and senile plaque (SP) grade] with different groups, considering age and gender as covariates of interest.

Significance was set at p < 0.05.




3 Results


3.1 Overall modulation of sphingolipids in AD brains

Figures 1A, B reports the total levels of all measured sphingolipids in the three groups. The levels of Sph, total Cer1P, and total Cer were significantly higher in the AD brains compared with the control or Cerad-B brains. The total level of Deoxy-Cer was higher in both the Cerad-B and AD brains compared with the control brains. The levels of dhSph and SM were increased exclusively in the Cerad-B brains, and the levels of S1P were not significantly different among the groups (Figure 1A). The differences in the levels of sphingolipid species with significant changes among the three groups are shown in Supplementary Figures 1A–D.
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FIGURE 1
Sphingolipid modulation in AD brain tissues. Sphingolipid levels were assessed in the brains of control subjects (n = 6), the patients with Cerad-b (n = 7), and those with AD (n = 6). Statistical evaluation of differences was conducted using one-way analysis of variance (ANOVA) and multiple comparisons with Tukey correction. (A) Dihydrosphingosine (dhSph), dihydrosphingosine 1-phosphate (dhS1P), sphingosine (Sph), and sphingosine 1-phosphate (S1P) levels. (B) Total levels of the ceramide 1-phosphate (Cer1P), ceramide (Cer), hexosyl ceramide (HexCer), lactosyl-ceramide (LacCer), dihydroceramide (DH Cer), deoxy-ceramide (Deoxy-Cer), deoxy dihydroceramide (Deoxy-dhCer), and sphingomyelin (SM). Statistical significance was denoted as follows: * for p < 0.05, ** for p < 0.01, *** for p < 0.001. Red * indicates a significant increase, while blue * indicates a significant decrease.




3.2 Modulation of sphingolipid level changes in AD cells

Taking into account that Presenilin is one of the causative genes for familial AD, showing altered Aβ processing and impaired synaptic function, which are characteristics of AD, and considering potential postmortem effects on tissue sphingolipid levels, a similar measurement was conducted on cell lysates from the following three groups (each comprising n = 8): iPS cells derived from AD patients (AD), iPS cells with inserted mutations in Presenilin 1 (PS), and control neurons.

Figures 2A, B depicts the total levels of all measured sphingolipid species among the three groups. The dhSph, total Cer1P, and total SM levels were higher in both the PS and AD cells compared with the control cell. The Sph level was enhanced in both the PS and AD cell lines, although statistical significance observed in AD cells exclusively. The levels of S1P were not different among the groups (Figure 2A). Significant differences in the levels of sphingolipid species among the three groups are shown in Supplementary Figures 2A, B.
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FIGURE 2
Sphingolipid modulation in iPS cells. Sphingolipid levels were measured in normal model neurons (C), mutated Presenilin 1-inserted iPS cell (PS), and AD patient derived iPS cell (AD), each group N = 8. Statistical evaluation of differences was conducted using one-way analysis of variance (ANOVA) and multiple comparisons with Tukey correction. (A) DhSph, dhS1P, Sph, and S1P levels. (B) Total levels of the Cer1P, Cer, Hex Cer, LacCer, dhCer, Deoxy-Cer, Deoxy-dhCer, and SM. Statistical significance was denoted as follows: * for p < 0.05, ** for p < 0.01, *** for p < 0.001. Red * indicates a significant increase.


The comparable modulations observed in Sph and Cer1P levels between the two experiments (Figures 1, 2) offer significant insights into the possible contributions of these sphingolipids to the pathogenesis of AD.



3.3 Multivariate data analysis of the sphingolipids

The differential profiles of sphingolipids between AD, Cerad-B, and control brains were investigated using a PLS-DA. The score plots, as depicted in Figure 3A, revealed a significant difference among these three groups. A similar notable difference was observed in the cell samples, as illustrated in Figure 3C.
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FIGURE 3
Multivariate analysis of sphingolipids in AD brain tissues and cells. Score plots illustrate distinct profiles of sphingolipids among AD brains (A), Cerad-B brains, and control brains, as well as among AD, PS, and control cells (C). Variable Importance in the Projection (VIP) plots, derived from the PLS-DA models, ranked sphingolipids according to their discriminative ability in brain tissue (B) and cell samples (D).


VIP plots for component 1, which separated the three groups well, were generated from the PLS-DA models, and sphingolipids were ranked based on their discriminatory power for distinguishing the three groups in both brain tissue (Figure 3B) and cell (Figure 3D) samples. Notably, several Cer species exhibited high VIP scores in both the brain tissue and cell samples. Subsequently, the SM species were ranked as significant, although they showed elevated levels in the Cerad-B group (SM 18:0) in the tissue samples and in the PS group (SM 20:3) in the cell samples. Interestingly, the sphingolipid profiles obtained in postmortem brain tissues exhibited a stronger discriminatory power than did the Braak score, which is a measure used to describe the progression of AD, as shown in Figure 3B.

In Table 2, we present an overview of the correlations between patient characteristics and the measured sphingolipids. Notably, Spearman’s Rho analysis revealed strong correlations between Sph and the Braak score or SP (Figures 4A, B). Additionally, we observed significant correlations between Aβ levels as follows: Aβ40 with total dhCer or total Deoxy-dhCer (Figures 4C, D), and Aβ42 with total Deoxy-Cer or total Cer (Figures 4E, F). The levels of measured Aβ40, Aβ42, and their ratio are provided in Supplementary Table 2. Aβ40 exhibited strong correlations with parameters such as SP and Braak scores, compared to Aβ42. Furthermore, it showed strong correlations with dhCer or total Deoxy-dhCer, in addition to correlations similar to Aβ42.


TABLE 2 Correlation between sphingolipids and patient characteristics.
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FIGURE 4
Representative correlations between sphingolipids and the AD-associated markers. The correlations between sphingolipids and AD-associated markers were assessed using Spearman rank correlation. (A,B) Sph correlation with the Braak score and SP. (C,D) Correlations of Aβ40 levels with total Deoxy-dhCer and total dhCer. (E,F) Correlations of Aβ42 levels with total Deoxy-Cer and total Cer.




3.4 Prediction model identified ceramides and sphingomyelins as key sphingolipids in AD

Lastly, we constructed machine learning models for discriminating the groups using IBM SPSS Modeler, which recommended three different models to identify the most relevant sphingolipids associated with AD. The diagnostic performance of these selected machine learning models, together with the most important sphingolipids, exhibited an excellent predictive performance, with nearly 100% accuracy (Supplementary Table 3). As illustrated in Figure 5A, the predictor importance analysis identified specific sphingolipids, including Cer 22:2, SM 20:0, Cer 18:0, and SM 18:0, as having a higher value than the Braak score in postmortem brain tissue samples. Furthermore, we conducted additional correlation analyses, incorporating patients’ age, gender, Aβ levels, Braak stage, and SP grade as covariates of interest with groups (Figure 5B). Notably, SP showed a robust positive association with AD among clinical and pathological data. In relation to sphingolipids, Sph, several species as well as total Cer1P, and certain species of Cer and SM, demonstrated positive associations with AD.
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FIGURE 5
Discriminant analysis using the machine learning model. Illustration of predictor importance in brain tissue (A) and cell samples (C) using SPSS Modeler’s Predictor Importance Chart in the SVM model. This chart delineates the relative importance of each predictor, highlighting the top 10 sphingolipids ranked by their importance. (B) Association of measured sphingolipids with study groups was examined using the Kendall rank correlation. The analysis considered age, gender, and clinical (pathological) data [Aβ levels, Braak stage, and senile plaque (SP) grade] as covariates of interest.


For cell samples, the most important predictors included Cer 24:0, Cer 18:0, Cer 16:0, Cer 22:0, and SM 16:0 (Figure 5C). The assessment of predictor importance was conducted using the Support Vector Machine model, which is an effective and flexible classification method. Across all recommended models, Deoxy-Cer and its species emerged as the most crucial sphingolipids, ranking just below Aβ in importance (Supplementary Table 4) in both brain tissue samples and cell samples.

This application of machine learning models highlighted sphingolipids, including Deoxy-Cer, Sph, several species of Cer, and SM, as key contributors to AD, and suggested their potential for application in AD diagnosis and research.




4 Discussion

In the current study, we used our newly established method (Uranbileg et al., 2024) in combination with multivariate analysis and machine learning models to identify Sph, Cer1P, Cer, and SM as possible candidates for involvement in the pathogenesis of AD. Considering Presenilin as one of the causative genes for familial AD, and acknowledging the potential influence of postmortem effects and background pathological conditions of the patients, such as type 2 diabetes mellitus, on sphingolipid modulation, we also investigated the modulation of sphingolipids using iPS cells as one of models of AD. We obtained similar results in the latter analysis, which helped us conclude on the significant modulation of sphingolipids, especially Sph and Cer1P, in the pathogenesis of AD (summarized in Figure 6A-tissue, Figure 6B-cell).
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FIGURE 6
Schematic illustration of sphingolipid modulation in AD. Graphs depicting the modulation of sphingolipids in brain tissue (A) and cell samples (B) relevant to AD.


Sphingolipids are among the well-studied bioactive lipid mediators, playing crucial roles in the physiology and pathology of human diseases (Kluk and Hla, 2002; Hla, 2003; Nakamura et al., 2021; Kurano et al., 2022a,b,d; Uranbileg et al., 2022). In the field of neurology, their structural role in cellular membranes, particularly in lipid rafts, is a crucial aspect of their interaction with the amyloid beta (Aβ) metabolism (Olsen and Faergeman, 2017), suggesting the potential to investigate their role in AD. Recently, we developed a method that enabled us to measure not only an extended range of sphingolipids, but also numerous species of these sphingolipids simultaneously (Uranbileg et al., 2024; Supplementary Table 1). Sphingolipids can interconvert among themselves, thus forming a dynamic and intricate metabolic network; this method allows us to observe comprehensive dynamic changes in sphingolipid levels.

The total ceramide levels were elevated in the brain tissue of patients with AD and its species were identified as either those with the highest VIP score or one of the top 10 important sphingolipid predictors (Figures 1, 3B) in the AD group. This finding was supported by evidence that indicates the presence of increased Cer (Satoi et al., 2005; Akyol et al., 2021) in the cerebrospinal fluid (CSF) or tissues of patients with AD. Furthermore, the exogenous addition of Cer and an increase in endogenous Cer levels lead to higher levels of Aβ and the progression of AD (Puglielli et al., 2003). The total Cer level was also positively correlated with SP grade and Aβ40, 42 (Figure 4 and Table 2), which suggests its importance in AD. Over the past two decades, Cer has been intensively studied regarding its function in inflammation and apoptosis. Many stimuli, such as inflammatory mediators, UV radiation, and oxidative stress, activate cellular sphingomyelinase (SMase) to produce Cer (Kolesnick and Fuks, 2003; Ogretmen and Hannun, 2004). In turn, Aβ activates SMase to produce Cer from SM, and promotes the intracellular accumulation of Cer, which induces oligodendrocyte death (Lee et al., 2004). Cer accumulation is observable at the very early stages of AD, and even in subjects with mild cognitive impairment, which is a disorder that has been associated with risk of AD (Han et al., 2002), and it levels increase before the clinical recognition stages and are elevated in various brain regions (Katsel et al., 2007). Considering the proapoptotic properties of Cer, it seems reasonable that its levels are higher in AD brains and AD cells, thus promoting the pathogenesis of AD.

In both brain tissues and cell lines from individuals with AD, the Sph levels were significantly increased compared with the remaining two groups (Figures 1, 2). Sph was identified as an important factor in AD based on multivariate analysis and machine learning models, suggesting its potential role in AD (Figures 3B, 5A). In addition, Sph was positively and strongly correlated with the SP grade and Braak score of patients with AD (Figures 4A, B and Table 2), which suggests its importance in the diagnosis and underlying mechanism of AD. In similar studies that employed lipid profiling (Cutler et al., 2004; Akyol et al., 2021), sphingolipids such as Cer, SM, and S1P were predominantly mentioned, with less emphasis placed on Sph. Sph and S1P are interconverted by the actions of sphingosine kinase (SK) and S1P phosphatase (S1PP) (Cuvillier, 2002; Maceyka et al., 2002). Aβ disturbs S1P signaling by promoting the accumulation of the proapoptotic Cer, and downregulates SKs, leading to decreased S1P levels (Gassowska et al., 2014). In our case, the S1P levels remained unchanged in tissue or cell samples, which is consistent with previous studies (He et al., 2010; Ceccom et al., 2014; Couttas et al., 2014; Kurano et al., 2022c), which reported either unchanged or decreased S1P levels and SK activity, suggesting a difficulty to employ S1P receptor agonists. These discrepancies might be attributed to postmortem effects, because S1P can be intracellularly degraded (Uranbileg et al., 2022) or because of the lower accuracy of the comprehensive measuring method in the measurement of S1P versus the specific measuring methods of S1P. In fact, in our previous paper using a specific measuring method of S1P, the brain S1P levels were lower in the AD brains (Kurano et al., 2022c).

Regarding Cer1P, our research was the first to suggest that the total levels of Cer1P were higher in the brains of patient with AD and in PS or AD cells. Similar to Sph, Cer1P exhibited a positive correlation with the Braak score of patients with AD, indicating its potential involvement in AD pathology. Cer1P, which is derived from Cer via the action of ceramide kinase (CerK), is recognized for its role in stimulating cell growth and migration, as well as its association with inflammation and apoptosis (Presa et al., 2020). Notably, previous studies have indicated that Cer1P stimulates cell proliferation and adipogenesis, rather than inflammation and apoptosis. Nevertheless, although its precise involvement in AD remains unclear, our study demonstrated its elevation in AD cases. As a downstream product of Cer, further research is crucial to provide conclusive evidence of the role of Cer1P in AD in the near future.

Compared with significantly altered sphingolipids, the newly measured sphingolipid, Deoxy-Cer, exhibited an increase in brain tissues from individuals with Cerad-B scores and patients with AD compared with the control group (Figure 1B). This suggests its importance, as indicated by machine learning models that ranked it just after Aβ, whether considering its total levels or those of its species (Supplementary Table 4) or its strong correlations with Aβ40 and Aβ42 (Table 2) both in brain tissues and cell lines. The involvement of Deoxy-Cer in hereditary sensory autonomic neuropathy and type 2 diabetes mellitus (DM) has been acknowledged, emphasizing its significance in specific medical conditions (Bertea et al., 2010; Othman et al., 2012). Because of the association between Deoxy-Cer and the neuropathy caused by type 2 DM, its potential involvement in AD might be explained by the close relationship between metabolic syndrome or insulin resistance and the progression of AD (Farooqui et al., 2012). Although the physiological properties of Deoxy-Cer remain largely unknown at present, our study suggested the necessity for investigating its roles in CNS diseases.

Although the patterns of the levels of other sphingolipids, such as dhSph and especially SM, were somewhat distinct, some of those species were selected as important factors for AD in the multivariate analysis and machine learning models. Elevated SM levels have been reported in the CSF of patients with prodromal AD (Kosicek et al., 2012), supporting our findings of notably high SM levels in the Cerad-B group among patients or PS cells. Compared with our previous study, in which we conducted lipid profiling for all bioactive lipids and their related factors (Kurano et al., 2022c), we noticed some discrepancies in the levels of Sph, SM, and dhSph, which could be attributed to the improved methodology.

Because of the progressive nature of AD and the gradual worsening of dementia-related symptoms and pathology over time, the significance of early-stage dementia biomarkers becomes increasingly important. Therefore, here, we employed three groups for each type of sample (control, mild stage; Cerad-B for brain tissue; and AD for advanced stage) to explore the differences in sphingolipid metabolism at various stages of AD. With the exception of Cer1P in cell lines, which exhibited a significant gradual increase, no significant variations in lipid profiles were observed across the different AD stages, excluding a gradually increasing tendency in the levels of the Sph and total Cer.

The ApoE gene, particularly its ε4 allele, is widely recognized as the most influential genetic risk factor for AD, affecting over half of all cases (Raulin et al., 2022). ApoE proteins, encoded by various alleles, primarily facilitate lipid transport while also participating in diverse biological functions. Therefore, we conducted additional analysis based on ApoE gene alleles. Although we observed a tendency toward increased levels of certain sphingolipids in Group 1 (ApoE 3/4), the findings were not statistically significant (Supplementary Figure 3). It is worth noting that there were no patients with the ApoE 4/4 allele in our study group. Although the present study did not show the impact of ApoE allele on sphingolipid metabolism, further research is warranted to thoroughly elucidate the modulation of sphingolipids in response to the ApoE ε4 allele.

The primary limitations of this study included the sample size of each group and the absence of clinical information beyond what is presented here, as well as the possible postmortem effects on metabolites. Although the postmortem interval (PMI) tended to be shorter in the control subjects, no significant difference was observed among the three groups. The conditions of the brain samples seemed not to be significantly different, considering that the RNA integrity number was not so different among the samples (Table 1). The RIN values are higher than 7, indicating the good quality of the brain tissues. It should also be noted that, considering the variability of the tissue sample origin, in this instance, we utilized postmortem cerebral cortex tissues. Therefore, further sphingolipid profiling should encompass analyses of the white matter and hippocampal sections from brain tissues, as well as glial cells in cell line studies, considering that we utilized neurons in the present analysis. Another limitation concerns the iPS cells used in this study, as it is important to note that the iPS cell lines utilized here are characterized by Presenilin mutations. While these mutated lines exhibit certain AD-associated traits (Kim and Tanzi, 1997; Chen et al., 2002; Bagaria et al., 2022), including altered Aβ processing (Chen et al., 2002) and compromised synaptic function (Naruse et al., 1998; Yoo et al., 2000), they do not fully replicate all AD hallmark features. Therefore, future investigations should involve additional AD-specific iPS lines, such as those with MAPT mutations (Strang et al., 2019), and explore the use of more physiologically relevant models like organoids or animal models. These approaches aim to better encompass the diverse spectrum of lipid profiles observed within the brain, providing the possibility to elucidate the main mechanisms of the modulated sphingolipids, whether they are related to certain mutations or to outcomes observed in AD brain tissue.



5 Conclusion

In summary, a novel method combined with an advanced data analysis identified key sphingolipids for diagnosing AD, including Sph, Cer, Cer1P, and SMs. These sphingolipids were highlighted as a critical AD marker, as they exhibited strong correlations with AD-related factors and ranked above the Braak score as an important factor. We believe that this study could serve as a foundational pillar for further AD research, particularly for understanding the involvement of bioactive lipids.
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Background: Alzheimer’s disease (AD) is a common neurodegenerative dementia, characterized by abnormal dynamic functional connectivity (DFC). Traditional DFC analysis, assuming linear brain dynamics, may neglect the complexity of the brain’s nonlinear interactions. Energy landscape analysis offers a holistic, nonlinear perspective to investigate brain network attractor dynamics, which was applied to resting-state fMRI data for AD in this study.

Methods: This study utilized resting-state fMRI data from 60 individuals, comparing 30 Alzheimer’s patients with 30 controls, from the Alzheimer’s Disease Neuroimaging Initiative. Energy landscape analysis was applied to the data to characterize the aberrant brain network dynamics of AD patients.

Results: The AD group stayed in the co-activation state for less time than the healthy control (HC) group, and a positive correlation was identified between the transition frequency of the co-activation state and behavior performance. Furthermore, the AD group showed a higher occurrence frequency and transition frequency of the cognitive control state and sensory integration state than the HC group. The transition between the two states was positively correlated with behavior performance.

Conclusion: The results suggest that the co-activation state could be important to cognitive processing and that the AD group possibly raised cognitive ability by increasing the occurrence and transition between the impaired cognitive control and sensory integration states.
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 resting-state fMRI; energy landscape analysis; Alzheimer’s disease; brain dynamics; brain state


1 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by a progressive decline in memory and other cognitive abilities. At present, there is no curative treatment for AD, but medication can aid in controlling the symptoms and slowing the advancement of cognitive impairment. The functional magnetic resonance imaging (fMRI) technique has been widely applied to investigate the neural mechanism of Alzheimer’s disease (AD) and identify brain abnormalities specific to clinical behavior (Greicius et al., 2004; Buckner et al., 2009; Jagust, 2018).

Resting-state fMRI is a noninvasive imaging technique that indirectly measures synchronized blood oxygen level-dependent (BOLD) fluctuations in the brain, providing insights into the functional connectivity patterns of the brain (Biswal et al., 1995; Jagust, 2018). Among various resting brain networks, the default mode network (DMN) has been considered the core network reflecting AD pathological features. For AD patients, there was a significant decrease in the functional connectivity of the DMN (Greicius et al., 2004). In addition to the DMN, other brain networks, such as the executive control network (ECN) and salience network (SN), also showed changes induced by AD (Hahn et al., 2013; Badhwar et al., 2017). The alterations in functional connectivity may reflect cognitive dysfunction and compensatory responses to neurodegeneration damage in AD.

It should be noted that static functional connectivity analysis cannot capture the dynamic nature of the brain and fully reveal intricate temporal characteristics. Many previous studies have demonstrated that functional connectivity fluctuates dynamically with time (Chang and Glover, 2010). Dynamic functional connectivity (DFC) analysis has been used to distinguish functional states that vary between healthy controls and AD patients (Badhwar et al., 2017; Preti et al., 2017). Some studies have examined the dynamics of functional connectivity across diverse subnetworks, revealing aberrant dwell times specifically within memory-associated networks in AD brains (Jones et al., 2012; Filippi et al., 2019). Other studies demonstrated a gradual decline in whole-brain FC strengths that correlated with the increasing severity of cognitive impairment throughout the course of AD (Demirtaş et al., 2017; Pathak et al., 2022). The DFC analysis method used in previous studies assumes linearity of the brain dynamic system, while the dynamics of the brain are usually nonlinear (Hutchison et al., 2013; Preti et al., 2017). Thus, the dysfunction of the brain dynamic network in a complex and nonlinear brain system of AD remains to be elucidated.

Recently, energy landscape analysis based on statistical physics has been extensively applied in the analysis of brain dynamics during rest (Watanabe et al., 2014a; Ezaki et al., 2017, 2018; Kang et al., 2021; Klepl et al., 2022) and bi-stable visual perception tasks (Watanabe et al., 2014b). In contrast with the previous DFC method, energy landscape analysis has several advantages in exploring brain dynamics. First, energy landscape analysis can provide insights into the stability and robustness of brain dynamics because it reveals information about the attractor dynamics of a system. Second, energy landscape analysis is particularly useful in nonlinear systems and can provide a deeper understanding of brain dynamics. Third, energy landscape analysis provides a visual representation of the system, which can help to clarify and simplify complex brain systems.

Energy landscape analysis has been utilized to analyze abnormalities in brain dynamic dysfunction, including autism spectrum disorder (Watanabe and Rees, 2017), poststroke aphasia (Fan et al., 2022) and AD (Klepl et al., 2022; Li et al., 2023). For the AD patient, it was found that the dynamics of AD patients’ EEG were shown to be more constrained - with more local minima, less variation in basin size, and smaller basins (Klepl et al., 2022). Due to poor spatial resolution of EEG, the EEG study cannot reveal the dynamic changes of brain networks in AD patients. Li et al. (2023) applied the energy landscape analysis to the resting fMRI data of AD and investigate the dynamic changes of the DMN, the SN, and the ECN. The study revealed that the dynamics of patients with AD tend to be unstable, with an unusually high flexibility in switching between states (Li et al., 2023). However, Li’s study analyzes the DMN, SN and ECN separately by using the energy landscape method and ignored the interaction between the three networks. It has been demonstrated that several resting-state networks existed and interacted with each other in the resting fMRI data (Filippi et al., 2019; Puttaert et al., 2020; Cruzat et al., 2023). Therefore, it is essential to investigate the dynamic changes of the interactions between the resting networks by using the energy landscape analysis method to provide a more comprehensive understanding of the pathogenic mechanisms of Alzheimer’s disease.

This study aimed at revealing the abnormal dynamics of AD patient by treating all the resting-state networks as a whole activity pattern and examining the dynamic changes of the interactions between the resting networks collectively. In this study, we applied independent component analysis (ICA) to extract 9 resting fMRI networks and utilized the pairwise maximum entropy model to construct the energy landscape by using time series driving the 9 resting networks from 30 Alzheimer’s patients and 30 normal individuals. The maximum entropy model (MEM), as part of our energy landscape analysis, is used to estimate state energy distributions. We chose MEM due to its established effectiveness in deriving reliable and unbiased statistical inferences from limited datasets, with minimal prior assumptions (Jaynes, 1957; Schneidman et al., 2006). In the energy landscape analysis, the probability distribution of the brain states follows the Boltzmann distribution (the more frequently the state occurs, the lower its energy is). Our analysis methodology is illustrated schematically in Figure 1. The brain’s energy landscape comprises several valleys with local minima (referred to as “stable states” or “attractors”). The local minima have energy lower than their neighbours in the valley. The major brain activity patterns are defined as those that are frequently visited and situated in the lowest points of the energy landscape. We then assessed the ease of dynamic transitions by measuring the frequency of visits to these major activity patterns. The fMRI results revealed that AD symptoms could lead to an increased transition frequency between the cognitive control state and the sensory integration state as well as the occurrence frequency of the two states, which suggests that AD patients possibly used the compensatory mechanism to improve cognitive ability by increasing the transition frequency between the cognitive control and sensory integration states.

[image: Figure 1]

FIGURE 1
 Pipeline of energy landscape analysis. (A) Functional brain network extraction by ICA. (B) The time series driving each network. (C) Binarized time series in (B). (D) Identification of brain states in energy landscapes. (E) Extraction of the brain dynamic measures. (F) Relationship between brain dynamic measures and behavior scores.




2 Materials and methods


2.1 Subjects

The dataset was from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database.1 The ADNI was established in 2003 as a public–private partnership led by Principal Investigator Michael W. Weiner, MD. The ADNI is a longitudinal database that aims to develop biomarkers for the early detection and tracking of AD progression. It collects clinical, imaging, genetic, and bio-specimen data related to AD and cognitive impairments. A total of 60 subjects, including 30 patients diagnosed with Alzheimer’s disease and 30 controls, were used in this study. Ethical approval was granted by the local ethical committees of all involved sites.

According to the protocols, AD was diagnosed based on a combination of clinical and cognitive assessments, along with biomarker data. The criteria used for AD diagnosis were primarily based on the National Institute on Aging-Alzheimer’s Association (NIA-AA) guidelines for the diagnosis of Alzheimer’s disease. Participants underwent a comprehensive battery of neuropsychological tests evaluating various cognitive domains, including memory, language, attention, executive function, and visuospatial skills. Key tests included the Mini-Mental State Examination (MMSE), Rey Auditory Verbal Learning Test (RAVLT), Montreal Cognitive Assessment (MoCA), Functional Activities Questionnaire (FAQ) and others. The sample descriptions are presented in Table 1. Details on Alzheimer’s Disease Stages can be found in Supplementary Table S1.



TABLE 1 Demographic data.
[image: Table1]



2.2 Image acquisition

All participants underwent MRI scanning using a 3 T Philips MRI scanner to acquire resting-state functional images. The scanning protocol employed an echo-planar imaging (EPI) sequence with the following acquisition parameters: 140 volumes, repetition time (TR) = 3,000 ms, echo time (TE) = 30 ms, flip angle = 80°, number of slices = 48, slice thickness = 3.3 mm, spatial resolution = 3 × 3 × 3 mm3, and matrix size = 64 × 64. The original image files from this study are accessible to the broader scientific community for further analysis and research purposes. Additional information regarding the fMRI images can be found on the ADNI homepage.2



2.3 Data preprocessing

The present study utilized the Data Processing Assistant for Resting-State fMRI (DPARSF) software (Yan et al., 2016)3 to perform preprocessing steps on the rs-fMRI data. Specifically, each subject’s functional images underwent slice-timing correction, motion correction, and spatial normalization to the Montreal Neurological Institute (MNI) space. The resulting images were resliced into a voxel size of 3 × 3 × 3 mm and underwent spatial smoothing (Gaussian kernel with a full width at half maximum of 6 mm). Subsequently, linear detrending was applied, and the images were bandpass filtered (0.01–0.1 Hz).



2.4 Resting brain network extraction by ICA

Group independent component analysis (group-ICA) was performed to identify functional networks of the resting state. All preprocessed fMRI data were subjected to analysis using the GIFT toolbox.4 The optimal number of independent components (ICs) was estimated by the MDL criteria and was set to 30. The Component Labelling toolbox in GIFT was used to label the resulting independent components. Each component was identified according to its correlation with the resting-state network mask (Shirer et al., 2012). We finally selected 9 components (i.e., brain networks) relevant to AD according to a previous study (Badhwar et al., 2017): auditory network (AN), basal ganglia network (BGN), left executive control network (LECN), right executive control network (RECN), DMN, sensorimotor network (SMN), primary visual network (PVN), higher visual network (HVN), and SN.



2.5 Fitting of the pairwise MEM

To conduct energy landscape analysis, we applied the pairwise maximum entropy model (MEM) to the time series of the 9 brain networks in the same manner as in previous studies (Watanabe et al., 2014a; Watanabe and Rees, 2017; Ezaki et al., 2018; Fan et al., 2022). The pairwise MEM and the model fitting procedures are briefly described as follows.

For each group, the time series corresponding to N brain networks of S subjects were concatenated, and the data matrix ZN╳ST=[image: image]] was obtained. T is the number of time points in the time series. In this study, N was equal to 9, T was equal to 140 and S was equal to 30. The matrix [image: image] represents the time series of N networks for the ith subject. The nine mean values [image: image] that represent the average network activity of the nine brain networks were calculated by averaging Z across the columns. The data matrix Z was binarized based on the threshold of the mean values m. If Z(i,j) > mi, Z(i,j) = 1; otherwise, Z(i,j) = −1. A value of 1 represented the active state, while −1 represented the inactive state. Each column of Z represented the activity pattern of N networks at each time point. The total number of possible activity patterns amounted to 2N. [image: image] represents the kth activity pattern of all 2N possible activity patterns, where [image: image] represents a binary activity of network i.

According to the principle of maximum entropy, the probability distribution [image: image] of the network activity pattern Vk should follow the Boltzmann distribution when the mean network activity and the mean pairwise interaction are constrained by the empirical data (see Eqs 1, 2).

[image: image]
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Here, E(Vk) is the energy of activity pattern Vk, [image: image] represents the binarized activity of network i in activity pattern [image: image], [image: image] represents the activation tendency (baseline activity) of network i and [image: image]indicates a pairwise interaction between networks i and j. No interaction exists between networks i and j for [image: image] while interaction exists for [image: image]. It is important to note that the energy E does not represent biological energy. Rather, it serves as a statistical indicator of the likelihood of occurrence of each brain activity pattern. Brain activity patterns with lower energy values tend to occur more frequently.

The model-based mean network activity [image: image] and model-based mean pairwise interaction [image: image] were calculated using [image: image] in Eq. 1. The empirical mean network activity [image: image] and empirical mean pairwise interaction [image: image] were estimated from the empirical data, where [image: image] represented a binary activity of network i at time t. The parameters [image: image] and [image: image] were iteratively adjusted by using a gradient ascent algorithm until [image: image] and [image: image] were approximately equal to the empirically obtained [image: image] and [image: image] for each group.



2.6 Accuracy of fit

According to previous studies (Watanabe et al., 2014a; Watanabe and Rees, 2017), the accuracy measure R was calculated by Eq. 3 to evaluate the goodness of fit of the pairwise MEM to the fMRI data of each group.
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where [image: image] represents the Kullback–Leibler divergence between the MEM with [image: image] and the empirical data, as calculated using Eq. 4. D2 represents the Kullback–Leibler divergence between the MEM with [image: image] and the empirical data, was calculated using by Eq. 5. The accuracy measure R ranges from 0 to 1. MEM perfectly reproduces the empirical distribution of activity patterns for R = 1 and the pairwise interactions have no contribution to the MEM model fit for R = 0.

Additionally, the Pearson correlation coefficient between the appearance probability derived from the pairwise MEM and the empirical appearance probability was calculated. The greater the Pearson correlation coefficient was, the more accurately the maximum entropy model could explain the empirical data.



2.7 Construction of energy landscapes

To characterize the resting dynamics of the brain system, an energy landscape analysis was conducted for each group according to the procedure described in previous works (Watanabe et al., 2014a; Watanabe and Rees, 2017).

A network of activity patterns was constructed by setting each activity pattern as a network node. Two nodes were defined as adjacent if the two activity patterns were the same across all brain networks except one. Therefore, an activity pattern [image: image] was adjacent to N activity patterns. The network of activity patterns with their node energy E [image: image] was defined as the energy landscape. In the energy landscape, the local energy minima (attractors) were the nodes with energy values smaller than those of their N adjacent nodes.

A dysconnectivity graph (Becker and Karplus, 1997) was constructed according to the following six steps, as depicted in the flowchart in Figure 2. First, all the local energy minima were achieved by thoroughly searching the energy landscape. Second, the energy threshold Eth, was set to the highest energy value present among all 2N nodes. Third, the nodes with energy values equal to or larger than Eth were removed. Fourth, a connectivity check was performed to ensure that each pair of local minima was connected via a path within the reduced network. Fifth, Eth was adjusted by the subsequent largest energy value. The third, fourth and fifth steps were repeated until each local minimum was isolated in a reduced network. Finally, a hierarchical tree was generated. The terminal leaves represented the local minima, and the internal nodes indicated the branching points of different local minima. The leaves’ vertical positions reflected their energy values.

[image: Figure 2]

FIGURE 2
 Work flow of dysconnectivity graph.




2.8 Estimation of the sizes of dominant brain states

The basin sizes of the detected local minima were used to measure the dominance of each local minimum. A starting node i was selected from the 2N nodes. If there was any neighbouring node that had lower energy than node i, node i was moved to its neighbouring node with the lowest energy value. If no such neighbouring node existed, node i was a local minimum, and no movement occurred. This procedure was repeated until a local minimum was obtained. The starting node i was defined as an element of the basin of the local minimum that was reached by the starting node i. This process was applied to all 2N nodes repeatedly. All the brain activity patterns that belonged to the basin constituted the basin of a local minimum. Consequently, the basin size was defined as the fraction of the number of brain activity patterns belonging to the basin.

In this study, six local minima were grouped into three brain states according to the hierarchical structures of these minima (local minima 1, 2 and 4 for State 1; local minima 3 and 5 for State 2 and local minimum 3 for State 3; Figure 1C). The size of each brain state was defined as the summation of the basin sizes of all the local minima that belonged to the brain state.



2.9 Dynamic measures of brain states

According to the definition of the three brain states, the activity pattern at each time point was classified as one of the three brain states for each participant. Seven dynamic measures, including the appearance frequency, mean duration, mean energy, transition frequency, direct transition frequency, indirect transition frequency and transition in/out frequency, were calculated from the empirical data of each subject. For each participant, the appearance frequency of a state was calculated as the ratio of the occurrence number of the state to the total number of all states observed. The mean dwell time of a state was measured as the average number of consecutive occurrences of the state. The mean energy was calculated by averaging the energy levels of states across all time points. The state transition frequency from state A to B was measured as the ratio of the transition number from state A to B to the total transition number between states. Specifically, the state transition was further classified into direct transition and indirect transition. Indirect transitions involved intermediate states between the initial and target states. The transition in/out frequency was defined as the transition frequency at which a particular state transitioned to or from other states. Two-sample t tests with a Bernoulli correction were applied to all dynamic measures to evaluate the differences between the HC and AD groups.



2.10 Numerical simulations

According to the energy landscape estimated for each group (HC/AD), the movement of the brain activity patterns was numerically simulated using a Markov chain Monte Carlo method with Metropolis-Hasting’s algorithm (Metropolis et al., 1953; Hastings, 1970). In this method, any brain activity pattern [image: image]was only allowed to move to its neighbour pattern [image: image] that was selected from all N neighbours with a uniform probability of 1/N. The probability of transition from [image: image] to [image: image] was [image: image]. For each group, we repeated the random walk of 105 steps with a randomly selected initial pattern [image: image]so that the simulated data could fully describe the transition of the brain activity pattern. Using this numerical simulation, the mean duration, mean energy and transition probability of the brain states were calculated to characterize the brain dynamics. The differences in brain dynamics between the AD and HC groups were assessed through the utilization of chi-square (χ2) tests and post hoc residual tests.



2.11 Associations between brain dynamics and behaviors

We further explored the relationships between brain dynamics and behavior performance. The analysis focused on the DFC measures that showed significant intergroup differences. The Pearson correlations between behavior performances and the brain dynamic measures were calculated for the two groups separately.




3 Results


3.1 Accuracy of model fitting

Figure 3 displays the fitting results of the pairwise MEM for the empirical data of the AD and HC groups. The results indicated that the MEM could accurately predict the empirical data for both the AD and HC groups (accuracy: RAD = 0.822, RHC = 0.836). Moreover, the appearance probability derived from the pairwise MEM was highly correlated with the empirical appearance probability for both groups (rAD=0.930, p < 0.001; rHC=0.945, p < 0.001).

[image: Figure 3]

FIGURE 3
 Fitting of the pairwise MEM for the AD group (A) and HC group (B).




3.2 Energy landscapes and basin size

The hierarchal structures of the two groups’ energy landscapes are shown in Figures 4A,B. The energy landscapes of the AD and HC groups showed a similar hierarchal structure with the same six local minima (Figure 4C). The six local minima were grouped into three brain states (local minima 1, 2 and 4 for State 1; local minima 3 and 5 for State 2; local minimum 3 for State 3). Figure 4D shows the sizes of the three brain states of the two groups. The distributions of the brain states were significantly different between the two groups (χ2 = 7.95, p < 0.05 in a χ2-test). For State 3, the state size of the AD group was significantly smaller than that of the HC group (p < 0.05 in a post hoc residual test).

[image: Figure 4]

FIGURE 4
 Comparison of energy landscape structures. (A,B) Hierarchal structure of the energy landscape for the AD (A) and HC (B) groups. (C) The six local minima of the landscapes of the two groups. (D) Basin sizes of the three brain states for the two groups. *p < 0.05.




3.3 Characterization of brain dynamics

Figure 5 shows a comparison of the appearance frequency, mean duration and mean energy of the three states in the empirical data. In contrast to the HC group, the AD group displayed a significantly higher appearance frequency in State 1 (t = 3.33, p < 10−2, PBonferroni < 0.05) and State 2 (t = 3.14, p < 10−2, PBonferroni < 0.05) and a significantly lower appearance frequency in State 3 (t = 7.46, p < 10−3, PBonferroni < 0.05). Moreover, the HC group exhibited a significantly longer mean duration of State 3 than the AD group (t = 3.88, p < 10−3, PBonferroni < 0.05). State 2 showed significantly higher mean energy (t = 2.77, p < 10−2, PBonferroni < 0.05), and State 3 showed significantly lower mean energy in the HC group versus the AD group (t = 10.06, p < 10−3, PBonferroni < 0.05).

[image: Figure 5]

FIGURE 5
 Dynamic properties of brain states. (A) Appearance frequency of the three brain states for the HC and AD groups. (B) Mean duration of the three brain states for the HC and AD groups. (C) Mean energy of the three brain states for the HC and AD groups. *p < 0.05, **p < 10−2, ***p < 10−3.


The transition frequencies of the three states in the empirical data of the two groups are presented in Figure 6. The transition frequency, including direct transition and indirect transition, between States 1 and 2 was significantly reduced in the HC group compared to the AD group (t = 2.83, p < 10−2, PBonferroni < 0.05). Compared with the AD group, the HC group showed a significantly higher transition frequency between States 1 and 3 (t = 4.03, p < 10−3, PBonferroni < 0.05) and between States 2 and 3 (t = 4.85, p < 10−3, P Bonferroni < 0.05). For the direct transition frequency, the HC group showed a significantly lower frequency between States 1 and 2 (t = 4.35, p < 10−3, PBonferroni < 0.05) and a significantly higher frequency between States 1 and 3 (t = 2.73, p < 10−2, PBonferroni < 0.05) and between States 2 and 3 (t = 4.55, p < 10−2, PBonferroni < 0.05) compared with the AD group. For the indirect transition frequency, the HC group showed a significantly higher frequency between States 1 and 2 (t = 4.73, p < 10−3, PBonferroni < 0.05), between States 1 and 3 (t = 3.53, p < 10−3, PBonferroni < 0.05), and between States 2 and 3 (t = 2.11, p < 10−2, PBonferroni < 0.05) than the AD group. Moreover, the transition in/out frequency of State 3 was significantly higher for the HC group than for the AD group (t = 4.91, p < 10−3, PBonferroni < 0.05).
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FIGURE 6
 Dynamic transition of states. (A) Transition frequency of the AD and HC groups. (B) Direct transition frequency of the AD and HC groups. (C) Indirect transition frequency of the AD and HC groups. (D) Transition in/out frequency of the AD and HC groups.




3.4 Association between brain dynamics and cognitive ability

Figure 7 illustrates the relationships that had a significant correlation between neuropsychological assessments and the measurements of brain dynamics. For the RAVLT, the average score of AD patients was significantly lower than that of HCs (t = 9.58, p < 10−3, PBonferroni < 0.05). For the AD group, the RAVLT score showed a significant positive correlation with the transition frequency between States 1 and 2 (r = 0.55, p < 0.05), the transition frequency between States 1 and 3 (r = 0.45, p < 0.05), the direct transition frequency between States 1 and 2 (r = 0.43, p < 0.05), the direct transition frequency between States 1 and 3 (r = 0.45, p < 0.05), and the transition in/out frequency of State 3 (r = 0.45, p < 0.05).

[image: Figure 7]

FIGURE 7
 Association between transition rates and cognitive ability (RAVLT) in the AD group. (A) RAVLT scores of the HC and AD groups. (B) The relation between RAVLT and the transition frequency of States 1 and 2. (C) The relation between RAVLT and the transition frequency of States 1 and 3. (D) The relation between RAVLT and the direct transition frequency of States 1 and 2. (E) The relation between RAVLT and the direct transition frequency between States 1 and 3. (F) The relation between RAVLT and the transition in/out frequency of State 3.




3.5 Numerical simulation results

The dynamic measurements of the three states in the simulated data of the AD and HC groups are displayed in Figure 8. The distributions of the mean duration of each state exhibited significant differences between the two groups (χ2 = 106.9, p < 10−3 in a χ2-test). In contrast to the AD group, the HC group showed a significantly longer mean duration for State 1 (p < 10−3 in a post hoc residual test) and State 3 (p < 10−4 in a post hoc residual test) and a significantly shorter duration for State 2 (p < 0.05 in a post hoc residual test). The distribution of the mean energy of states displayed a significant difference between the HC and AD groups (χ2 = 1272.17, p < 10−3 in a χ2-test). The mean energy of the AD group was significantly larger for State 1 (p < 10−4 in a post hoc residual test) and State 2 (p < 10−4 in a post hoc residual test; Figure 8B) and significantly lower for State 3 compared to that of the HC group (p < 10−4 in a post hoc residual test).

[image: Figure 8]

FIGURE 8
 Dynamic measurement comparison of simulated data. (A) Mean duration of HC and AD. (B) Mean energy of HC and AD. (C) Transition frequency of AD and HC. (D) Direct transition frequency of AD and HC. (E) Indirect transition frequency of AD and HC. (F) Transition in/out frequency of AD and HC.


Moreover, significant intergroup differences were observed in the distributions of state transition probabilities, including transition probability (χ2 = 208.9, p < 10−3 in a χ2-test), direct transition probability (χ2 = 404.4, p < 10−3 in a χ2-test), indirect transition probability (χ2 = 61.7, p < 10−3 in a χ2-test), and transition in/out probability (χ2 = 116.3, p < 10−3 in a χ2-test) in the simulated data. For both the transition frequency and direct transition frequency, the HC group exhibited a significantly higher frequency between States 1 and 3 (p < 10−4 in a post hoc residual test) and between States 2 and 3 (p < 10−4 in a post hoc residual test; Figure 8A) than the AD group, while the AD group had a significantly higher frequency between States 1 and 2 (p < 10−4 in a post hoc residual test) than the HC group. For indirection transitions, the frequency of the HC group was significantly higher between States 1 and 2 (p < 10−4 in a post hoc residual test) and between States 1 and 3 (p < 0.05 in a post hoc residual test) and significantly lower between States 2 and 3 (p < 10−4 in a post hoc residual test) compared to that of the AD group. For the transition in/out frequency, the HC group displayed a significantly lower frequency for State 1 (p < 10−4 in a post hoc residual test) and State 2 (p < 10−3 in a post hoc residual test) and a significantly higher frequency for State 3 in contrast to the AD group (p < 10−4 in a post hoc residual test).




4 Discussion

In the present study, we investigated the impact of AD on resting-state dynamics by using an energy landscape analysis. Both the AD and HC groups showed dynamic direct and indirect transitions among the cognitive control state (State 1), the sensory integration state (State 2) and the co-activation state (State 3). In contrast to the HC group, the AD group spent significantly less time in State 3, and State 1 and State 2 occurred significantly more frequently. Moreover, the AD group tended to switch directly between State 1 and State 2, while the HC group tended to transit in/out of State 3. In the AD group, the RAVLT score showed a positive correlation with the transition in/out frequency of State 3 and the transition frequency between State 1 and State 2. The results suggest that State 3 could play an important role in cognitive processing and that AD patients possibly use the compensatory mechanism to improve cognitive ability by increasing the transition frequency between State 1 and State 2.


4.1 Brain state

A similar hierarchal structure with the same six local minima was detected in the energy landscapes of the AD and HC groups. The first local minima with all 9 networks inactivated may represent an inactive state. The second local minimum with RECN and LECN activation possibly represents the cognitive control state (Joo et al., 2016). The third local minimum with HVN, PVN, SMN and AN activation possibly represents a sensory processing state that includes visual, auditory and motor perception (Hutchison et al., 2013). The fourth local minimum exhibits activation of the BGN, DMN, SN, RECN and LECN. The SN has been implicated in modulating the switch between the internally directed cognition of the DMN and the externally directed cognition of the RECN and LECN (Sridharan et al., 2008). Thus, the fourth local minimum may represent a switching state between internal and external cognition. The fifth local minimum exhibits activation of the BGN, HVN, PVN, DMN, SMN, SN and AN. Because the SN plays a role in the detection and integration of salient sensory stimuli (Downar et al., 2000), it may work with the HVN, PVN and AN to detect and integrate visual and auditory stimuli. The BGN was reported to be involved in motor control (Turner and Desmurget, 2010) and may work with the SMN to perform motor processing. Thus, the fifth local minimum may be relevant to the integration of various sensory stimuli and motor function. The sixth local minimum with all networks activated represents an activated state.

In the hierarchal structure of the energy landscape, local minima 1, 2 and 4 were on the left branch, and local minima 3 and 5 were on the same branch for the AD and HC groups. Local minima 1, 2 and 4 were grouped into State 1, which may be related to cognitive control. Local minima 3 and 5 were grouped into State 2, which may be related to the integration of sensory stimuli and motor processing. Local minimum 6 was assigned to State 3, which may be related to the co-activation state.



4.2 Dynamic property of brain states

In contrast to the HC group, the AD group showed a significantly lower mean energy in State 2 and a higher mean energy in State 3. Because subjects prefer to stay in a stable state with low energy, State 3 occurred less frequently and State 2 more frequently in the AD group than in the HC group (Figure 5A). In State 3, all 9 networks cooperated and showed co-activation. Many previous studies observed altered functional connectivity between brain regions in AD patients (Filippi et al., 2019). Because the altered functional connectivity pattern may impact the co-activation of the 9 networks, State 3 occurred less frequently in the AD group than in the HC group. This result may suggest that the 9 networks of the HC group tended to interact more closely with each other than those of the AD group. State 2 was relevant to sensory and motor processing. Previous evidence indicated that sensory and motor changes may precede the cognitive symptoms of AD by several years and may signify an increased risk of developing AD (Albers et al., 2015). Moreover, visual, auditory and motor dysfunctions are selectively observed in subgroups of AD patients (Albers et al., 2015; Weintraub et al., 2018). Therefore, the higher appearance frequency of State 2 in AD patients possibly provides a compensatory mechanism for sensory and motor impairment in AD (Brier et al., 2012). State 1 showed a significantly higher appearance frequency in the AD group than in the HC group. In State 1, the SN, CEN and DMN interacted closely to control cognitive processes. It has been reported that functional organizations of CEN and DMN were impaired in AD (Joo et al., 2016), and functional connectivity between the SN and the other two networks (CEN and DMN) was also altered in AD patients (He et al., 2014). Furthermore, a triple-network (SN, CEN and DMN) analysis of Alzheimer’s disease, focusing on the energy landscape of these networks, revealed that the dynamics of patients with AD tend to be unstable, suggesting fluctuations in network interactions (Li et al., 2023). An increased occupancy rate in State 1 of AD patients possibly suggests a potential brain compensatory mechanism for enhancing cognitive control and coordination.

In terms of the transition between states, AD patients switched directly between State 1 and State 2 more frequently and between State 3 and the other two states less frequently than HCs. The results indicated that the AD group liked to stay in States 1 and 2, whereas the HC group liked to stay in State 3, which was consistent with the results of appearance frequency. It was reported that transitions to co-activated states within brain networks became more challenging in the aging population (Ezaki et al., 2017), which is consistent with the finding that the transition to State 3 is suppressed in AD patients in this study. For the AD group, the increased transition frequency between State 1 and State 2 and the higher appearance frequency of State 1 and State 2 may serve as a compensatory strategy to offset cognitive impairment in sensory processing and cognitive control (Brier et al., 2012; Hillary et al., 2015).



4.3 Association between brain dynamics and cognitive ability

Associations between atypical brain dynamics and cognitive ability were observed in AD patients. These associations were also observed in other cognitive impairment patients (McKeith et al., 2017; Premi et al., 2019). For the AD group, the transition frequency between State 1 and State 2 showed a significantly positive correlation with the RAVLT score (Figure 7B). The RAVLT score is often used to evaluate verbal memory performance (Moradi et al., 2017). High RAVLT score represents high verbal memory performance. In contrast to HCs, AD patients had a significantly lower RAVLT score due to their memory impairment (Figure 7A). However, the AD group showed a significantly higher transition frequency between State 1 and State 2 than the HC group. Thus, the positive correlation between the transition frequency and RAVLT score further supported the compensatory mechanism in the AD group of enhancing the RAVLT score by increasing the transition frequency between State 1 and State 2. Moreover, the RAVLT score of the AD group was highly correlated with the transition in/out frequency of State 3 and the transition frequency between State 1 and State 3 (Figure 7F). In contrast to the HC group, the AD group showed a significantly lower transition in/out frequency of State 3 and transition frequency between State 1 and State 3. For the AD group, subjects with a higher transition of State 3 had less impairment of coactivation of all 9 networks, and subjects with a high RAVLT score had less cognitive impairment. Therefore, the AD group displayed a positive correlation between the transition frequency of State 3 and the RAVLT score, which may suggest that the high transition frequency of State 3 improves the RAVLT score.




5 Conclusion

In summary, this study explored the brain dynamics of AD patients by applying energy landscape analysis to resting-state fMRI data. Three stable brain states were identified from both the AD group and the HC group. The results revealed that cognitive impairments in AD primarily reduced the average dwell time in State 3 and the transition frequencies associated with State 3. The positive correlation between the transition in/out frequency of State 3 and RAVLT score of the AD group suggested that State 3 was important for cognitive processing. Furthermore, the increased transition frequency of State 1 and State 2 that was positively correlated with the RAVLT score suggests a compensatory mechanism of the AD group to raise cognitive ability by increasing the occurrence and transition between the two states with impaired cognitive function.
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1   http://adni.loni.usc.edu/
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3   http://rfmri.org/dpabi

4   mialab.mrn.org/software/gift/
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Studies in rodent models have revealed that oligomeric beta-amyloid protein [Aβ (1–42)] plays an important role in the pathogenesis of Alzheimer’s disease. Early elevations in hippocampal neuronal excitability caused by Aβ (1–42) have been proposed to be mediated via enhanced activation of GluN2B-containing N-methyl-D-aspartate receptors (NMDAR). To what extent GluN2A or GluN2B-containing NMDAR contribute to Aβ (1–42)-mediated impairments of hippocampal function in advanced rodent age is unclear. Here, we assessed hippocampal long-term potentiation (LTP) and neuronal responses 4–5 weeks after bilateral intracerebral inoculation of 8–15 month old GluN2A+/− or GluN2B+/− transgenic mice with oligomeric Aβ (1–42), or control peptide. Whole-cell patch-clamp recordings in CA1 pyramidal neurons revealed a more positive resting membrane potential and increased total spike time in GluN2A+/−, but not GluN2B+/−-hippocampi following treatment with Aβ (1–42) compared to controls. Action potential 20%-width was increased, and the descending slope was reduced, in Aβ–treated GluN2A+/−, but not GluN2B+/− hippocampi. Sag ratio was increased in Aβ–treated GluN2B+/−-mice. Firing frequency was unchanged in wt, GluN2A+/−, and GluN2B+/−hippocampi after Aβ–treatment. Effects were not significantly different from responses detected under the same conditions in wt littermates, however. LTP that lasted for over 2 h in wt hippocampal slices was significantly reduced in GluN2A+/− and was impaired for 15 min in GluN2B+/−-hippocampi compared to wt littermates. Furthermore, LTP (>2 h) was significantly impaired in Aβ–treated hippocampi of wt littermates compared to wt treated with control peptide. LTP induced in Aβ–treated GluN2A+/− and GluN2B+/−-hippocampi was equivalent to LTP in control peptide-treated transgenic and Aβ–treated wt animals. Taken together, our data indicate that knockdown of GluN2A subunits subtly alters membrane properties of hippocampal neurons and reduces the magnitude of LTP. GluN2B knockdown reduces the early phase of LTP but leaves later phases intact. Aβ (1–42)-treatment slightly exacerbates changes in action potential properties in GluN2A+/−-mice. However, the vulnerability of the aging hippocampus to Aβ–mediated impairments of LTP is not mediated by GluN2A or GluN2B-containing NMDAR.
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1 Introduction

Early changes in the brain during Alzheimer’s disease (AD) arise in part due to the pathophysiological effects of oligomeric Aβ (1–42) (Mucke et al., 2000; Fukumoto et al., 2010; Edwards, 2019). A characteristic feature of oligomeric Aβ (1–42) is the impairment of hippocampal long-term potentiation (LTP), whereby acute effects occur (Wang et al., 2004; Klyubin et al., 2005; Kalweit et al., 2015). Furthermore, deficits in both LTP and learning days after intracerebral treatment with Aβ (1–42) have been reported (Zhang et al., 2017; Khodadadi et al., 2018). Examination of the effects of oligomeric Aβ have indicated that topical application of Aβ to the slice chamber causes a suppression of GABAA receptor function in the hippocampus of young (P25-P40) rats in vitro (Orr et al., 2014). It has been proposed that this can lead to elevated levels of extrasynaptic glutamate that, in turn, enable enhanced activation of GluN2B-containing N-methyl-D-aspartate receptors (NMDAR), which then mediate hyperexcitability (Lei et al., 2016). Others have reported that antagonism of GluN2B-containing NMDAR prevents Aβ (1–42)-mediated deficits in LTP in the hippocampal CA1 region of young adult rats (Hu et al., 2009).

LTP in the CA1 region is predominantly NMDAR-dependent and postsynaptically mediated (Malenka et al., 1988, but see also Falcón-Moya et al., 2020 and Grover and Teyler, 1990 for examples of exceptions). NMDAR are typically composed of two GluN1 subunits and two GluN2 subunits (Dingledine et al., 1999). GluN2A and GluN2B-containing NMDAR play a key role in the enablement of hippocampal LTP (Bartlett et al., 2007; Berberich et al., 2007; Ballesteros et al., 2016) Although GluN2C and GluN2D subunits also occur in NMDAR, these do not appear to play a critical role in LTP (Banerjee et al., 2009). Whereas co-agonist binding of glycine or D-serine occurs at the GluN1 subunit (Hirai et al., 1996; Mothet et al., 2001; Henneberger et al., 2010), glutamate binds to the GluN2 subunit (McBain and Mayer, 1994; Laube et al., 1997). GluN2A-containing NMDAR exhibit faster kinetics compared to GluN2B-containing NMDAR (Punnakkal et al., 2012), lose their Mg2+ block at lower membrane potentials compared to GluN2B-containing NMDAR (Clarke and Johnson, 2006; Clarke et al., 2013), but allow half as much charge transfer, deactivate faster, and enable less Ca2+-influx per unit of current than GluN2B-containing NMDAR (Vicini et al., 1998; Erreger et al., 2005; Sobczyk et al., 2005; Clarke et al., 2013). Furthermore, GluN2A-containing NMDAR respond to weaker stimuli (Köhr et al., 2003; Berberich et al., 2005, 2007) and enable weaker and less persistent forms of LTP compared to GluN2B-containing NMDAR (Ballesteros et al., 2016).

Excessive activation of NMDAR leads to excitotoxity (Rothman and Olney, 1987) and NMDAR antagonists have proven effective in the treatment of cognitive deficits in early AD (Paoletti et al., 2013; Zhou and Sheng, 2013). It is widely believed that the excitotoxic effects of NMDAR in AD are mediated by excessive extracellular glutamate that leads to overactivation of GluN2B-containing NMDAR (Texidó et al., 2011; Danysz and Parsons, 2012; Paoletti et al., 2013; Talantova et al., 2013; Zhou and Sheng, 2013). In addition, NMDAR have been reported to mediate specific cellular and biochemical actions of Aβ in processes that involve both GluN2A and GluN2B subunits (Roselli et al., 2005; Snyder et al., 2005; Domingues et al., 2007; Abbott et al., 2008; Deshpande et al., 2009; Li et al., 2009) in a process that may involve Aβ–binding to NMDAR (Cowburn et al., 1997; De Felice et al., 2007; Lacor et al., 2007).

The contribution of different GluN subunits to NMDAR toxicity, or Aβ–mediated pathophysiology, may change along the lifespan of an individual. Developmental changes in the expression of GluN2A and GluN2B have been reported, whereby a systematic increase of GluN2A subunits and a decline of GluN2B subunits occurs in the period encompassing early postnatal stages (12 days postnatally) through early adulthood (35 days postnatally) (Carmignoto and Vicini, 1992). More recent findings suggest that GluN2A and GluN2B levels remain abundant and largely equivalent in later adulthood (2–4 months postnatally), at least in C57BL/6 mice, although relative differences in murine strains occur (Beckmann et al., 2020). Furthermore, differences in GluN2A:GluN2B ratios occur along the dorsoventral axis of the hippocampus (Dubovyk and Manahan-Vaughan, 2018). GluN2A:GluN2B ratios are also modulated by synaptic activity, whereby lower levels lead to an increase in GluN2B and a decrease in GluN2A subunits (Chen and Bear, 2007; Yashiro and Philpot, 2008). The consequence is a prolongation of NMDAR currents and a reduction in LTP thresholds (Chen and Bear, 2007; Yashiro and Philpot, 2008). Thus, reductions in synaptic activity triggered by Aβ (Balleza-Tapia et al., 2010) may lead to a preferential recruitment of GluN2B-containing NMDAR into synaptic plasticity processes.

In the present study, we explored to what extent GluN2A and GluN2B-containing NMDAR contribute to changes in hippocampal excitability and LTP triggered by intracerebral inoculation with oligomeric Aβ (1–42) in aging mice. We treated 8–15 month old GluN2A+/− and GluN2B+/− animals, and their wt littermates, with oligomeric Aβ (1–42), or control peptide, 4–5 weeks before assessing neuronal excitability and LTP in the hippocampal slice preparation. Effects of Aβ (1–42) on neuronal excitability were minimal. LTP was reduced in GluN2A+/− and GluN2B+/− mice compared to their wt littermates. In wt hippocampi, intracerebral pretreatment with Aβ (1–42) potently reduced the magnitude of LTP. Strikingly, however, pretreatment with Aβ (1–42) had no impact on the profile of LTP expressed in the hippocampi of GluN2A+/− and GluN2B+/− mice. These findings suggest that in old age, the detrimental effects of Aβ (1–42) on LTP are not mediated by GluN2A and GluN2B containing NMDAR.



2 Materials and methods


2.1 Animals

Eight-to-fifteen month old heterozygote GluN2A (Sakimura et al., 1995) and GluN2B heterozygote (von Engelhardt et al., 2008) transgenic mice and their wildtype littermates (Zentrale Versuchstierhaltung Medizin, Ruhr University Bochum) were used in this study. Homozygotes of GluN2B knockout mice do not survive postnatally (von Engelhardt et al., 2008).

Mice were housed in a custom-made ventilated and acclimatized vivarium in a rodent-housing room (12-h light/dark cycle) with unlimited access to food and water. Experiments were carried out in accordance with the European Communities Council Directive of September 22nd, 2010 (2010/63/EU) for care of laboratory animals, and were conducted according to the guidelines of the German Animal Protection Law. Experiments were authorized in advance by the North Rhine-Westphalia (NRW) State Authority (Landesamt für Arbeitsschutz, Naturschutz, Umweltschutz und Verbraucherschutz, NRW).



2.2 Treatment with Aβ (1–42)

Oligomeric Aβ (1–42) was prepared and aggregated as described previously (Kalweit et al., 2015). The soluble Aβ (1–42) peptide was prepared in phosphate-buffered saline at pH 7.4, diluted to a dose of 50 μM, shock-frozen with liquid nitrogen and stored at −80°C. On the day of treatment, the peptide solution was incubated for 3 h to allow for oligomerization (Kalweit et al., 2015). It was applied at room temperature in a dose of 10 μM (1 μL volume) to both lateral cerebral ventricles of anesthetized mice by means of a Hamilton syringe (Kalweit et al., 2015). Control animals received 10 μM scrambled Aβ-peptide (Yamin et al., 2016) in a volume of 1 μL in a procedure that followed identical steps as described above. Treatment was implemented 4–5 weeks prior to conducting the in vitro experiments.



2.3 Slice preparation

Mice were deeply anaesthetized with isoflurane before decapitation and sagittal hippocampal slices (350 μm) were prepared in cold (1–4°C), oxygenated saccharose solution (in mM: 87 NaCl, 2.6 MgSO₄, 75 Saccharose, 2.5 KCl, 1.25 NaH₂PO₄, 26 NaHCO₃, 0.5 CaCl₂, 2 D-Glucose) (95% O₂, 5% CO₂). Slices were subsequently incubated, for at least 30 min before recordings were commenced, in a holding chamber in artificial cerebrospinal fluid (aCSF, in mM: 125 mM NaCl, 3 mM KCl, 2.5 mM CaCl₂, 1.3 mM MgSO₄, 1.25 mM NaH₂PO₄, 26 mM NaHCO₃ and 13 mM D-Glucose) using a constant flow rate of 2 mL/min at 30°C.



2.4 Patch clamp recordings

Whole cell patch clamp recordings were conducted according to established procedures (Novkovic et al., 2015). The recording chamber was located under an upright microscope. Slices were continuously perfused with oxygenated aCSF (constant flow rate of 1–2 mL/min). Recording pipettes were prepared from borosilicate glass tubes (1.5 mm external diameter) with a resistance of 6–10 MΩ and were filled with intracellular solution (in mM: 97.5 potassium gluconate, 32.5 KCl, 5 EGTA, 10 Hepes, 1 MgCl2, 4 Na2 ATP, adjusted to pH 7.3 with KOH). Patch clamp recordings were conducted on visually identified soma of pyramidal neurons in the CA1 region. Corrections related to the liquid junction potential (Neher, 1992) were not conducted.

Intrinsic membrane properties were assessed using an HEKA EPC10 amplifier and the PATCHMASTER acquisition software (HEKA Elektronik Dr. Schulze GmbH, Lambrecht/Pfalz, Germany). We scrutinized resting membrane potential, input resistance, membrane time constant, excitatory threshold, Sag, sag ratio, firing frequency, action potential (AP) threshold, spike amplitude, AP peak, half-width, 20%-width, time-to-peak, afterhyperpolarization (AHP), time peak to AHP (Figure 1A). Sag ratio was determined as the ratio between the steady-state decrease in voltage and the greatest decrease in voltage after a hyperpolarizing current step, i.e., steady state voltage/peak voltage (Figure 1B).
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FIGURE 1
 (A) Examples of action potential (AP) measurement: threshold, half-width, peak, 20%-width and afterhyperpolarization (AHP). (B) Measurement of Sag and Sag ratio: Sag ratio was determined from the ratio between the steady-state decrease in voltage and the greatest decrease in voltage after a hyperpolarizing current step.


Data underwent low-pass filtering at 2.9 kHz and were digitized at 10 kHz. FITMASTER software (HEKA Elektronik Dr. Schulze GmbH, Lambrecht/Pfalz, Germany) was used for offline data analysis. Input resistance was calculated from the slope of the linear fit of the relationship between the change in membrane potential (∆V) and the intensity of the injected current (between −120 pA and + 90 pA). The time constant was determined from an exponential fit of the averaged voltage decay. The resting membrane potential was determined from the mean of 30 s basal recording time. The minimum current needed to induce an action potential was defined as the threshold current. The action potential amplitude was measured as the voltage difference between the threshold and the peak. Firing properties were investigated by applying current steps of ∆50 pA in hyperpolarizing and depolarizing square pulses (1-s duration) through the patch-clamp electrode (in the range of −300 pA to 400 pA). Here, we calculated both the absolute number of spikes during the current application, the firing frequency (in Hz), and the spike frequency adaptation. The latter was determined by counting the number of spikes separately during each 100 ms of the 1 s depolarizing square pulse of 300 pA and converting the number into a frequency in Hz.



2.5 fEPSP recordings and induction of LTP

To record field potentials, we placed a bipolar stimulation electrode (Fredrick Haer, Bowdowinham, ME, United States) in the stratum radiatum of the CA1 region of the hippocampus and a glass field recording electrode (impedance: 1–2 MΩ, filled with aCSF) was placed in the CA1 dendritic area.

Field excitatory post-synaptic potentials (fEPSPs) were evoked by means of test-pulse stimuli (0.025 Hz, 0.2 ms duration, sample rate of 10,000 Hz). For each time-point, five fEPSPs were averaged. Before recordings were started, a stimulus–response relationship was determined using a stimulation intensity range of 60–660 μA (50 μA steps). The stimulation strength used for test-pulses was the intensity that evoked ca. 50% of the maximal fEPSP. Basal synaptic transmission was recorded for 40 min, after which period LTP was induced by theta burst stimulation (TBS, three trains 10 s apart, each consisting of 10 bursts of 4 pulses at 100 Hz, delivered 100 ms apart; Novkovic et al., 2015).



2.6 Statistical analysis

Analysis of variance (ANOVA) with repeated measures, or a Student’s t-test was used for statistical analysis. Where appropriate, a post-hoc Fischer’s test was used to determine if statistical significances occurred between two individual test conditions. Data are expressed as the mean ± standard error of the mean. ‘N’ signifies the number of animals and ‘n’ signifies the number of hippocampal slices (LTP experiments), or cells (for patch clamp data).




3 Results


3.1 Aging wildtype mice exhibited a higher input resistance after Aβ-treatment. Other membrane properties were largely unchanged

Given that little is known about the response of aging hippocampi to intracerebral treatment with oligomeric Aβ (1–42), we first compared the effect of Aβ-treatment with control peptide-treatment in the wildtype (wt) littermates of GluN2A+/− (control-treated N = 5, n = 24; Aβ-treated N = 5, n = 24) and GluN2B+/− mice (control-treated N = 6, n = 29; Aβ-treated N = 6, n = 31). Following Aβ-treatment of these two different wt littermate cohorts (Figures 2A,B), no changes in resting potential were evident (Tables 1A, 2A).
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FIGURE 2
 Effects of Aβ-treatment on membrane properties of hippocampal neurons. (A) Resting (membrane) potential was not different in GluN2A+/− mice (N = 5, n = 25) compared to their wt littermates (N = 5, n = 24) under control conditions. Aβ-treated GluN2A+/− mice (N = 5, n = 26) exhibited a significant difference in responses compared to control GluN2A+/−. This effect derived moreso from the more negative resting potential in control transgenic mice, than a direct effect of oligomeric Aβ (1–42) on the potential. See Tables 1, 2 for statistics. (B) Resting (membrane) potential was not different in wt littermates of GluN2B+/− mice following Aβ-treatment (N = 6, n = 31) compared to control peptide-treated wt (N = 6, n = 29). GluN2B+/− mice exhibited a similar resting membrane potential following control peptide-treatment (N = 5, n = 28) compared to control wt. Following Aβ-treatment, no difference in membrane potential was evident when effects in GluN2B+/− transgenics (N = 6, n = 31) were compared with control peptide-treated GluN2B+/−transgenics. See Tables 1, 2 for statistics. (C,D) Input resistance was higher in Aβ-treated wt littermates of GluN2A+/− compared to control wt (C). This effect was absent in Aβ-treated GluN2A+/− transgenics compared to control GluN2A+/− mice (C). No effect of Aβ-treatment was detected in GluN2B+/−transgenics or their wt littermates (D). See Tables 1, 2 for statistics. (E,F) Excitatory threshold was unaffected by Aβ-treatment of GluN2A+/− transgenics (E) or GluN2B+/− transgenics (F) or their wildtype littermates (E,F). See Tables 1, 2 for statistics. (G,H) Representative examples of action potentials in control peptide and Aβ-treated GluN2A+/− transgenics and their wt littermates (G) and in control peptide and Aβ-treated GluN2B+/− transgenics and their wt littermates (H). The circles on the error bars show the distribution of individual responses in each condition that contributed the mean effect represented by the bar.




TABLE 1 Passive and active neuronal properties in GluN2A+/− mice and their wildtype littermates after Aβ or control peptide treatment.
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TABLE 2 Passive and active neuronal properties in GluN2B+/− mice and their wildtype littermates following Aβ or control peptide treatment.
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With the exception of input resistance, which was increased in GluN2A wt littermates (Figure 2C), but unchanged in GluN2B wt littermates after Aβ-treatment (Figure 2D), no other neuronal property was affected by Aβ-treatment in the wt littermates of either transgenic strain (Figures 2D–F; Tables 1A, B, 2A, B).



3.2 GluN2 subunit deletion and Aβ-treatment differentially affected the resting membrane potential in GluN2A+/− but not GluN2B+/− mice. Other membrane properties were unaffected by Aβ

Four to five weeks after intracerebral treatment, we observed that control peptide-treated GluN2A+/− mice (N = 5, n = 25) exhibited an equivalent resting membrane potential (p = 0.195) compared to that seen in wt controls (Figure 2A; Table 1B). After treatment with Aβ (1–42) (N = 5, n = 26), resting membrane potential became more positive (p = 0.002) in GluN2A+/− mice, compared to control peptide-treated GluN2A+/− hippocampi (Figure 2A; Table 1A), although the membrane voltage was very similar to responses evoked in Aβ-treated wt hippocampi (Figure 2A). This suggests that the effect of Aβ in GluN2A+/− hippocampi may have derived from the change in membrane potential in the transgenic mice, rather than due to a direct effect of Aβ.

In GluN2B+/− hippocampi, we detected no changes in resting membrane potential following control peptide treatment compared to effects detected in their wt littermates (p = 0.15, N = 5, n = 28) (Figure 2B; Table 2B). Levels achieved were also similar to the resting membrane potential detected in Aβ-treated wt mice (Figure 2B; Table 2B). In addition, treatment with Aβ had no significant effect on resting membrane potential in GluN2B+/− hippocampi (N = 6, n = 31) compared to control peptide-treated GluN2B+/− hippocampi (Figure 2B; Table 2A).

Input resistance (Figures 2C,D) and excitatory threshold (Figures 2C,D) were unaffected by Aβ-treatment of GluN2A+/− or GluN2B+/− mice compared to control peptide treatment of each transgenic group (Tables 1A, B, 2A, B).



3.3 Sag was unaltered after Aβ-treatment of transgenic mice. Sag ratio was increased by Aβ-treatment of GluN2B transgenics, but not of GluN2B wild type littermates

Sag reflects a rebound depolarization that is enabled by hyperpolarization-activated cation currents (Ih) that are mediated by the opening of hyperpolarization-activated cation non-selective (HCN) channels (Robinson and Siegelbaum, 2003). This process serves to limit the negativity of the resting membrane potential and to regulate synaptic transmission. Given that we detected changes in the resting membrane potential in the abovementioned experiments, we wondered if deletion of a GluN2 subunit or Aβ-treatment affects sag.

We detected an increased negativity of sag, but an unchanged sag ratio was observed in GluN2A wt littermates that were treated with Aβ compared to control peptide–treatment (Figures 3A,C; Table 1A). Sag and sag ratio were equivalent in control peptide–treated wt and control peptide–treated GluN2A+/− (Figures 3A,C) and in Aβ-treated GluN2A+/− compared to control peptide–treated transgenics (Figures 3A,C; Tables 1A, B). Thus, the only notable sag change we detected was in Aβ-treated wt littermates compared to control wt. In other words, GluN2A transgenics had altered sag but this was not further affected by Aβ.
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FIGURE 3
 Aβ-treatment selectively altered sag in GluN2A wt littermates and GluN2B+/− (A,C). Sag (A), but not Sag ratio (C) was more negative in Aβ-treated wt littermates of GluN2A+/− mice (N = 5, n = 24) compared to control wt (N = 5, n = 24), but was unaffected in control peptide -treated GluN2A+/− (N = 5, n = 25) compared to oligomeric Aβ (1–42)-treated GluN2A+/− (N = 5, n = 26). See Tables 1, 2 for statistics. (B,D) No effect of Aβ-on sag (B) or sag ratio (D) was detected in wt littermates of GluN2B+/− mice (N = 6, n = 29; N = 6, n = 31), although Aβ-caused an increase in sag ratio (D), but not in sag (B) in GluN2B+/− hippocampi (N = 6, n = 31) compared to GluN2B+/− controls (N = 5, n = 28). See Tables 1, 2 for statistics. (E,F) Representative examples of sag in control peptide and Aβ-treated GluN2A+/− transgenics and their wt littermates (E) and in control peptide and Aβ-treated GluN2B+/− transgenics and their wt littermates (F). The circles on the error bars show the distribution of individual responses in each condition that contributed the mean effect represented by the bar.


In the GluN2B+/− mice, sag was unchanged in Aβ-treated GluN2B+/− hippocampi compared to hippocampi from control peptide–treatment GluN2B+/− transgenics (Figure 3B; Table 2A). Sag ratio was significantly increased by Aβ-treatment, however (Figure 3D; Table 2A), suggesting that in Aβ-treated GluN2B+/− transgenics, HCN channels may require a more negative membrane potential in order for them to become activated (see Figures 3E,F for representative examples).



3.4 Action potential properties were changed by Aβ-treatment in GluN2A+/−, but not GluN2B+/− mice

Action potential properties (see Figures 2G,H for representative examples) such as time to peak (Figures 4A,B), time from peak to afterhyperpolarization (AHP) (Figures 4C,D), and total spike time (Figures 4E,F), were unaltered in wt littermates of GluN2A+/− and GluN2B+/− mice after Aβ-treatment, compared to responses evoked after treatment of wt with control peptide (Tables 3A, B). Time to peak was also unaffected by Aβ-treatment of either GluN2A+/− (Figure 4A) or GluN2B+/− transgenic mice (Figure 4B; Tables 3A, B) compared to control transgenic responses. The time of the peak to AHP was unchanged in Aβ-treated GluN2A+/− compared to control peptide-treated GluN2A+/− hippocampi (Figure 4C; Table 3A), and no Aβ-mediated effect was evident in Aβ-treated GluN2B+/−, compared to control peptide-treated GluN2B+/− hippocampi (Figure 4D; Table 3B). Total spike time was significantly increased in Aβ-treated GluN2A+/− compared to control peptide-treated GluN2A+/− hippocampi (Figure 4E; Table 3A), but effects were absent in GluN2B+/− compared to control peptide-treated GluN2B+/− hippocampi (Figure 4F; Table 3B). Thus, only GluN2A+/− hippocampi showed a sensitivity of the peak to AHP and the total spike time to oligomeric Aβ (1–42)-treatment.
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FIGURE 4
 GluN2A+/− but not GluN2B+/− hippocampi showed sensitivity of spike time but not time to peak and AHP time, following Aβ-treatment. (A,B) Time to peak was unaffected by oligomeric Aβ (1–42)-treatment of GluN2A+/− (A) and GluN2B+/− mice (B) or their wt littermates (A,B) compared to control peptide-treated mice. See Table 3 for statistics. (C,D) The time from the peak of the action potential to the afterhyperpolarization (AHP) was not significantly increased by Aβ-treatment of GluN2A+/− mice (N = 5, n = 25) (C) compared to control peptide-treated transgenic mice (N = 5, n = 20). Wildtype littermates were unaffected (N = 5, n = 25; N = 5, n = 22) (C). No significant changes in the time from the peak of the action potential to the AHP were detected in GluN2B+/− mice or their wt littermates after Aβ-treatment (D). See Table 3 for statistics. (E,F) The total spike time was increased by Aβ-treatment of GluN2A+/− mice (E) compared to control peptide-treated ko mice. Wildtype littermates were unaffected (E). No significant changes in total spike time occurred in GluN2B+/− mice or their wt littermates after Aβ-treatment (F). See Table 3 for statistics. The circles on the error bars show the distribution of individual responses in each condition that contributed the mean effect represented by the bar.




TABLE 3 Action potential properties in GluN2A+/− and GluN2B+/− mice and their wt littermates following treatment with Aβ or control peptide.
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When we assessed the ascending and descending slope of the action potential, we found no changes following Aβ-treatment of wt littermates compared to control peptide treatment of wt (Figures 5A–D; Tables 3A, B). No significant changes in the ascending slope were detected following Aβ-treatment of GluN2A+/− mice, compared to control peptide-treatment of GluN2A+/− mice (Figure 5A; Table 3A). The descending slope was significantly slower, however (Figure 5A). No differences in ascending (Figure 5B), or descending, slope (Figure 5D) were detected in GluN2B+/− hippocampi following Aβ–treatment (Table 3B).
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FIGURE 5
 The action potential profile was altered in GluN2A+/−, but not GluN2B+/− hippocampi following Aβ-treatment. (A,B) The ascending slope of the action potential (AP) was unaffected by Aβ-treatment in any of the groups. See Table 3 for statistics. (C,D) Aβ-treatment decreased the descending AP slope of GluN2A+/− transgenics (N = 5, n = 25), compared to control GluN2A+/− hippocampi (N = 5, n = 20) (C). The descending slope (D) of the AP was not altered following Aβ-treatment of GluN2B+/− transgenics, or their wt littermates compared to treatment with control peptide. (E,F) Aβ-treatment had no effect on the half-width of the AP in GluN2A+/− (E) and GluN2B+/− transgenics (F), or their wt littermates compared to treatment with control peptide. See Table 3 for statistics. (G,H) Following Aβ-treatment, the 20% width (G) of the AP was increased in GluN2A+/− mice compared to control peptide-treated transgenics. GluN2A wt littermates exhibited an unchanged 20%-width (G) after Aβ-treatment compared to control wt. Aβ-treatment had no effect on the 20% width of the AP in GluN2B+/− transgenics, or their wt littermates compared to treatment with control peptide (H). See Table 3 for statistics. The circles on the error bars show the distribution of individual responses in each condition that contributed the mean effect represented by the bar.


The half width (Figure 5E) and 20%-width (Figure 5G) of the action potential was unchanged following Aβ-treatment of wt littermates of the GluN2A+/− mice (Table 3A). Effects were significant (20%-width) following Aβ-treatment of GluN2A+/− mice compared to control peptide effects (Figures 5E,G; Table 3A). Thus, Aβ-treatment altered the width of the action potential in GluN2A+/− mice.

In GluN2B+/− mice or their wt littermates, Aβ-treatment had no effect on the width of the action potential (Figures 5F,H; Table 3B). No differences in Aβ-treatment effects were evident when the two wt cohorts were compared.

Taken together, the slowing of the action potential may serve to explain why the time to AHP and the total spike time was increased in Aβ-treated GluN2A+/− mice (Figures 4C,E). Aβ-treatment had no effect whatsoever on action potential properties in GluN2B+/− and their wt littermates.



3.5 Action potential firing frequency was not altered in GluN2A+/− and GluN2B+/− mice compared to wildtype littermates. Aβ-treatment had no effect

When we compared action potential firing frequency and spike frequency adaptation in control peptide-treated GluN2A+/− mice and their wt littermates, we detected no significant differences (Figures 6A,E; Table 1B). Treatment with Aβ failed to alter firing frequency, or spike frequency adaptation in either wt or GluN2A+/− hippocampi (Figures 6A,E; Tables 1A, 4).
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FIGURE 6
 Firing frequency was not altered by Aβ-treatment of GluN2A+/− mice, GluN2B+/− mice and their wt littermates. (A,B) Firing frequency (FF) was not altered in control peptide-treated GluN2A+/− (N = 5, n = 25) or GluN2B+/− (N = 5, n = 28) transgenics compared to their wildtype (wt) littermates (N = 5, n = 24; N = 6, n = 29). See Tables 1, 2 for statistics. (C) Analog examples of action potential trains by a current intensity of 300pA in control peptide–treated wildtype (wt) littermates of GluN2A+/− mice (top left) and Aβ-treated wt littermates (top right), as well as control peptide–treated GluN2A+/− mice (bottom left), and Aβ-treated GluN2A+/−mice (bottom right). (D) Analog examples of action potential trains by a current intensity of 300pA in control peptide–treated wildtype (wt) littermates of GluN2B+/− mice (top left) and Aβ-treated wt littermates (top right), as well as control peptide–treated GluN2B+/− mice (bottom left), and Aβ-treated GluN2B+/− mice (bottom right). (E,F) Spike frequency adaptation at 300 pA was not altered in control peptide-treated GluN2A+/− (N = 5, n = 25) or GluN2B+/− (N = 5, n = 28) transgenics compared to their wildtype (wt) littermates (N = 5, n = 24; N = 6, n = 29).




TABLE 4 Summary of effects of oligomeric Aβ (1–42) or control peptide-treatment on passive and active neuronal membrane properties of hippocampal pyramidal cells.
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No differences in firing frequency (ANOVA F(3,115) = 1.2631, p = 0.29), or spike frequency adaptation were detected between GluN2B+/− mice and their wt littermates after control peptide-treatment (Figures 6B,F; Table 2B). Although a tendency towards increased firing frequency and higher currents was evident after Aβ-treatment of GluN2B+/− mice, this was not significant compared to control peptide-treated transgenics (Figure 6B; Tables 2A, 4).

Thus, Aβ-treatment had no effect on firing frequency in GluN2A+/− or GluN2B+/− mice and their wildtype littermates (see Figures 6C,D for representative examples).



3.6 LTP duration was differentially curtailed in GluN2A+/− or GluN2B+/− hippocampi. LTP was impaired by Aβ-treatment of wt littermates. LTP was not further altered by Aβ-treatment of GluN2A+/− or GluN2B+/− mice

LTP, induced by theta-burst stimulation (TBS), was significantly impaired in the hippocampi of control-peptide treated GluN2A+/−transgenic mice (N = 7, n = 9) compared to their wt littermates (control-peptide treated) (N = 6, n = 9) (Figure 7A). Impairments were evident throughout the entire monitoring period and were still evident 30 min (ANOVA F (1, 15) = 6.67, p = 0.02), 60 min (ANOVA F (1, 15) = 5.88, p = 0.03) and 120 min post-TBS (ANOVA F (1, 15) = 5.09, p = 0.04) (Figure 7A).
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FIGURE 7
 Deficits in LTP that were elicited in wild-type hippocampi by oligomeric Aβ (1–42) were absent in GluN2A−/+ and GluN2B−/+ hippocampi. The stimulus–response relationship is unaffected transgenic alteration or Aβ (1–42)-treatment. (A,B) Four to 5 weeks after Aβ–treatment, the early phase of hippocampal LTP was significantly impaired compared to control peptide-treated wt littermates of GluN2A+/− (A) or GluN2B+/−-transgenic mice (B). By contrast, LTP in GluN2A+/− (A) or GluN2B+/− transgenic hippocampi (B) was unaffected by Aβ–treatment, with responses being equivalent in Aβ–treated tg compared to control peptide-treated tg or Aβ–treated wt slices. Insets in A and B show analog examples of potentials evoked 5 min prior to (1) and 5 min after (2) theta burst stimulation (TBS). Scale bars represent 1 mV in the vertical, and 5 ms in the horizontal, axis. The stimulus–response relationship (obtained in steps ranging from 50 through 600 μA) was not significantly different in GluN2A+/− (C) or GluN2B+/− transgenic hippocampi (D), compared to their wildtype littermates, after treatment with oligomeric Aβ (1–42) or control peptide.


Treatment of GluN2A+/− transgenic mice with Aβ (1–42) (N = 6, n = 7) resulted in LTP that was not statistically different from LTP elicited in control peptide-treated transgenics (N = 7, n = 9) (Figure 7A) (ANOVA 30 min post-TBS: F (1, 14) = 0.80, p = 0.39). Thus, the impairment of LTP that was evident in wt littermates, was not present in GluN2A+/−hippocampi. Rather the reduced LTP that occurred in control peptide-treated GluN2A+/− transgenics was not further exacerbated by Aβ (1–42)-treatment.

In GluN2B+/− transgenics (N = 6, n = 6), the early phase of LTP, induced by TBS, was significantly impaired in the hippocampi of GluN2B+/− transgenic mice that had been treated with control peptide (N = 7, n = 9), compared to their wt littermates (N = 7, n = 8) (Figure 7B). Impairments were sustained until 15 min post-TBS (p = 0.04). Thereafter, responses exhibited increased variability. The entire monitoring period of LTP was significantly impaired in wt littermates following Aβ (1–42)-treatment (N = 7, n = 8) compared to wt that had been treated with control peptide (N = 7, n = 8), with effects being immediately apparent after TBS, and sustained at 30 min (ANOVA F (1, 13) = 8.199, p = 0.013), 60 min (ANOVA F (1, 13) = 9.11, p = 0.0098) and 120 min post-TBS (ANOVA F (1, 13) = 8.65, p = 0.011) (Figure 7B). By contrast, treatment of GluN2B+/− with Aβ (N = 7, n = 8) resulted in LTP that was not significantly different from LTP evoked in control peptide-treated GluN2B+/−hippocampi (N = 6, n = 6) (ANOVA 30 min post-TBS: F (1, 12) = 0.24, p = 0.63).

No significant changes were detected in the stimulus–response relationship when treatment conditions were compared in GluN2A+/−mice (N = 6, n = 8) and their wt littermates) (N = 6, n = 9) (Figure 7C), or in GluN2B+/− transgenics (N = 6, n = 6) and their wt littermates (N = 7, n = 8) (Figure 7D). Thus, treatment with Aβ did not alter the synaptic response to afferent stimulation.

Taken together, these results indicate that whereas GluN2A is required for prolonged LTP induced by TBS, under these afferent stimulation conditions GluN2B supported only the early phase of LTP. Treatment with oligomeric Aβ (1–42) significantly impaired LTP in wt mice. However, transgenic knockdown of GluN2A, or GluN2B, did not exacerbate the debilitating effects of Aβ on LTP in aging mice.




4 Discussion

In this study, we report that in 8–15 month old animals, neuronal properties were largely equivalent in the hippocampi of GluN2A+/− and GluN2B+/− transgenic mice compared to their wt littermates (Table 4). A limited range of changes in properties of CA1 pyramidal cells were detected 4–5 weeks following intracerebral oligomeric Aβ (1–42)-treatment of wildtype animals, comprising, for example, a higher input resistance and a more negative sag, in wt littermates of GluN2A+/− mice (Table 4). Aβ-treatment elicited a limited amount of changes in neuronal properties of the transgenic animals, whereby GluN2A+/− mice were more affected than GluN2B+/− mice (Table 4). LTP was impaired in both GluN2A+/− and GluN2B+/− hippocampi compared to their wt littermates. Furthermore, intracerebral treatment with oligomeric Aβ (1–42) resulted in an impairment of LTP in wt mice. Strikingly, the profile of LTP was unchanged in Aβ-treated GluN2A+/− or GluN2B+/− hippocampi compared to control peptide-treated transgenic hippocampi, meaning that the already deficient LTP (compared to wt) was not impaired further by Aβ-treatment. Taken together, these data indicate that in the aging brain, GluN2A-containing NMDAR played an important role in the homeostasis of neuronal excitability. Furthermore, neuronal function was only mildly affected by Aβ-treatment of aging wt or GluN2 deficient mice, and knockdown of GluN2A or GluN2B did not worsen the debilitating effects of oligomeric Aβ (1–42) on hippocampal LTP. This suggests that in the aging hippocampus, NMDAR were not instrumental in propagating the pathophysiological effects of oligomeric Aβ (1–42) on hippocampal function.

By and large, we detected no marked effects of Aβ-treatment on neuronal properties. We saw for example, a greater positivity of the resting membrane potential in GluN2A+/− hippocampi compared to control GluN2A+/− hippocampi, but no significant difference in the membrane potential in GluN2B+/− compared to control GluN2B+/− hippocampi. The former difference derived more from differences in control peptide effects in wt and transgenics than from direct effects of Aβ, however. Sag (Ih) ratio was increased in GluN2B+/− following Aβ-treatment but unaffected in GluN2A+/− hippocampi following treatment. The Ih stabilises the resting membrane potential, regulates the afterhyperpolarization and influences firing frequency (McCormick and Pape, 1990). Neuronal oscillations are supported by the Ih (McCormick and Pape, 1990; Wahl-Schott and Biel, 2009) and we have reported in the past that hippocampal neuronal oscillations are undermined by oligomeric Aβ (1–42) (Kalweit et al., 2015). Sag is enabled by HCN channels (Robinson and Siegelbaum, 2003). HCN channels modulate glutamate release in the hippocampus and thus, influence NMDAR currents (Neitz et al., 2014). It has been proposed that these channels support hippocampal plasticity processes (Honnuraiah and Narayanan, 2013). NMDAR-dependent spontaneous slow excitatory dendritic potentials are regulated by HCN channels and are mediated by GluN2B-containing NMDARS (Ashhad and Narayanan, 2016). Others have reported a more positive resting membrane potential and enhanced Ih current in the hippocampus after intracerebral Aβ-treatment (Eslamizade et al., 2015). Our finding that sag ratio was more positive after Aβ-treatment of GluN2B+/− mice, suggesting that GluN2B contributed to these effects.

A role for GluN2B has been described in Aβ-mediated effects in the hippocampus: The reduction in network activity and LTP that occurs following topical application of Aβ to hippocampal slices or neuronal cultures, or intracerebral treatment of rats is prevented by antagonists of GluN2B (Hu et al., 2009; Rönicke et al., 2011). It has also been reported that the enhancement of NMDAR currents and intracellular calcium levels that occur following application of Aβ are mediated by GluN2B-containing NMDAR (Li et al., 2011; Ferreira et al., 2012). Furthermore, Aβ (1–40) triggers an increase in the expression of GluN2B in hippocampal neuronal cultures (Chang et al., 2016) and the GluN2A:GluN2B ratio decreases after Aβ (1–42) application (Huang et al., 2017). Interestingly, inhibition of GluN2B-containing NMDAR prevents Aβ-mediated impairments of LTP (Rönicke et al., 2011; Huang et al., 2017). The frequency-dependency of LTP was not assessed in these studies, but our findings suggest that less potent forms of LTP that do not critically require activation of GluN2B are not affected by Aβ (1–42). This is all the more interesting given the advanced age of the mice in our study: all of the studies mentioned above used young adult animals and treatment regimes of maximally 15 days before hippocampal scrutiny.

We previously reported that the frequency of the afferent input, and impulse number it delivers, determines the recruitment of GluN2A or GluN2B subunit-containing NMDAR to LTP in the CA1 region (Ballesteros et al., 2016). Weak afferent stimulation recruits a GluN2A-dependent form of LTP that is small in magnitude and short (>4 h) in duration. By contrast, strong afferent stimulation recruited LTP that required GluN2B-containing NMDAR that was much larger in magnitude and lasted over 24 h (Ballesteros et al., 2016). The form of LTP examined in the present study had both a GluN2A and a GluN2B-dependent component, as indicated by the reduction in LTP magnitude in GluN2A and GluN2B transgenic hippocampi compared to wt littermates. Effects were more potent in GluN2A transgenics, although the increased variability in responses in the later phase of LTP in GluN2B transgenics may have masked deficits in LTP compared to controls. Although we cannot entirely rule out the possibility that LTP was successfully induced, albeit less potently, in the GluN2A+/− or the GluN2B+/− mice by non-ionotropic mechanisms, this seems unlikely. Theta-burst stimulation induces a decremental form of LTP in the mouse hippocampal slice preparation that is distinct from more robust forms of LTP induced by high frequency afferent stimulation (Novkovic et al., 2015). The recruitment of, for example, voltage-dependent calcium channels into hippocampal LTP requires very fast high frequency stimulation (Grover and Teyler, 1990; Manahan-Vaughan et al., 1998) and forms of synaptic potentiation that can be induced by activation of metabotropic glutamate (mGlu), or catecholaminergic, receptors are temporally slow to become manifest (Manahan-Vaughan and Reymann, 1995; Tse et al., 2023) and do not fit the temporal dynamics of the LTP profiles induced in our study. We did not see a complete abolishment of LTP in the GluN2A+/−, or the GluN2B+/− hippocampi presumably because the remaining subunits permitted a weaker form of LTP to occur. Evidence for this has been offered by pharmacological studies that showed that LTP, short-term potentiation and forms of synaptic depression can be induced with the same afferent stimulation frequency combined with a graded degree of activation of NMDAR (Cummings et al., 1996).

Forms of LTP that are intrinsically linked to learning are enabled by weak afferent activity in the hippocampus (Kemp and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-Vaughan, 2012; Hoang et al., 2021). By contrast, very strong afferent stimulation induces robust LTP that is associated with reduced learning flexibility, reduced reversal learning and an absence of differentiated neuronal encoding in the hippocampus of rats (Barnes, 1979; Barnes et al., 1994; Hoang et al., 2021). This raises the question as to the functional requirement of GluN2B-dependent LTP in adulthood. It has been reported that the expression of GluN2-subunits declines after early postnatal development (Carmignoto and Vicini, 1992), but in adult C57Bl/6 mice, we did not observe an appreciable decline in receptor expression (Beckmann et al., 2020). This would suggest that both GluN2A and GluN2B-containing NMDAR contribute to LTP in adulthood. The kind of LTP (magnitude, persistency) may be determined by the kind of information that is encoded, however.

We previously reported that intracerebral treatment with oligomeric Aβ (1–42) 1 week prior to assessing LTP in 4–10 month old wildtype mice impairs the early phase of LTP (Südkamp et al., 2021). Animals in the present study were 8–15 months old at the time of treatment. Here, wildtypes showed a significant LTP impairment that extended to the later phases of plasticity. One possibility is that the increased age of the wildtypes may have caused a greater vulnerability to the debilitating effects of intracerebral Aβ-treatment. Age-dependent changes in hippocampal function have been reported (Barnes et al., 1994; Wilson et al., 2004; Twarkowski et al., 2016) that could underlie these effects. Another reason for the greater vulnerability of wildtype hippocampi in this study might be the enhanced time-period of exposure to Aβ-treatment. One cannot exclude, however, that although the background strain was identical for the wt mice in this and the abovementioned study (C57BL/6)(Sakimura et al., 1995; von Engelhardt et al., 2008; Dvoriantchikova et al., 2012), substrain-dependent differences influenced the outcome of Aβ-sensitivity. Genetic drift related to separation of breeding pools is likely to have an impact on the precise genomic identity of wildtype littermates derived from the C57BL/6 strain (Manahan-Vaughan, 2018), that could have influenced the sensitivity of the wildtypes to Aβ. For this reason, we included separate wt cohorts for both transgenic lines, whereby only wildtype littermates of either the GluN2A+/− or the GluN2B+/− were used.

The relatively mild effects of oligomeric Aβ (1–42) on neuronal responses, as detected by patch clamp in our study, corresponds to reports that the peptide predominantly affects synaptic transmission and thus, dendritic responses (Shankar et al., 2008). It has been reported that application of oligomeric Aβ (1–42) onto hippocampal slices from young (P26-32) rats results in an acute increase in surface expression of the GluA1 subunit of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) (Whitcomb et al., 2015). By contrast, topical application of oligomeric Aβ to hippocampal cultures from P18 rats inhibits AMPAR trafficking (Rui et al., 2010) and reduces surface expression of AMPAR (Guntupalli et al., 2017). Reductions in GluA1 density in the hippocampus have also been reported 30 days after intracerebral inoculation of 18 month old mice with Aβ (1–42) in a dose of 20 μM (Yeung et al., 2020). Scrutiny of the stimulus–response relationship of wildtype 8–15 month old mice that had been treated intracerebrally 4–5 weeks previously with 10 μM oligomeric Aβ (1–42) did not reveal any significant effects. The absence of deficits in the stimulus–response relationship that would indicate that AMPAR density had declined in Aβ (1–42)-treated wildtypes, may reflect differences in the oligomer doses used these two studies, or may indicate that although AMPAR density might have declined in the Aβ (1–42)-treated mice, this did not have a functional impact on synaptic transmission.

The maintenance of later phases of LTP beginning at around 90 min post-induction, are supported by phospholipase -C coupled (group 1) receptors (Hagena and Manahan-Vaughan, 2022; Mukherjee and Manahan-Vaughan, 2023). Group 1 mGlu receptors can functionally interact with NMDAR and alter NMDAR currents (Rosenbrock et al., 2010). Correspondingly pharmacological antagonists of group 1 mGlu receptors can alter the induction profile of hippocampal LTP (Neyman and Manahan-Vaughan, 2008). Aberrant mGlu5 receptor signaling is triggered by interactions of the receptor with Aβ (1–42) (Haas and Strittmatter, 2016) and mGlu5 receptors contribute to impairments of hippocampal LTP in 8–11 week old rats that are caused by acute cerebral treatment with Aβ (1–42) (Wang et al., 2004; Hu et al., 2014). Others have reported that Aβ (1–42) can form a complex with GluN2B and mGlu1 receptors (Taniguchi et al., 2022) and that mGlu5 receptors can bind with prion protein that serves as a target for Aβ (1–42) (Hu et al., 2014). We did not see any exacerbation of LTP deficits in GluN2A+/− or the GluN2B+/− mice that were treated with Aβ (1–42). This raises the interesting question as to whether the knockdown of NMDAR subunits left fewer interaction partners for the putative creation of an Aβ-prion protein-mGlu5 complex (Hu et al., 2014), or an Aβ-GluN2B-mGlu1 complex (Taniguchi et al., 2022), that would otherwise serve to further disrupt LTP in the transgenics.



5 Conclusion

In conclusion, this study shows that knockdown of GluN2A or GluN2B did not elicit substantial changes in neuronal properties within the hippocampus of aging (8–15 month old) mice. Nonetheless, loss of GluN2A appeared to result in a greater degree of change in neuronal properties suggesting that this subunit is more relevant than GluN2B for neuronal homeostasis in the aging hippocampus. Intracerebral treatment with oligomeric Aβ (1–42) 4–5 weeks before testing resulted in some changes in neuronal properties, but these were mostly apparent in GluN2A transgenics and a comparison of Aβ-mediated effects in the GluN2 transgenics and their wt littermates showed that responses were equivalent, suggesting that the knockdown of the subunits only slightly increased the vulnerability of the hippocampus to oligomeric Aβ (1–42). A similar profile was apparent with regard to hippocampal LTP: knockdown of GluN2A or GluN2B significantly impaired LTP in wt littermates. Treatment with oligomeric Aβ (1–42) resulted in an impaired LTP in wt littermates that was equivalent in magnitude to LTP in GluN2 transgenics. This impaired LTP was not debilitated further by Aβ (1–42)-treatment. The findings of this study show that although the aging hippocampus was affected by the intracerebral presence of oligomeric Aβ (1–42), and although knockdown of GluN2A or GluN2B impaired LTP, changes in the composition of the NMDAR did not contribute appreciably to the effects on neuronal properties or LTP caused by oligomeric Aβ (1–42). In sum, a loss of GluN2 subunit content in the hippocampus did not increase the vulnerability of this structure to the debilitating effects of oligomeric Aβ (1–42).
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Objective: Soluble triggering receptor expressed on myeloid cells 2 (sTREM2) is a potential neuroinflammatory biomarker linked to the pathogenesis of Alzheimer’s disease (AD) and mild cognitive impairment (MCI). Previous studies have produced inconsistent results regarding sTREM2 levels in various clinical stages of AD. This study aims to establish the correlation between sTREM2 levels and AD progression through a meta-analysis of sTREM2 levels in cerebrospinal fluid (CSF) and blood.

Methods: Comprehensive searches were conducted in PubMed, Embase, Web of Science, and the Cochrane Library to identify observational studies reporting CSF and blood sTREM2 levels in AD patients, MCI patients, and healthy controls. A random effects meta-analysis was used to calculate the standardized mean difference (SMD) and 95% confidence intervals (CIs).

Results: Thirty-six observational studies involving 3,016 AD patients, 3,533 MCI patients, and 4,510 healthy controls were included. CSF sTREM2 levels were significantly higher in both the AD [SMD = 0.28, 95% CI (0.15, 0.41)] and MCI groups [SMD = 0.30, 95% CI (0.13, 0.47)] compared to the healthy control group. However, no significant differences in expression were detected between the AD and MCI groups [SMD = 0.09, 95% CI (−0.09, 0.26)]. Furthermore, increased plasma sTREM2 levels were associated with a higher risk of AD [SMD = 0.42, 95% CI (0.01, 0.83)].

Conclusion: CSF sTREM2 levels are positively associated with an increased risk of AD and MCI. Plasma sTREM2 levels were notably higher in the AD group than in the control group and may serve as a promising biomarker for diagnosing AD. However, sTREM2 levels are not effective for distinguishing between different disease stages of AD. Further investigations are needed to explore the longitudinal changes in sTREM2 levels, particularly plasma sTREM2 levels, during AD progression.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42024514593
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 soluble TREM2; Alzheimer’s disease; mild cognitive impairment; neuroinflammation; meta-analysis


1 Introduction

Triggering receptor expressed on myeloid cells 2 (TREM2), a receptor on microglial membranes, has emerged as a research focus in Alzheimer’s disease (AD), supported by the positive results of genome-wide association studies (GWAS) over the past decade (Bertram and Tanzi, 2019). Microglia dysfunction in the brain due to TREM2 risk variants, along with neuroinflammation can increase the risk of AD (Wang et al., 2024). Specifically, the rs75932628 (p.R47H) dysfunction variant of TREM2 has been identified as a major genetic risk factor, showing a significant association with AD in a meta-analysis of over 168,000 Greek populations (Korvatska et al., 2015; Rikos et al., 2022). Soluble TREM2 (sTREM2), the cleaved extracellular portion of TREM2 by metalloproteinases, is detectable in both cerebrospinal fluid (CSF) and blood (Deming et al., 2019). The incidence of all-cause dementia is notably increased with higher sTREM2 levels, including AD, vascular dementia (VaD) (Ohara et al., 2019), frontotemporal dementia (FTD) (Schulz et al., 2021) and dementia with Lewy bodies (DLB) (Morenas-Rodríguez et al., 2019). Its levels, particularly in CSF, possess significant diagnostic potential for differentiating patients with cognitive impairment from healthy individuals and serve as reliable indicators of cognitive decline and neuroinflammation in neurodegenerative diseases (Španić et al., 2023).

Neuroinflammation is recognized as a pathological hallmark of mild cognitive impairment (MCI) and AD. However, it alone is not a specific pathological marker, and its biomarkers, including TREM2, face limitations due to a lack of conclusive evidence (Kandiah et al., 2022). Previous research has underscored the value of CSF and blood sTREM2 levels as biomarkers for predicting disease progression in AD, although results have been inconsistent. A meta-analysis revealed elevated CSF sTREM2 levels in both AD and MCI patients, while no association was found between plasma sTREM2 levels and the risk of AD development (Gu et al., 2023). Recent studies focusing on sTREM2 in the progression of AD have advanced rapidly. Considering the better clinical operability of blood biomarkers, recent research has increasingly focused on the expression of sTREM2 in plasma and has identified significantly elevated levels in AD patients (Schulz et al., 2021; Zhao et al., 2022; La Rosa et al., 2023).

This meta-analysis aims to reassess the CSF and blood levels of sTREM2 in patients with MCI and AD and to explore the impact of sTREM2 on AD progression. It combines up-to-date data from relevant observational studies to test the hypothesis that elevated sTREM2 levels are associated with cognitive decline. These findings could provide insights into the underlying biomechanisms of AD and provide new diagnostic and therapeutic approaches.



2 Methods

The protocol is registered at the International Prospective Register of Systematic Reviews (PROSPERO) (registration number: CRD42024514593).


2.1 Search strategy

Two investigators (RW and WZ) conducted independent searches in the PubMed, Embase, Web of Science, and Cochrane Library databases for articles published up to 15 February 2024. The main keywords included (soluble TREM2 OR sTREM2) AND (Alzheimer’s Disease OR Senile Dementia OR AD OR Mild Cognitive Impairment OR MCI), plus additional relevant keywords as outlined in Supplementary Table S1. Additionally, the reference lists of prior studies were extensively examined.



2.2 Selection criteria

The inclusion criteria were: (1) studies assessing CSF or blood (plasma or serum) sTREM2 in AD patients, MCI patients, or healthy controls. (2) Utilization of international diagnostic criteria for AD and MCI were reported. (3) Availability of sTREM2 data for both disease and control groups. The exclusion criteria included (1) studies lacking precise sTREM2 levels, even after contact with the corresponding author; and (2) reviews, abstracts, case reports, letters, and commentaries.



2.3 Data extraction

Following predefined criteria, two reviewers (QY and WZ) independently extracted data from the selected studies, including the first author’s name, publication year, country, sample size, diagnostic criteria, mean age, and gender distribution, CSF and blood sTREM2 levels, and the assay method. For studies providing range data, means and standard deviation (SD) were calculated (Hozo et al., 2005). The data from each eligible study were compiled into a spreadsheet.



2.4 Quality assessment

The quality of the observational studies was assessed using the Newcastle-Ottawa scale (NOS), which comprises 3 sections totaling 8 entries with a maximum score of 9; a score of ≥7 was deemed high quality (Stang, 2010). Two reviewers (YZ and QY) performed the quality assessments independently; in cases of disagreement, a third reviewer (JP) was consulted to resolve the issue.



2.5 Statistical analysis

All the statistical analysis were performed using STATA version 14.0 (StataCorp LLC, College Station, TX, United States). The sTREM2 levels in the cognitively impaired patients and controls were assessed by calculating the combined standardized mean difference (SMD) and 95% confidence interval (CI). Interstudy heterogeneity was calculated using Higgins’s I-squared test based on Cochrane’s Q. A random-effects model was employed if I2 ≥ 50%, indicating statistical heterogeneity; otherwise, a fixed-effects model was used. Additionally, subgroup analysis and meta-regression of the mean age, assay method, diagnostic criteria, and proportion of women were conducted to explore sources of heterogeneity. Sensitivity analysis was performed by systematically excluding each study to ensure the reliability of the combined estimates. Moreover, publication bias was assessed using Egger’s test with the trim and fill method. A p < 0.05 was considered to statistically significant.




3 Results


3.1 Literature selection

Initially, 762 potentially relevant studies were retrieved. After removing 280 duplicates, 299 articles were extracted by screening titles and abstracts, and 147 studies were excluded after full-text review. Ultimately, thirty-six articles were included. The overall screening process and results are presented in Figure 1.
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FIGURE 1
 Flow chart of the study selection process and results.




3.2 Study characteristics

The thirty-six articles (Hu et al., 2014, 2021a; Kleinberger et al., 2014; Gispert et al., 2016, 2017; Henjum et al., 2016; Heslegrave et al., 2016; Piccio et al., 2016; Suárez-Calvet et al., 2016; Bekris et al., 2018; Brosseron et al., 2018; Deming et al., 2019; Ewers et al., 2019; Morenas-Rodríguez et al., 2019; Nordengen et al., 2019; Banerjee et al., 2020; Edwin et al., 2020; Ferri et al., 2020; Franzmeier et al., 2020; Knapskog et al., 2020; Diaz-Lucena et al., 2021; Ma et al., 2021; Schulz et al., 2021; Van Hulle et al., 2021; Chen et al., 2022; Li et al., 2022; Shi et al., 2022; Winfree et al., 2022; Zhao et al., 2022; Finze et al., 2023; Giannisis et al., 2023; Hok-A-Hin et al., 2023; La Rosa et al., 2023; Paolini et al., 2023; Španić et al., 2023; Wang et al., 2023) were all published between 2014 and 2023, showed an increase in publications from 2017 to 2023. These studies involved 3,016 AD patients, 3,533 MCI patients, and 4,510 healthy controls, primarily conducted in Europe and the United States. Thirty studies (encompassing 32 comparisons) examined the relationship between CSF sTREM2 and AD, while 20 focused on the association with MCI. Additionally, eight studies explored plasma sTREM2 expression in AD patients. Five studies detected both CSF and plasma sTREM2 levels. Seventeen studies measured CSF sTREM2 levels in both AD and MCI patients, but only two assessed plasma sTREM2 levels. Twenty-four studies employed enzyme-linked immunosorbent assay (ELISA) as the primary assay method. The NOS score ranged from 6 to 8, with most studies classified as high quality and three as moderate quality (Supplementary Table S2).



3.3 Association between sTREM2 and AD progression

Pooled analysis showed significantly higher CSF sTREM2 concentrations in patients in both the AD [SMD = 0.28, 95% CI (0.15, 0.41)] and MCI [SMD = 0.30, 95% CI (0.13, 0.47)] groups compared to the HC group (Figures 2, 3). However, no significant difference in sTREM2 levels was observed between the AD and MCI groups [SMD = 0.09, 95% CI (−0.09, 0.26)] (Figure 4). For plasma sTREM2, elevated levels were found only in the AD group [SMD = 0.42, 95% CI (0.01, 0.83)] compared to the HC group (Figure 5). Due to high heterogeneity, random effects models were applied for the analysis.
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FIGURE 2
 Forest plot of CSF sTREM2 levels in patients with AD compared to controls. Weights are from random-effects model.
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FIGURE 3
 Forest plot of CSF sTREM2 levels in patients with MCI compared to controls. Weights are from random-effects model.
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FIGURE 4
 Forest plot of CSF sTREM2 levels in patients with AD compared to MCI patients. Weights are from random-effects model.
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FIGURE 5
 Forest plot of plasma sTREM2 expression levels in patients with AD and MCI. Weights and between-subgroup heterogeneity text are from random-effects model.




3.4 Subgroup analysis and meta-regression analysis

As Figure 6 illustrates, the results of the subgroup analysis show elevated sTREM2 levels in the cognitive impairment group across different ages compared to the control group. ELISA tests confirmed that sTREM2 was elevated in the AD group regardless of the assay used, and also in the MCI group [SMD = 0.45, 95% CI (0.12, 0.78)]. Moreover, sTREM2 levels were higher in AD patients diagnosed using the NIA-AA criteria [SMD = 0.77, 95% CI (0.55, 0.99)] and in studies with a higher proportion of female participants [SMD = 0.39, 95% CI (0.19, 0.59)]. MCI patients also showed increased sTREM2 levels in studies using NIA-AA criteria [SMD = 0.40, 95% CI (0.17, 0.62)], with no significant differences in sTREM2 levels related to gender variation. According to the subgroup analysis of plasma sTREM2, higher sTREM2 levels were detected in AD patients aged over 70 years [SMD = 0.55, 95% CI (0.11, 0.99)], as assessed by ELISA [SMD = 0.55, 95% CI (0.11, 0.99)], diagnosed using the NIA-AA criteria [SMD = 0.60, 95% CI (0.07, 1.14)], and in studies with a lower proportion of female participants [SMD = 1.05, 95% CI (0.07, 2.02)]. None of the factors significantly reduced heterogeneity. Meta-regression results indicated that these factors did not fully explain the source of heterogeneity in other component comparisons (Supplementary Table S3).
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FIGURE 6
 Subgroup analysis of CSF and plasma sTREM2 levels stratified by study characteristics.




3.5 Sensitivity analysis and publication bias

After excluding any of the referenced studies, sensitivity analysis showed no statistically significant change in the meta-analysis results, underscoring the findings’ relative reliability (Supplementary Figure S1). Publication bias was evaluated in each group’s meta-analyses. Egger’s test identified notable publication bias in the MCI vs. HC groups (p = 0.042), while no significant publication bias risk was found in the other groups (Supplementary Table S4). The trim and fill method indicated that no additional studies needed to be included, and the results remained unchanged [SMD = 1.35, 95% CI (1.14, 1.60)], demonstrating both stability and minimal impact from publication bias (Supplementary Figure S2).




4 Discussion


4.1 Summary of findings

A sustained and excessive inflammatory response is a common pathological basis for AD progression. Identifying relevant sensitive biomarkers is crucial for early AD diagnosis and intervention. Changes in sTREM2 concentrations in the CSF and blood may indicate neuroinflammation and microglial activation during AD development. This study found higher CSF sTREM2 levels in both MCI and AD groups but no differences between them. However, contrary to a previous meta-analysis (Gu et al., 2023), elevated plasma sTREM2 levels were also observed in AD patients. While no link was found between plasma sTREM2 levels and MCI risk, a recent study indicated that elevated plasma sTREM2 levels in MCI patients could increase the likelihood of developing AD (Zhao et al., 2022). These varying results may reflect different microglial responses to the pathological features at various AD stages.

Subgroup analysis revealed that AD patients over 70 years exhibited increased plasma sTREM2 levels, whereas CSF sTREM2 levels showed no age-related differences. This inconsistency may stem from variations in study inclusion criteria and small sample sizes, contradicting previous research that found a direct correlation between CSF sTREM2 levels and age in AD patients (Knapskog et al., 2020). A positive correlation exists between age and CSF sTREM2 level disparities in AD patients and HCs (Hu et al., 2021b). In most studies, there was a notable age discrepancy between the cognitively impaired group and the healthy controls, with half of the healthy control group having an average age of less than 65 years. In two other studies (Heslegrave et al., 2016; Banerjee et al., 2020), the average age of AD patients was less than 65 years. Previous studies have confirmed that patients with late-onset AD (LOAD) have higher peripheral blood TREM2 mRNA levels than those with early-onset AD (EOAD), suggesting that this differential expression is linked to age rather than AD disease status (Guven et al., 2020). Additionally, higher CSF sTREM2 levels were observed in studies with a high proportion of females. Gender-specific responses to TREM2 in inducing disease-associated microglial states were demonstrated in earlier research (Krasemann et al., 2017). A research team found that TREM2 expression levels were higher in female aged mice compared to male mice during pathway enrichment analysis of gender-specific gene expression (Ocañas et al., 2023). Genetic polymorphisms, such as the R47H mutation, may also influence gender differences, increasing AD risks predominantly in female mice (Sayed et al., 2021). However, the impact of gender on sTREM2 in clinical studies remains unclear (Piccio et al., 2016; Knapskog et al., 2020). ELISA is commonly used for sTREM2 detection, and the use of different kits may lead to heterogeneity. Moreover, sTREM2 values varied considerably across studies due to differences in analytical parameters and sample processing methods. The differences in findings among various studies may stem from differences in participant characteristics, including disease stage, all of which may introduce selection bias in the overall analysis.



4.2 Potential mechanism of sTREM2 in AD

TREM2 is an immunoglobulin superfamily transmembrane receptor mainly expressed by microglial cells in the brain (Piccio et al., 2016). Although it is generally thought that TREM2 acts protectively in AD, recent findings suggest that microglia with high TREM2 expression may be harmful (Rachmian et al., 2024). TREM2 activation may worsen Aβ-induced tau pathology, possibly accelerating its progression (Jain et al., 2023). Genetic variations significantly affect TREM2’s structure and function, and a GWAS has identified 46 TREM2 variants linked with AD that increase the risk of late-onset AD (Carmona et al., 2018). Without TREM2 mutations, TREM2 levels correlate with disease pathology accumulation (Perez et al., 2017). TREM2 levels are markedly increased in the brains of AD patients and transgenic mouse models (Jiang et al., 2014; Lue et al., 2015). It has been confirmed that TREM2 expression also rises with age in neuropathologically normal human brains (Forabosco et al., 2013). The extracellular domain of TREM2 is cleaved by disintegrin and metalloproteinase 10 (ADAM10) and ADAM17, releasing a soluble N-terminal extracellular domain known as sTREM2 (Schlepckow et al., 2017). The shedding of TREM2 is influenced by various factors. The TREM2 H157Y variant (Schlepckow et al., 2017; Qiao et al., 2023), oligomeric Aβ and the membrane-spanning 4-domain subfamily A (MS4A) gene (Deming et al., 2019) can all increase TREM2 shedding.

A sharp rise in sTREM2 levels disrupts the blood–brain barrier, leading to leakage into the CSF and blood (Raha-Chowdhury et al., 2019), explaining the increased sTREM2 levels in AD and MCI patients. Furthermore, highly sTREM2 expression negatively affects the anti-inflammatory activity of the TREM2 receptor and contributes to disease progression (Dong et al., 2022). Additionally, sTREM2 expression is tightly linked with AD pathology. Significantly elevated sTREM2 levels were observed during Aβ accumulation in the AD mouse model, where it interacts with neurons and plaques (Song et al., 2018). It is reported that sTREM2 levels in CSF are directly correlated with microglial markers (Gispert et al., 2016) and proinflammatory protein levels in the early stages of AD (Rauchmann et al., 2020). Thus, sTREM2 presence is seen as a result of microglial activation and is intimately linked with early-stage neuroinflammation in AD (Nordengen et al., 2019). sTREM2 expression also reflects disease status. As the disease progresses, TREM2 expression in microglial cells varies according to the degree of cell activation, inflammation, and tissue loss.



4.3 Association of sTREM2 with recognized AD biomarkers

Numerous studies have established that sTREM2 correlates with key neurodegenerative biomarkers, predominantly Aβ and tau. CSF sTREM2 levels are significantly elevated in AD patients and are strongly correlated with phosphorylated tau (p-tau). Additionally, the correlation between CSF sTREM2 levels and p-tau is a reliable indicator of cognitive decline in older individuals (Ewers et al., 2019). Research indicates that microglial activation accelerates tau protein deposition (Pascoal et al., 2021), and an increase of p-tau181 level is associated with a more rapid increase in CSF sTREM2 (Lan et al., 2024). Moreover, CSF sTREM2 levels fluctuate as AD progresses; Aβ pathology leads to decreased sTREM2 levels, while increases in sTREM2 are associated with Tau deposition (Ma et al., 2020). A recent study also confirmed that plasma Aβ concentrations positively correlate with plasma sTREM2 levels in patients with cognitive impairment (Zhao et al., 2022).



4.4 Clinical implications

This is the first meta-analysis confirming that plasma sTREM2 levels are significantly higher in AD patients. The widespread use of CSF biomarkers in clinical practice faces challenges due to lumbar puncture limitations. Recently, clinicians and scientists have increasingly focused on easily accessible and minimally invasive blood biomarkers. It has great potential in the differential diagnosis and tracking of the progression of AD. The development and application of blood biomarkers could transform AD diagnosis and prognosis assessment (Hansson et al., 2022). Published studies on plasma sTREM2 have produced mixed results, but a recent study (Zhao et al., 2022) showed that plasma sTREM2 could serve as a peripheral biomarker to identify cognitive decline in the early stages of neurodegenerative diseases. According to Ohara et al. (2019), a 10-year follow-up indicated a higher risk of dementia in elderly individuals with elevated baseline blood sTREM2 levels. Another study (Min et al., 2021) reported a sensitivity of 81.8% in using plasma sTREM2 to distinguish AD patients from healthy controls. Therefore, more prospective studies are needed to assess the predictive value of plasma sTREM2 for AD progression.



4.5 Future perspectives

This study suggests a potential relationship between sTREM2 levels and AD, indicating that sTREM2 could be a biomarker for monitoring disease progression. However, several questions remain unanswered. First, sTREM2 levels are affected by factors such as Braak staging, neuropsychological test scores, and genetic polymorphisms. Future research should stratify AD samples to further explore this association. Second, the study offers insights into the role of gender as a sTREM2 biomarker, but detailed research on the gender-sTREM2-cognitive impairment link is lacking. Future studies should adopt more systematic and comprehensive approaches to examine gender’s influence on this relationship. Finally, continued research on plasma sTREM2 will clarify cutoff values and standards, aiding its use in diagnosing and monitoring cognitive impairment. For consistent and comparable results, standardized experimental methods and uniform laboratory kit and measurement requirements are essential.



4.6 Limitations

This study has several limitations. The included studies in the analysis were cross-sectional and case–control, preventing a causal link between sTREM2 levels and AD or MCI. Only two studies focused on plasma sTREM2 levels in MCI patients. The studies showed high heterogeneity, besides the factors listed in our subgroup analysis, other variables like chronic diseases and genetic factors might have affected our findings. Additionally, the existing studies were primarily conducted in European countries and the United States. Therefore, geographic and ethnic influences on our results cannot be dismissed. More research on diverse populations is essential to confirm our findings.




5 Conclusion

This study found increased CSF and plasma sTREM2 levels in AD patients, while only CSF sTREM2 levels increased in those with MCI. Currently, no blood test is validated for monitoring brain immune cell activation AD. However, using plasma sTREM2 levels to stratify patient pathology shows tremendous potential. Despite these limitations, our results provide valuable insights into the role of sTREM2 levels in AD progression. Crucially, further validation and detailed functional studies are needed to determine the effects of sTREM2 on AD progression.
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4,4′-methylenediphenol reduces Aβ-induced toxicity in a Caenorhabditis elegans model of Alzheimer’s disease
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Introduction: Gastrodia elata Blume is a widely used medicinal and edible herb with a rich chemical composition. Moreover, prescriptions containing Gastrodia elata are commonly used for the prevention and treatment of cardiovascular, cerebrovascular, and aging-related diseases. Recent pharmacological studies have confirmed the antioxidant and neuroprotective effects of Gastrodia elata, and, in recent years, this herb has also been used in the treatment of Alzheimer’s disease (AD) and other neurodegenerative disorders. We have previously shown that 4,4′-methylenediphenol, a key active ingredient of Gastrodia elata, can mitigate amyloid-β (Aβ)-induced paralysis in AD model worms as well as prolong the lifespan of the animals, thus displaying potential as a treatment of AD.

Methods: We investigated the effects of 4,4′-methylenediphenol on AD and aging through paralysis, lifespan, and behavioral assays. In addition, we determined the anti-AD effects of 4,4′-methylenediphenol by reactive oxygen species (ROS) assay, lipofuscin analysis, thioflavin S staining, metabolomics analysis, GFP reporter gene worm assay, and RNA interference assay and conducted in-depth studies on its mechanism of action.

Results: 4,4′-Methylenediphenol not only delayed paralysis onset and senescence in the AD model worms but also enhanced their motility and stress tolerance. Meanwhile, 4,4′-methylenediphenol treatment also reduced the contents of reactive oxygen species (ROS) and lipofuscin, and decreased Aβ protein deposition in the worms. Broad-spectrum targeted metabolomic analysis showed that 4,4′-methylenediphenol administration had a positive effect on the metabolite profile of the worms. In addition, 4,4′-methylenediphenol promoted the nuclear translocation of DAF-16 and upregulated the expression of SKN-1, SOD-3, and GST-4 in the respective GFP reporter lines, accompanied by an enhancement of antioxidant activity and a reduction in Aβ toxicity; importantly, our results suggested that these effects of 4,4′-methylenediphenol were mediated, at least partly, via the activation of DAF-16.

Conclusion: We have demonstrated that 4,4′-methylenediphenol can reduce Aβ-induced toxicity in AD model worms, suggesting that it has potential for development as an anti-AD drug. Our findings provide ideas and references for further research into the anti-AD effects of Gastrodia elata and its active ingredients.
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GRAPHICAL ABSTRACT
 In this study, we investigated the anti-AD efficacy and mechanism of 4,4′-methylenediphenol, an active ingredient of Gastrodia elata, using the C. elegans model. Our study showed that 4,4′-methylenediphenol enhances the expression of DAF-16, SOD-3, SKN-1, and GST-4 by activating the DAF-16/FOXO and SKN-1/NRF2 signaling pathways and positively affects metabolites. These combined effects enhance antioxidant stress capacity, which in turn reduces ROS and Aβ aggregation, decreases Aβ toxicity and thus delays neuroparalysis, improves mobility and stress resistance, and ultimately achieves anti-AD effects.



1 Introduction

Alzheimer’s disease (AD) is an irreversible age-related neurodegenerative disorder with an insidious onset and a long-term course. Affecting mostly older adults, the main clinical manifestations include cognitive deficits, mental and behavioral abnormalities, and impaired sociability. AD accounts for the highest proportion of dementia-related diseases (Knopman et al., 2021; Stocker et al., 2023). With the aging of the world’s population, AD and other age-related disorders are increasingly becoming a global health concern (Jensen et al., 2020). Over 50 million people are thought to be living with AD worldwide, and this number is expected to triple to 152 million by 2050 (Weuve et al., 2014). The pathogenesis of AD is complex. The β-amyloid degradation toxicity hypothesis is currently the main theory explaining the pathophysiology of this condition. This hypothesis suggests that abnormal amyloid-β (Aβ) aggregation in the brain is the main triggering factor for AD and that this aggregation can exert direct toxic effects on neuronal cells, triggering a cascade of tau protein phosphorylation, inflammation, excitotoxicity, and oxidative stress, ultimately inducing neuronal death (Alafuzoff et al., 2008; Mohsenzadegan and Mirshafiey, 2012). Accordingly, it is expected that inhibiting Aβ aggregation and improving the body’s antioxidative capacity represent promising therapeutic strategies for the prevention and management of AD. However, there is currently no treatment for this debilitating condition, and the available drugs are mainly used to improve disease symptoms. Accordingly, there is an urgent need for identifying and developing novel drugs aimed at the prevention and treatment of AD (Tan W. et al., 2022).

The effective natural compounds used in traditional Chinese medicine (TCM) and ethnomedicine have advantages such as abundant resource availability, high development potential, and wide-ranging pharmacological activities. Gastrodia elata Blume is a perennial herb within the family Orchidaceous and is one of the most valuable TCMs (Huang, 1985). In the “Compendium of Materia Medica,” Gastrodia elata is listed as having the effects of calming the liver and suppressing liver Yang, dispelling wind and clearing channels, and stopping convulsions, and it is mainly used for the treatment of paralysis, trance, and aphasia in the state of shock (Tao et al., 2023). Indeed, Gastrodia elata has long been used in Chinese folk medicine for the prevention and treatment of neurological diseases that display symptoms similar to those of AD, such as amnesia, intellectual disability, hemiplegia, and speech disorders. Moreover, a group of well-known prescriptions containing Gastrodia elata, such as Gastrodia (Tianma) and Uncaria (Gouteng) decoction, have documented antioxidant, free radical scavenging, and neuroprotective effects, and have been used for the prevention and treatment of cardiovascular, cerebrovascular, and aging-related diseases (Liu and Mori, 1992; Deng et al., 2020). Recent pharmacological studies have also found that Gastrodia elata has the effects of promoting brain health, protecting nerves, and delaying aging. Additionally, Gastrodia elata has greater efficacy and is more widely used than other TCMs with similar effects (e.g., Ginseng, Astragalus membranaceus), and has recently been applied for the treatment of AD and other related diseases in the clinic (Lu et al., 2023). Meanwhile, studies have shown that the ethyl acetate extract of Gastrodia elata (EEGE) has both neuroprotective and cerebral protective effect, and can improve the symptoms of AD in a nematode model of the condition by mitigating Aβ toxicity and oxidative stress (Shi et al., 2023b). In our preliminary study, we isolated a major component of EEGE, 4,4′-methylenediphenol, which is a bisphenol derivative with antioxidant activity (Yi-Ming et al., 1993; Tang et al., 2016). We found that 4,4′-methylenediphenol not only delayed Aβ protein-induced paralysis in AD model worms but also prolonged their lifespan, suggesting that it has the potential for use in the prevention and treatment of AD.

Caenorhabditis elegans is a widely used model animal for the study of age-related neurodegenerative diseases. It has the advantages of a short life cycle, small size (~1 mm), ease of cultivation and observation, low costs, freezing and resuscitation ability, and greater availability of transgenic lines compared with other AD model animals (Ewald and Li, 2012; Rani et al., 2023). In addition, C. elegans and human genes are highly homologous, and their key cellular metabolic and signaling pathways are highly conserved, making C. elegans amenable to in vivo studies of AD and other neurodegenerative diseases (Tissenbaum, 2015). Studies have demonstrated the suitability of employing the C. elegans model for the screening and development of natural drugs targeting AD. For example, one study found that the extract of Radix Stellariae can effectively reduce Aβ and tau protein expression and attenuate the damage they cause, which has therapeutic relevance for neurodegenerative disorders such as AD (Long et al., 2023). In addition, grape juice (Canedo-Reis et al., 2023), carnosic acid (Chen et al., 2022), and wolfberry (Meng et al., 2022) have all been shown to exert anti-AD effects in studies that have used C. elegans as a model. In conclusion, C. elegans has become an essential model for the screening of AD-targeting drugs.

In the present study, we leveraged the unique advantages of C. elegans to investigate the therapeutic efficacy of 4,4′-methylenediphenol against AD as well as the putative underlying mechanisms. First, the potential of this active ingredient as a treatment of AD was investigated in terms of its ability to mitigate Aβ-induced toxicity and oxidative stress, ameliorate AD-associated behavior, and delay aging and senescence. Meanwhile, the ability of 4,4′-methylenediphenol to improve AD symptoms was determined through the determination of ROS and lipofuscin contents and the levels of Aβ deposition. Finally, the mechanism underlying how 4,4′-methylenediphenol exerts its anti-AD effects was investigated in depth using broad-spectrum targeted metabolomics (TM) analysis, GFP reporter lines, and RNAi. Our findings provide a reference for further basic research into the therapeutic potential of the active ingredients of Gastrodia elata in AD prevention and treatment.



2 Materials and methods


2.1 Materials

4,4′-methylenediphenol was purchased from Chengdu Alfa Biotechnology Co. Ltd. (purity: 98%; 620–92-8). The worms were grown in nematode growth medium (NGM) containing sodium chloride, peptone, agar powder, cholesterol, anhydrous calcium chloride, anhydrous magnesium sulfate, and phosphate buffer. RNAi plates were prepared by adding ampicillin (96%; 7,177-48-2) and isopropyl-beta-D-thiogalactopyranoside (GC >8%; 367–93-1; Shanghai Macklin Biochemical Co., Ltd., China) to final concentrations of 100 μg/mL and 1 mM, respectively. To inhibit worm egg-laying, 5-fluoro-2′-deoxyuracil nucleoside (floxuridine, FUDR; 50–91–9; Shanghai Macklin Biochemical Co., Ltd., China) was added to the medium to a final concentration of 12 μM. The anesthetic levamisole hydrochloride (HPLC ≥98%; 16,595–80-5) was purchased from Sichuan Weikeqi-biotech Co. Ltd.; SuperKine Enhanced Antifluorescence Quencher (BMU104-CN) was supplied by Abbkine Scientific Co., Ltd.



2.2 Caenorhabditis elegans strains and maintenance

The C. elegans lines used in this study were CL4176 {dvIs27 [myo-3p::A-Beta (1–42)::let-851 3′UTR) + rol-6(su1006)] X.}, CL2006 {dvIs2 [pCL12(unc-54/human Abeta peptide 1–42 minigene) + rol-6(su1006)]}, TJ356 {zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)]}, LD1 (ldIs7 [skn-1b/c::GFP + rol-6(su1006)]}, CF1553 {mu1s84[(pAD76) sod-3p::GFP) + rol-6(su1006)]}, CL2166 {dvIs19 [(pAF15) gst-4p::GFP::NLS] III}, and C. elegans N2 (wild-type strain). All worm strains were purchased from the C. elegans Genetics Center (CGC, University of Minnesota, Minneapolis, MN, United States). An uracil synthesis-deficient strain of Escherichia coli (OP50) was used as food. C. elegans CL4176 was grown and reproduced at 16°C; all other strains were grown and reproduced at 20°C.



2.3 Paralysis assay

4,4′-Methylenediphenol was weighed on an electronic precision balance, dissolved in deionized water [with DMSO (0.2%) as co-solvent] to a final concentration of 10 mM, filtered to remove bacteria, and stored at 4°C until needed. Different concentrations of the drug (0.125, 0.25, 0.5, 1, 2, and 4 mM) were generated by diluting the drug master mix with a solution containing inactivated OP50 bacteria (OD600 = 0.6, 30 min at 65°C). After mixing well, the mixture was added to the surface of the NGM, and allowed to air-dry before use. Worms in the Control group were given an equal volume of the bacterial solution. Subsequently, L1 stage-synchronized CL4176 worms were transferred to NGM plates with or without the drug (30–50 worms per plate). After incubation to the L3 stage at 16°C, the temperature was raised to 25°C, and incubation was continued for approximately another 24 h. The number of paralyzed worms was recorded every 2 h until all the worms were paralyzed. Paralysis was defined as rigid movement or only head movement following mechanical stimulation. The optimal effective concentration of the drug as determined by the paralysis assay was used the drug concentration in subsequent experiments.



2.4 Lifespan assay

L4 stage-synchronized CL4176 worms were transferred to plates with or without the drug (1 mM), which was recorded as day 0. FUDR (12 μM) was added to each plate to prevent egg-laying and larval hatching affecting the experimental counts. Three plates were run in parallel for each group (30–50 worms per plate). Thereafter, the number of surviving worms was recorded every 2 days, following which the surviving worms were transferred to fresh medium containing the same drug concentration, and culture was continued until all of the worms had died. Worms that did not respond to stimulation with a picker were considered dead. Worms that developed a bag-like phenotype and did not die within the area coated with the drug were excluded from the statistical analysis. The lifespan assay was repeated three times with no less than 60 worms each time.



2.5 Lipofuscin assay

L1 stage-synchronized N2 worms were cultured to the L4 stage at 20°C and then transferred to NGM plates with or without the drug (1 mM). After 10 days of incubation, worms from each group (≥10 worms per group) were transferred to PBS containing anesthetic and analyzed for lipofuscin autofluorescence under a fluorescence microscope (LSM900, Carl Zeiss, Germany). Fluorescence intensity values were determined using ImageJ software. The experiment was repeated independently three times.



2.6 Reproductive and behavioral assays


2.6.1 Reproductive capacity assay

CL4176 worms that had not yet performed egg laying when synchronized at the L4 stage were transferred to NGM culture plates with or without the drug (1 mM) (two worms per plate, three plates in parallel per group) and incubated at 16°C; this was recorded as day 1 of reproduction. Every day thereafter, the worms were transferred to new culture plates containing the same drug concentrations, and the number of worms hatched in the old dishes on day 1 was counted on day 3 until the worms no longer produced new eggs. The effect of the drug on the reproductive ability of the worms was determined by recording and totaling the number of larvae hatched per plate in each group.



2.6.2 Behavioral assays, including pharyngeal pump beating and motility

L3 stage-synchronized CL4176 worms were transferred to NGM culture plates with or without the drug (1 mM) (three plates per group in parallel) and incubated at 16°C; this was recorded as day 0. Every second day, the worms were transferred to fresh culture plates containing the same drug concentrations. Pharyngeal pump beating and motility were observed under a stereoscopic microscope on days 4, 6, and 8 after drug treatment. Before observing the swallowing rate, the worms were transferred to new plates and observed again, and the number of times the worms swallowed in 30 s was used as the index of pharyngeal pump beating. The pharyngeal pump beating upward and downward once was considered a complete pharyngeal movement; 10 worms were randomly evaluated in each plate. Before observing motility, the worms were transferred to a new plate with 100 μL of M9 solution, and the number of sinusoidal movements in 30 s was recorded as an indicator of motility; 10 worms were randomly assessed in each plate. The behavioral experiments were repeated three times, and 30 worms were counted in each group each time.




2.7 Body length assays

N2 worms synchronized to the L4 stage were transferred to NGM plates (12 μM FUDR) with or without drug (1 mM), and the size of the worms was determined after continued incubation at 20°C for 2 days. Worms were collected with PBS buffer and anesthetized, and at least 20 worms in each group were imaged under an inverted biomicroscope (DMI1, Leica Microsystems (Shanghai) Co., Ltd.), and the pictures were saved. Worm body length (μm) was measured using Image J software. The experiments were repeated three times independently.



2.8 Stress tolerance assays


2.8.1 Heat stress assay

N2 worms synchronized at the L1 stage were transferred to NGM culture plates with or without the drug (1 mM) (three plates in parallel, ≥90 worms per group) and incubated at 20°C for 2 days, following which the incubation temperature was increased to 37°C. Thereafter, survival was observed every hour until all the worms had died.



2.8.2 Oxidative stress assay

L1 stage-synchronized N2 worms were transferred to NGM plates with or without the drug (1 mM) and, after incubation to the L4 stage at 20°C, the worms were transferred to NGM plates containing juglone (300 μM; 481–39-0; Shanghai Yuanye Bio-Technology Co., Ltd., China) (three plates per group, ~30 worms per plate). Worm survival was then observed every hour until all the worms had died. Worms that were stiff and motionless and did not respond to light sources or slight vibrations were considered dead. All the experiments were repeated independently three times.




2.9 Reactive oxygen species assay

N2 worms synchronized at the L1 stage were transferred to NGM culture plates with or without the drug (1 mM) (~50 worms per plate) and incubated at 20°C to the L4 stage. Then, 5 mM paraquat solution (methyl viologen dichloride hydrate; 1910-42-5; Shanghai Aladdin Biochemical Technology Co., Ltd) was added to the NGM plates for 4 h, after which the worms were collected and washed three times with PBS. Subsequently, 50 μL of 10 μM DCFH-DA solution (Reactive Oxygen Species Detection Kit; S0033S; Beyotime Biotech. Inc.) was added, and the worms were incubated at 37°C for 30 min. After washing three times with PBS, 30 μL of worm-containing fluid was placed on a slide, coverslipped, and observed under a fluorescence microscope (LSM900, Carl Zeiss), and adjust the parameters, save the picture, and measure the fluorescence intensity value using Image J software. At least 10 worms in each group.



2.10 Sedimentation assay for Aβ aggregation

L1 stage-synchronized CL2006 worms were transferred to NGM plates with OP50 bacterial solution only, incubated to the L4 stage at 20°C, and then transferred to NGM plates with or without the drug (1 mM). After 2 days of incubation, the worms were collected in M9 buffer, washed three times, and fixed in 1 mL of 4% paraformaldehyde (pH 7.4; BL539A; Labgic Technology Co., Ltd) at 4°C for 24 h. After discarding the fixative, the worms were incubated in 1 mL of permeabilizing solution [5% β-hydrophobic ethanol [60–24-2; Shanghai Macklin Biochemical Co., Ltd], 1% Triton X-100 [9002-93-1; Meilunbio Biotechnology Co., Ltd], and 125 mM Tris [pH 7.4; 77–86-1; Beijing Solarbio Science & Technology Co., Ltd]] at 37°C for 24 h and rinsed three times with TBST solution. Then, 100 μL of the fluorescent dye thioflavin S (0.125%) (1326-12-1; Shanghai Yuanye Bio-Technology Co., Ltd) was added, followed by incubation at room temperature for 2 min. After discarding the staining solution, the worms were cleared twice with 50% ethanol, and Aβ protein deposition in the head of worms (i.e., the part before the pharyngeal pump) was observed under a fluorescence microscope (LSM900, Carl Zeiss). For imaging, 30 μL of worm-containing fluid was aspirated and placed on a slide, coverslipped, and the parameters adjusted. At least 10 worms were assessed in each group.



2.11 Broad-spectrum TM analysis


2.11.1 Sample preparation

CL4176 worms synchronized to the L1 stage were transferred to NGM plates with or without the drug (1 mM) (≥1,000 per plate, 6 plates in parallel per group), cultured first at 16°C for 48 h, and then at 25°C for approximately 30 h. The worms were collected in EP tubes with M9 buffer, washed 2–3 times with sterile water, quick-frozen in liquid nitrogen, and stored at −80°C for sequencing.



2.11.2 Broad-spectrum TM analysis

Samples were thawed on ice, added to stainless steel balls, and homogenized with a ball mill (30 Hz) for 20 s. The samples were then extracted with a 70% methanol aqueous solution at 4°C and used for analysis. All operations were performed on ice. Sample analysis, including differential metabolite screening and metabolic pathway resolution, was performed at Wuhan Metware Biotechnology Co., Ltd. First, pooled samples were subjected to non-targeted metabolomics analysis to identify the metabolites in the samples. Subsequently, these metabolites were combined with those of Metware’s in-house metabolite database (MWDB) for broad-spectrum TM analysis. Metabolomic differences between samples were assessed based on a combination of ultra-high performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS), the in-house database, and multivariate statistical analysis. Chromatographic separation was performed using a Waters ACQUITY UPLC HSS T3 C18 column (1.8 μm, 2.1 × 100 mm); mobile phase A was 0.1% formic acid in ultrapure water and mobile phase B was 0.1% formic acid in acetonitrile; the flow rate was 0.4 mL/min; the column temperature was 40°C; the injection volumes were 2 μL for extensive targeted detection and 5 μL for non-targeted detection. For hydrophilic interaction liquid chromatographic (HILIC) separation, a waters ACQUITY UPLC BEH HILIC column (1.7 μm, 1 × 100 mm) was used; mobile phase A consisted of 20 mM ammonium formate, 30% water, 10% methanol, and 60% acetonitrile, adjusted to pH 10.6 with ammonia; mobile phase B comprised 20 mM ammonium formate, 60% water, and 40% acetonitrile, adjusted to pH 10.6 with ammonia; the column temperature was 40°C; the flow rate was 0.4 mL/min; the injection volumes were 2 μL for broad-spectrum targeted detection and 5 μL for non-targeted detection. For non-targeted metabolomics profiling, data were acquired on a UPLC system1 connected to a TripleTOF 6,600 quadrupole time-of-flight (QTOF) mass analyzer (AB SCIEX). For targeted metabolomics profiling, data were acquired on a UPLC system (see text footnote 1, respectively) and a Q-Trap mass spectrometer.2 QC samples were formed by mixing equal amounts of all the samples. The QC samples were then analyzed on the LC–QTOF–MS/MS platform and accurately characterized based on MWDB (with secondary spectra and retention time), the AI-predicted library of the MWDB and all public databases (Metlin, HMDB, KEGG, and others), and MetDNA. Multi-ion pair and retention time information for the identified metabolites was also extracted, and this information was combined with the information in Metware’s target database to form a new library exclusive to the project. Finally, for all the samples, the metabolites in the new library were quantified on the Q-Trap instrument in multiple-reaction monitoring mode. The differential metabolite screening criteria were VIP >1 and p-value <0.05.




2.12 Transgenic daf-16, skn-1, sod-3, and gst-4 GFP reporter strains

For all gene expression experiments involving C. elegans GFP reporter strains, L1-stage worms were incubated on NGM plates with or without the drug (1 mM) for 72 h, transferred to slides, anesthetized, and fixed in 2% levamisole. Images were captured under a fluorescence microscope (LSM900, Carl Zeiss) at 10/40× magnification and analyzed using ImageJ software. As the positive controls for the TJ356 strain, worms were cultured on plates containing blank medium for 72 h, and the temperature was then increased to 37°C for 30 min for induction. SKN-1::GFP fluorescence intensity was measured in the intestinal region of LD1 worms under the pharynx. The nuclear localization of DAF-16 was expressed as the number of fluorescence puncta per TJ356 worm (Kang et al., 2022). Finally, the whole-body fluorescence intensity associated with SOD-3::GFP and GST-4::GFP expression was evaluated in CF1553 and CL2166 worms, respectively. The experiments were independently replicated three times, with a minimum of 10 worms per group per strain.



2.13 Caenorhabditis elegans RNA interference assay

After synchronization, the resulting eggs of CL4176 worms were transferred to culture plates coated with R13H8.1 E. coli containing daf-16 dsRNA to knock down daf-16 and incubated at 16°C. Eggs incubated on culture plates coated with the HT115 E. coli strain expressing the L4440 empty vector served as controls. After passing to the third generation, the worms were synchronized, and the resulting eggs were placed in M9 buffer and incubated at 16°C. RNAi efficiency was subsequently assessed by qPCR. Worms successfully subjected to RNAi were then transferred to NGM plates coated with a solution of either RNAi-expressing bacteria or the empty vector-expressing strain and with or without the drug (1 mM), and were cultured to the L3 stage at 16°C. Subsequently, the plates were transferred to 25°C for heat shock, which led to the expression of high levels of Aβ protein in the muscle cells of the body wall of the worms. This resulted in continuous Aβ peptide aggregation, leading to muscle paralysis in the worms. After 24 h, the number of paralyzed worms in each group was counted every 2 h until the proportion of paralyzed worms in the blank control group accounted for more than 80% of the total number of worms. Three plates were run in parallel, with a least 90 worms per group. The experiment was independently repeated three times.



2.14 Statistical analysis

The data were statistically analyzed and plotted using GraphPad Prism 8.0 and the results are expressed as means ± standard deviation. Differences between and among groups were analyzed by the t-test or one-way ANOVA, respectively. Survival was analyzed using the log-rank test. p-values <0.05 were considered significant (*p < 0.05, **p < 0.01, ***p < 0.001). The experiments were independently repeated 3 times.




3 Results


3.1 4,4′-methylenediphenol delayed beta amyloid-induced paralysis

Under normal conditions, the body of CL4176 transgenic worms is curved (i.e., C-shaped), and the worms can move normally in culture medium. However, when the culture temperature is increased, CL4176 worms express large quantities of the Aβ1–42 peptide, which exerts toxic effects on the muscle cells of the animals through aggregation (Sola et al., 2015; Fu et al., 2023). To investigate the potential effect of 4,4′-methylenediphenol on the progression of Aβ toxicity-induced paralysis, we administered different concentrations (0.125, 0.25, 0.5, 1, 2, and 4 mM) of the drug to CL4176 worms and undertook a paralysis assay. The data showed that the time to paralysis was longer in all the 4,4′-methylenediphenol treatment groups than in the Control group (Figure 1A). Except for the group administered the lowest dose (0.125 mM), the time to paralysis for 50% (PT50) of the nematodes was greater in all dosing groups than in the Control group (Table 1). Although the PT50s of the 2 and 4 mM administration groups were longer than that of the 1 mM group, the difference was minimal, and the 1 mM concentration exerted a more significant effect in prolonging the overall paralysis rate of worms (Figure 1B). Based on the principle of selecting the lowest concentration among those with comparable efficacy, 1 mM was deemed to be the optimal effective concentration for this drug and was used for subsequent experiments. In conclusion, the above results indicated that 4,4′-methylenediphenol delayed the onset of paralysis in worms and had a protective effect against β-amyloid-induced toxicity.
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FIGURE 1
 4,4′-methylenediphenol delays paralysis in AD worms. After synchronization to the L1 stage, AD transgenic worms CL4176 were treated with different concentrations of 4,4′-methylenediphenol, respectively, and incubated at 16°C for 48 h with equal volume of OP50 bacterial solution without the drug as a blank control (Control group) and then transferred to 25°C to induce the paralyzed phenotype. (A) 4,4′-methylenediphenol treatment delayed β-amyloid-induced paralysis, and although half of the worms were paralyzed for a longer period of time at concentrations of 2 and 4 mM, the drug concentration of 1 mM prolonged the overall paralysis of worms for a longer period of time, and so its optimal concentration was 1 mM (p < 0.001). (B) Paralysis curves of CL4176 worms under administered or non-administered (1 mM) treatments, with 1 mM administration having the most significant effect in delaying the paralysis of worms (p < 0.001).




TABLE 1 Time to half paralysis for each concentration of drug (n = 3).
[image: Table1]



3.2 4,4′-methylenediphenol prolonged the lifespan and enhanced the motility of worms

The lifespan of worms is closely related to senescence, which plays an important role in the development of AD (Santoro et al., 2020). Here, we investigated the effect of 4,4′-methylenediphenol (1 mM) on the lifespan of AD model worms. The maximum lifespan of worms in the Control and 4,4′-methylenediphenol administration group was 22 and 26 days, respectively. Compared with the Control group, the median and mean lifespan of worms in the drug treatment group were significantly prolonged (p < 0.05 and p < 0.01, respectively), with an average lifespan extension of 20.053%. Survival curves showed a rightward shift after 4,4′-methylenediphenol treatment, indicative of a significantly prolonged lifespan in AD model worms (Table 2; Figure 2A). In addition, lipofuscin accumulates in the intestinal tract of worms as their lifespan increases, so lipofuscin levels are strongly associated with worm aging (Höhn et al., 2010). Lipofuscin fluorescence intensity was stronger in the Control group than in the 4,4′-methylenediphenol administration group, and worms in the former group accumulated significantly higher levels (p < 0.001) of lipofuscin in their bodies (Figures 2B–D). The above findings indicated that 4,4′-methylenediphenol can reduce lipofuscin levels in worms, and further suggested that the drug can delay aging in the animals.



TABLE 2 Experimental statistics of CL4176 worm lifespan (x ± s, n = 3).
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FIGURE 2
 Effect of 4,4′-methylenediphenol on senescence-related indices in worms. (A) CL4176 worms were cultured in NGM plates with or without drug (1 mM). The survival curve of the drug-administered group was shifted to the right compared to the Control group, and 4,4′-methylenediphenol prolonged the lifespan of AD worms (p < 0.001). (B) To investigate whether 4,4′-methylenediphenol inhibits lipofuscin aggregation in worms to delay aging, we observed the autofluorescence of lipofuscin in worms on the 10th day after administration of the treatment. The results showed that the lipofuscin level in worms was reduced after administration of the drug (p < 0.001). (C) Representative pictures of lipofuscin fluorescence in N2 worms not treated with 4,4′-methylenediphenol. (D) Representative pictures of lipofuscin fluorescence of N2 worms in the 1 mM administration group. (E) The number of eggs laid by worms in the Control group was 202.800 ± 12.795, whereas the number of eggs laid by worms in the 1 mM administration group was 198.300 ± 32.180, and there was no effect of 4,4′-methylenediphenol administration on the reproductive function of worms (p > 0.05). (F) Representative pictures of worm body lengths. (G) Differences in worm body lengths were not statistically significant (p > 0.05). Next, we observed the pharyngeal pump beating frequency and locomotor ability of worms on days 4, 6, and 8 within 30 s. 4,4′-methylenediphenol was able to improve the pharyngeal pump beating and locomotor ability of N2 worms (p < 0.001). (H) 4,4′-methylenediphenol was able to increase the number of pharyngeal pump beats of worms on days 6 and 8. (I) The motility of N2 worms was enhanced on days 4, 6, and 8 after the administration of the treatment.


The effect of a drug on helminth senescence can be indirectly reflected by the determination of the effect of the drug on the reproductive function of the animals (Hyun et al., 2021). The results showed that the difference in the number of offspring between the Control group and the 1 mM 4,4′-methylenediphenol administration group was not significant (p > 0.05), indicating that the drug did not affect the reproductive capacity of the worms (Figure 2E). In addition, measurements of worm body length showed no statistically significant (p > 0.05) differences in worm body length between groups on day 2 after drug administration, indicating that the drug had no effect on worm development (Figures 2F,G). Under physiological conditions, the ability of worms to pump their pharynx is indicative of their ability to feed, which, in turn, reflects the extent of senescence (Gao et al., 2015). We found that there was no effect on the twitching ability of the worms on day 4 post-drug administration (p > 0.05); in contrast, on days 6 and 8 after treatment, the number of twitching events in the worms of the 4,4′-methylenediphenol administration group was significantly higher (p < 0.001) than that of the Control group. The motility of worms also has a large correlation with lifespan (Cogliati et al., 2020). Importantly, locomotor ability is the most basic index reflecting the function of the nervous system and is widely used in the toxicological assessment of drugs and poisons (Wang et al., 2021). Our data showed that, compared with the Control group, the motility of the worms in the treatment group was enhanced on days 4, 6, and 8 post-administration (p < 0.001). In conclusion, our findings implied that 4,4′-methylenediphenol enhanced motility in AD model worms, including pharyngeal pump beating and locomotion, and also delayed the aging of the animals (Figures 2H,I).



3.3 4,4′-methylenediphenol enhanced stress resistance and reduced ROS levels in N2 worms

Stress resistance refers to the ability of an organism to resist a stressful environment and there is a strong positive correlation between increased longevity and enhanced stress resistance (Tan L. et al., 2022). To investigate the effect of 4,4′-methylenediphenol on stress resistance in the nematodes, we first explored the changes in the ability of N2 worms to resist heat stress (37°C) following 4,4′-methylenediphenol administration. The results showed that the overall survival time of worms in the 4,4′-methylenediphenol (1 mM) administration group was prolonged compared with that in the Control group (p < 0.001), even after 7 h of administration (p < 0.01), indicating that treatment with 1 mM 4,4′-methylenediphenol augmented resistance to heat stress in the animals (Figures 3A,B). Next, to test the ability of the drug to protect against oxidative damage, we exposed N2 worms to juglone (300 μM), a strong oxidant that led to their deaths, and measured the survival rate of the worms. The results showed that compared with the Control group, the survival curve of worms in the 4,4′-methylenediphenol administration group was shifted to the right, and the survival rate was significantly increased (p < 0.001). After 7 h of treatment, the survival rates of worms in the Control and drug administration groups were 0 and 14.634%, respectively (p < 0.001), showing that 4,4′-methylenediphenol can improve the ability of worms to resist externally induced oxidative stress (Figures 3C,D).
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FIGURE 3
 4,4′-methylenediphenol enhances stress resistance and reduces ROS levels in N2 worms. (A) Under the high temperature stress at 37°C, the overall lifespan of worms increased after 4,4′-methylenediphenol administration, and the drug enhanced their ability to resist heat stress. (B) At the 7th h of heat stress treatment, all worms in the Control group died, and the survival rate of worms in the drug-administered group was 24.138% at this time (p < 0.01). (C) Juglone (300 μM) was used to construct an oxidative stress damage environment. 4,4′-methylenediphenol administration treatment reduced the oxidative stress damage induced by juglone, and improved the oxidative stress resistance of worms. (D) At the 7th h of oxidative stress injury, the survival rate of worms was higher in the drug-administered group compared with the Control group. p < 0.01, p < 0.001, and the experiment was independently repeated three times. In addition, paraquat (5 mM) was used to induce ROS production in worms, and pictures were taken under a fluorescence microscope after staining with DCFH - DA solution. 4,4′-methylenediphenol reduced ROS levels in N2 worms. (E) Fluorescent representative pictures of ROS in N2 worms not treated with 4,4′-methylenediphenol. (F) ROS fluorescence pictures of N2 worms treated with 4,4′-methylenediphenol administration. (G) ROS fluorescence intensity was measured and analyzed using Image J software.


When animals are subjected to a variety of harmful stimuli in vivo, ROS production is accelerated, leading to an imbalance between the oxidative and antioxidant systems, which then triggers a series of molecular-mechanical reactions. In AD model animals, it has been shown that these events contribute to Aβ accumulation, which, in turn, enhances ROS production and promotes neuronal damage and death, leading to the occurrence of AD. Accordingly, the determination of ROS levels is crucial in the assessment of the effects of AD-targeting drugs (Song et al., 2022). Here, we used paraquat (5 mM) to induce an increase in ROS contents in AD model worms and found that the average ROS fluorescence intensity in the drug administration group was significantly reduced compared with that in the Control group (p < 0.01), indicating that 4,4′-methylenediphenol inhibits the production of free radicals in worms to a certain extent, thereby reducing Aβ-induced toxicity (Figures 3E–G).



3.4 4,4′-methylenediphenol reduced Aβ protein deposition in worms

Transgenic C. elegans of the CL2006 strain become progressively paralyzed. As the worms age, Aβ gradually accumulates and forms plaques that become toxic, leading to paralysis. Here, we explored the effect of 4,4′-methylenediphenol on the formation of Aβ protein deposits using an in vivo Aβ aggregation assay (Fay et al., 1998). Thioflavin S is a homogeneous chemical mixture that can be used for the staining and observation of β-amyloid plaques in AD (DanQing et al., 2021). The results showed that there was no Aβ protein deposition in wild-type N2 worms. In CL2006 worms, however, 4,4′-methylenediphenol (1 mM) administration significantly reduced Aβ protein aggregation in the head of the worms compared with that seen with the Control treatment (p < 0.001). These findings revealed that 4,4′-methylenediphenol can reduce Aβ protein deposition in worms, thus minimizing Aβ-induced toxic effects (Figures 4A–D).
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FIGURE 4
 4,4′-methylenediphenol reduces the amount of Aβ protein deposited in transgenic worms CL2006. We measured the amount of Aβ protein deposition by thioflavin S staining. In CL2006 worms, staining with thioflavin S for Aβ protein produces distinct fluorescent patches near the pharynx with white arrows indicating Aβ deposition sites. (A) Wild-type N2 worms served as negative controls with no Aβ protein deposition. (B) Representative images of CL2006 worms not treated with 4,4′-methylenediphenol, with more deposits. (C) Representative images of 4,4′-methylenediphenol-treated worms with significantly less deposits. (D) Number of Aβ protein deposits in each group. (p < 0.001).




3.5 4,4′-methylenediphenol affected metabolite abundance in CL4176 AD model worms

We performed a broad-spectrum TM analysis to investigate the effect of 4,4′-methylenediphenol treatment on the metabolite profile of the AD-like C. elegans CL4176 strain. First, Pearson’s correlation analysis was performed on the QC samples, and it was found that the correlation coefficient (r) of the QC samples was close to 1, which indicated that the assay process was stable and the data quality was high (Figure 5A). Secondly, the coefficient of variation (CV) distribution plots of all the samples also showed that the percentage of substances with CVs lower than 0.3 in the QC samples was higher than 75%, indicating that the experimental data were stable (Figure 5B). Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA), which combines orthogonal signal correction and PLS-DA and decomposes X-matrix information into two categories, namely, Y-related and irrelevant, and filters the discrepant variables by removing irrelevant differences (Wang et al., 2022). As shown in Figure 5C, OPLS-DA demonstrated that there was significant separation between the two groups. Next, we screened for differential metabolites using VIP >1 and p-value <0.05 as the screening criteria. As shown in the volcano plot in Figures 5D, a total of 669 differentially abundant metabolites were identified, 627 of which were downregulated and 42 upregulated. To facilitate the observation of the relative changes in metabolite content, we generated a heatmap of differential metabolite hierarchical clustering. The first-level classification of the differential metabolites in the clustering heatmap indicated that they were related to amino acids and their metabolites, organic acids and their derivatives, nucleotides and their metabolites, coenzymes and vitamins, alkaloids, flavonoids, and terpenoids (Figure 5E). Finally, we performed KEGG pathway enrichment analysis on the metabolites identified as showing differential abundance (Figure 5F). We found that the top 20 p-value-ranked pathways included ABC transporter protein; ubiquinone and other terpene quinone biosynthesis; fatty acid metabolism; unsaturated fatty acid biosynthesis; glycine, serine, and threonine metabolism; and phenylalanine, tyrosine, and tryptophan biosynthesis, among other pathways.
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FIGURE 5
 We performed TM wide target metabolome sequencing analysis of AD worms. After synchronization of transgenic AD worms CL4176 to the L1 stage, the worms were cultured on NGM plates with or without drug (1 mM), with no less than 1,000 worms per plate and six parallels per group. After incubation at 16°C for 48 h, the plates were warmed up to 25°C and continued to be incubated for about 30 h. Thereafter, the worms were collected in EP tubes with M9 buffer and washed 2–3 times with sterile water. Sequencing analysis was performed after snap-freezing with liquid nitrogen. (A) Pearson correlation analysis was performed on the QC samples, and the higher the correlation of QC samples (| r | is closer to 1) indicates the better stability of the whole detection process and the higher quality of data. (B) CV distribution of samples in each group. The proportion of substances with CV value less than 0.5 in QC samples is higher than 85%, indicating that the experimental data are more stable; the proportion of substances with CV value less than 0.3 in QC samples is higher than 75%, indicating that the experimental data are very stable. (C) OPLS-DA score plot. Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) combines Orthogonal Signal Correction (OSC) and PLS-DA methods, which is able to decompose the X matrix information into two types of information related to Y and irrelevant information, and filter the difference variables by removing the irrelevant differences. (D) Differential metabolite volcano plots. Volcano Plot (VP) is mainly used to demonstrate the difference in relative content of metabolites in two groups of samples and the statistical significance of the difference. (E) In order to facilitate the observation of the change rule of the relative content of metabolites, we used UV (Unit Variance Scaling) processing on the original relative content of differential metabolites obtained by applying the screening criteria for identification by rows, and plotted the differential metabolite clustering heatmap through the R software package. (F) Based on the differential metabolite results, KEGG pathway enrichment analysis was performed to obtain the differential metabolite pathway enrichment map. The closer the p-value is to 0, the more significant the enrichment is. The size of the dots in the graph represents the number of differentially significant metabolites enriched into the corresponding pathway. The Rich Factor is the ratio of the number of differential metabolites in the corresponding pathway to the total number of metabolites annotated to that pathway, with larger values indicating greater enrichment. The BF group in all plots is the 4,4′-methylenediphenol (1 mM) treatment group, and all results are for the 1 mM treatment group vs. Control group.




3.6 The effects of 4,4′-methylenediphenol on the expression of DAF-16/FOXO, SKN-1/NRF2, GST-4, and SOD-3 in worms

The insulin signaling pathway plays a key role in the regulation of lifespan. DAF-16 (FOXO transcription factor homolog) is a major regulator of the insulin signaling pathway and its overexpression can delay aging and extend lifespan in worms (Wang et al., 2016). skn-1, gst-4, and sod-3 are target genes of DAF-16, and all are associated with longevity and protection against oxidative stress (Liu et al., 2023; Wang et al., 2023). In this study, we first determined the nuclear localization of DAF-16 and the expression of SKN-1. The results showed that treatment with 4,4′-methylenediphenol accelerated the nuclear translocation of DAF-16 in strain TJ356 (p < 0.001) (Figures 6A–D), and upregulated SKN-1 expression in LD1 worms (Figures 6E–G). This suggested that the 4,4′-methylenediphenol-mediated mitigation of Aβ toxicity and enhancement of antioxidant properties was, at least partly, due to the activation of DAF-16. Next, we examined the expression of SOD-3 and GST-4. The results showed that 4,4′-methylenediphenol treatment enhanced the fluorescence intensity of SOD-3::GFP in the CF1553 strain (Figures 6H–J), and the fluorescence of the CL2166 strain expressing GST-4::GFP was also significantly increased after 4,4′-methylenediphenol treatment (Figures 6K–M). These results showed that 4,4′-methylenediphenol enhanced the expression of sod-3 and gst-4 in the worms (p < 0.001), thereby delaying paralysis onset and prolonging the lifespan of the worms.
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FIGURE 6
 4,4′-Methylenediphenol enhances the expression of DAF-16, SKN-1, SOD-3 and GST-4 in GFP reporter gene worms. Fluorescence images were obtained under a laser confocal microscope, and the green fluorescent spots indicated the nucleus localization of DAF-16 in TJ356 worms treated at 37°C for 30 min as a positive control. Representative images of TJ356 worms: (A) Control group. (B) Positive control group. (C) 1 mM 4,4′-Methylenediphenol group. (D) Number of fluorescence points in each group (p < 0.001). Representative images of LD1 worms: (E) Control group. (F) 1 mM 4,4′-Methylenediphenol group. (G) Relative fluorescence intensity measurements of SKN-1::GFP in LD1 worms (p < 0.001). Representative images of CF1553 worms: (H) Control group. (I) 1 mM 4,4′-Methylenediphenol group. (J) Fluorescence intensity expression measurement of SOD-3::GFP in vivo in CF1553 strain in each group. 1 mM 4,4′-Methylenediphenol increased the expression of SOD-3 in worms (p < 0.001). Representative images of CL2166 worms: (K) Control group. (L) 1 mM 4,4′-Methylenediphenol group. (M) Relative fluorescence intensity of GST-4::GFP expression in CL2166 worms (p < 0.001). Experiments were repeated independently three times.




3.7 DAF-16 plays a key role in the neuroprotective effects of 4,4′-methylenediphenol

DAF-16 acts as a major regulator of the insulin/insulin-like growth factor 1 signaling (IIS) pathway and plays an important role in mediating stress resistance, development, reproduction, metabolism, and longevity (Yang et al., 2016; Zullo et al., 2019). Because we found that 4,4′-methylenediphenol activates the nuclear translocation of DAF-16 in TJ356 worms, we next investigated whether the effect of 4,4′-methylenediphenol on paralysis onset in AD model worms was mediated through DAF-16 by knocking down DAF-16 using RNAi. To this end, we performed RNA interference by feeding to knock down DAF-16 in AD worms to verify whether 4,4′-methylenediphenol could continue to delay the paralytic process of the worms. The results showed that when DAF-16 was knocked down in the worms, there was no significant difference in the ability of the 1 mM administration group to delay the paralysis of the worms compared with the Control group (p > 0.05). In contrast, the ability to delay Aβ-induced paralysis was significantly enhanced in the 1 mM-administered group in the control group of worms in which DAF-16 was not knocked down (Figures 7A,B). This indicated that DAF-16 plays a crucial role in mediating the neuroprotective effect of 4,4′-methylenediphenol in AD model nematodes.
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FIGURE 7
 4,4′-methylenediphenol delays worm paralysis by activating DAF-16. (A) When the DAF-16 gene was knocked out in the transgenic Hidradenitis elegans cryptic nematode strain CL4176, 4,4′-methylenediphenol lost its ability to alleviate β-amyloid-induced paralysis. DAF-16 expression was knocked down by feeding AD worm CL4176 with E. coli strain R13H8.1 bacteria carrying DAF-16 dsRNA. Paralysis curves show that the inhibitory effect of 4,4′-methylenediphenol (1 mM) on worm paralysis disappears after DAF-16 knockdown. (B) Whereas control worms without DAF-16 knockdown were significantly delayed from paralysis by 1 mM 4,4′-methylenediphenol treatment. At least 50 worms were tested in each group and the experiment was repeated three times independently.





4 Discussion

AD accounts for the highest proportion of dementia cases worldwide and occurs most frequently in older adults. The clinical manifestations of AD include memory loss, cognitive impairment, and impaired self-care ability (Jack et al., 2013). The prevalence and mortality rates of AD and other dementias in China are slightly higher than the global average (Xu et al., 2023), which not only seriously impacts the lives of patients and their families, but also represents a significant economic burden for society (Montgomery et al., 2018; Tahami Monfared et al., 2022). Despite this, currently available therapeutic drugs do not meet the clinical needs of patients or societal demands (Pilonieta et al., 2023).

Natural compounds have shown promise as therapeutic agents for neurodegenerative diseases such as AD (Chen et al., 2021; Li Y. et al., 2024; Ni et al., 2024). Accordingly, several animal models of AD, including mice, dogs, and non-human primates, have been developed aimed at investigating the efficacy and mechanisms of action of natural compounds. However, the high-throughput screening of drugs in these models is complicated due to limitations such as long experimental periods, high costs, and ethical concerns (Jiang and MacNeil, 2023). To overcome these drawbacks, we selected a smaller model organism, C. elegans, to investigate the anti-AD therapeutic potential of 4,4′-methylenediphenol. Compared with other model organisms, C. elegans has the advantages of small size, low cost, and short experimental period. Furthermore, many AD transgenic worm strains, such as CL2006, CL4176, and CL2166, have been widely used for relevant research applications. These strains can both better mimic Aβ deposition and other pathologic features of AD and more directly simulate the preventive and therapeutic effects of anti-AD drugs (Margie et al., 2013). In addition, C. elegans is transparent, allowing neuronal structure and morphology to be tracked through the expression of GFP in specific neurons, and cellular localization can be visualized using GFP-tagged proteins (Chalfie et al., 1994). Moreover, RNAi knockdown strains are available for approximately 86% of C. elegans genes, and, combined with the complete genome sequence information, each gene can be targeted in this model. The RNAi-mediated inhibition of target gene expression enables the assessment of the regulatory effect of a drug on both the gene of interest and the associated signaling pathway (Ketting and Plasterk, 2000). The unique advantages of C. elegans have allowed its wide use in screening for natural compounds with potential anti-AD effects. For instance, studies based on this model have demonstrated the antioxidant and anti-aging properties of Lippia origanoides essential oil, and highlighted its potential for the prevention and treatment of AD (Henrique Moniz et al., 2023).

Gastrodia elata is a well-known and valuable medicinal herb with a distinctive odor that is suitable for growing in moist and well-ventilated shady environments, such as Yunnan and Guizhou in China. Studies have shown that Gastrodia elata and its extracts have potential for use in the prevention and treatment of AD (Shi et al., 2023a). Indeed, one of the active ingredients of Gastrodia elata, p-hydroxybenzyl alcohol, was reported to ameliorate Aβ-induced toxic effects (Liu et al., 2022). However, whether another of its other active ingredients, 4,4′-methylenediphenol, also exerts anti-AD effects has not been investigated. In our preliminary study, we found that 4,4′-methylenediphenol, at an optimal effective concentration of 1 mM, had an ameliorative effect on the paralyzed phenotype of AD model worms, and also prolonged their lifespan. This suggested that this active ingredient may mediate, at least in part, the anti-AD action of Gastrodia elata. In a follow-up pharmacodynamic study, we further found that 4,4′-methylenediphenol enhanced the motility of, and was not reproductively toxic toward CL4176 worms. Moreover, it is well known that oxidative stress can exacerbate damage to neuronal cells and thus promote AD pathology (Kam et al., 2013; Mohamed et al., 2021). However, we found that 4,4′-methylenediphenol enhanced the resilience of N2 (wild-type) worms to high-temperature environments, as well as to oxidative stress induced by juglone, and improved resistance to oxidative stress damage, thus increasing their survival rate. In addition, ROS and lipofuscin fluorescence analyses showed that 4,4′-methylenediphenol can reduce ROS contents and lipofuscin levels in N2 worms, resulting in antioxidative stress and anti-aging effects. Aβ is considered a crucial marker of AD pathology in AD-related studies (Paul et al., 2020). Our results showed that 1 mM 4,4′-methylenediphenol treatment led to a significant reduction in Aβ protein deposition in the head of CL2006 worms, which, in turn, reduced Aβ-induced toxicity. Combined, these results suggested that 4,4′-methylenediphenol has considerable antioxidative and anti-Aβ toxicity properties.

The metabolite profile can serve as an indicator of an organism’s phenotype (Favilli et al., 2023) and help to more effectively understand biological processes and their mechanisms. Critically, neurodegenerative disorders, including AD, are mediated by multiple metabolic pathways (Liu et al., 2022). Metabolomics is a high-throughput screening technology that simultaneously detects and quantifies hundreds of thousands of disturbed metabolites (small molecules in the mass range of 50–1,500 Da) in tissues or biofluids, depicting fluctuations in multiple networks affected by a given disease(Huo et al., 2020). Therefore, the qualitative and quantitative analysis of AD worm metabolites after drug administration treatment is essential for elucidating the pathogenesis of AD (Lista et al., 2023). Thus, we subsequently performed a broad-spectrum TM analysis of CL4176 AD model worms to assess the effect of 4,4′-methylenediphenol administration on its metabolites. Using VIP >1 and p-value <0.05 as the differential metabolite screening criteria, we identified a total of 669 metabolites that displayed differential abundance between the Control and drug treatment groups, including 42 that were upregulated and 627 that were downregulated. Among them, a pteridine and its derivative, ethionamide, were found to be upregulated after 4,4′-methylenediphenol administration. Treatment with ethionamide, an antibiotic commonly used for the treatment of tuberculosis, enhances the proliferation and migration of mesenchymal stem cells (MSCs), which are a useful source of cells for the treatment of a variety of immune-mediated diseases, including neurodegenerative disorders; however, the poor migratory and survival capacity of MSCs after brain transplantation limit their therapeutic efficacy in the disease microenvironment, and ethionamide pretreatment led to higher survival and enhanced the migratory ability of MSCs in models of a variety of diseases, especially neurodegenerative disorders (Lee et al., 2020). The expression of the metabolite taurodeoxycholic acid (TUDCA) was also significantly upregulated by 4,4′-methylenediphenol. Studies have shown that TUDCA has significant antiapoptotic and neuroprotective activities, effects that are exerted both through the regulation and inhibition of the apoptotic cascade as well as the mitigation of oxidative stress, the protection of mitochondria, and the generation of antineuroinflammatory effects. Moreover, abundant experimental and clinical evidence supports that it may be useful as a disease modifier in the treatment of neurodegenerative diseases (Ochiai et al., 2021; Zangerolamo et al., 2021; Khalaf et al., 2022). Our results showed that 4,4′-methylenediphenol treatment upregulated nicotinamide levels. Nicotinamide, an endogenous PARP-1 inhibitor, has been shown to reduce the levels of oxidative stress, apoptosis, and PARP-1 activity in an Aβ protein-induced rat model of AD, and has therapeutic potential in neurodegenerative processes (Turunc Bayrakdar et al., 2014). TM analysis showed that 4,4′-methylenediphenol also upregulated progesterone contents. Progesterone was reported to significantly inhibit the Aβ-induced activation of the NLRP3 inflammasome in astrocytes by mitigating endoplasmic reticulum stress (Yang et al., 2020). In contrast, the expression of clethodim, an herbicide commonly used in agriculture, was downregulated following 4,4′-methylenediphenol treatment. Studies have shown that clethodim is reproductively toxic to zebrafish and induces neurological dysfunction in this model organism (Wang et al., 2019; Xiong et al., 2019). Methotrexate, which exerts cytotoxic effects through the induction of inflammation and oxidative stress and causes lung damage and hepatotoxicity, was similarly found to be downregulated following treatment with 4,4′-methylenediphenol (Fikry et al., 2023; Rajizadeh et al., 2024). The above observations indicated that the 4,4′-methylenediphenol-induced changes in metabolite abundance have an overall positive effect on neurodegenerative diseases. Our KEGG enrichment analysis also showed that the ABC transporter protein pathway was the most significantly enriched, implying that it may play an important role in mediating the neuroprotective effects of 4,4′-methylenediphenol. ABC transporters comprise a family of integral membrane proteins found in most organisms, and their functions include detoxification and nutrient uptake (Qu et al., 2020). Moreover, relevant studies have shown that ABC transporter proteins are highly expressed in the brain and are involved in the pathology of neurodegenerative diseases; they can also perform tissue-protective physiological functions by reducing or limiting the accumulation of neurotoxins in the brain (Gil-Martins et al., 2020; Katzeff and Kim, 2021). Indeed, the blood–brain barrier serves as one of the major pathways mediating the clearance of Aβ proteins from the brain parenchyma, and ABC transporter proteins play a key role in Aβ cytocytosis at the blood–brain barrier (Zhang et al., 2022). This can attenuate AD pathology by exerting an anti-oxidative stress effect and promoting blood–brain barrier integrity (Abuznait and Kaddoumi, 2012; Menet et al., 2020).

Finally, we used strains TJ356 (DAF-16::GFP), LD1 (SKN-1::GFP), CF1553 (SOD-3::GFP), and CL2166 (GST-4::GFP) to further decipher the mechanism of action of 4,4′-methylenediphenol. The results showed that 4,4′-methylenediphenol not only promoted the nuclear localization of DAF-16, but also enhanced the expression of SKN-1, SOD-3, and GST-4 in worms of the respective strains. Further RNAi analysis revealed that the administration of the drug to worms significantly reduced their paralysis rate, an effect that was not observed when DAF-16 was knocked down. DAF-16, a known nuclear transcription factor that induces transcriptional regulation of many genes involved in aging, development, and stress, is the most widely studied of the factors influencing the lifespan extension in C. elegans (Li L. et al., 2024). Meanwhile, SOD-3 is regulated by DAF-16 as a downstream target gene that can reduce ROS levels (Yang et al., 2016). The SKN-1 transcription factor, a direct homolog of mammalian nuclear factor red lineage 2-related factor 2 (Nrf-2), has also been associated with longevity and oxidative stress responses (Tullet et al., 2017). Gst-4, a downstream target gene of DAF-16 and SKN-1/Nrf2, improves the body’s ability to resist oxidative stress-induced injury (Kahn et al., 2008). In summary, 4,4′-methylenediphenol exerts neuroprotective effects by activating the DAF-16/FOXO and SKN-1/NRF2 pathways, thereby reducing Aβ-induced toxicity in AD worms.

In conclusion, our results indicated that 4,4′-methylenediphenol enhances stress resistance in C. elegans by activating multiple cytoprotective pathways, possesses antioxidant and anti-aging activities, and has ameliorative effects on Aβ protein-induced toxicity, which, in turn, delays the onset of AD-like symptoms. In addition, 4,4′-methylenediphenol positively influences the metabolite profile of AD model worms and is expected to be a potential anti-AD drug candidate. However, the pathogenesis of AD is complex and regulated by multiple factors, and the anti-AD effects of 4,4′-methylenediphenol have not been investigated at the level of genes and transcription factors. In future studies, we will explore the targets and mechanisms of action of this active ingredient using a combination of transcriptomics and qPCR. We also aim to screen for genes and signaling pathways related to Aβ toxicity and oxidative stress in worms to further elucidate in-depth the mechanisms of anti-AD action of 4,4′-methylenediphenol.
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Background: Alzheimer's disease (AD) is a leading cause of dementia, characterized by the accumulation of amyloid-beta (Aβ) and hyperphosphorylated tau proteins, leading to neuroinflammation and neuronal damage. The role of the immune system in AD pathogenesis is increasingly recognized, prompting an exploration of the causal relationship between immune cells and AD by using Mendelian randomization (MR) approaches.

Methods: Utilizing genome-wide association study (GWAS) data from European cohorts, we conducted an MR study to investigate the causal links between immune cell phenotypes and AD. We selected single nucleotide polymorphisms (SNPs) associated with immune cell traits at a genome-wide significance threshold and applied various MR methods, including MR Egger, Weighted median, and inverse variance weighted analysis, to assess the causality between 731 immune phenotypes and AD.

Results: Our MR analysis identified 15 immune cell types with significant causal relationships to AD pathogenesis. Notably, the absolute count of CD28−CD4−CD8− T cells and the expression of HLA DR on B cells were linked to a protective effect against AD, while 13 other immune phenotypes were identified as contributing to the risk factors for the disease. The causal effects of AD on immunophenotypic traits are predominantly negative, implying that AD may impair the functionality of immune cells. Validation through independent datasets, such as FinnGen and GCST90027158, confirmed the causal association between six specific immune cells and AD.

Conclusion: This comprehensive MR study elucidates the intricate network of causal relationships between diverse immunophenotypic traits and AD, providing novel insights into the immunopathogenesis of AD. The findings suggest potential immunological targets that could be leveraged for early diagnosis, disease monitoring, and therapeutic intervention.
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1 Introduction

Alzheimer's Disease (AD) is a major cause of dementia and is swiftly emerging as one of the most financially draining, lethal, and burdensome health issues of our time (Livingston et al., 2020). With the escalating trend of an aging global population, the incidence and prevalence of AD are on a continuous upswing, presenting unprecedented challenges for individuals, families, and society at large (Alzheimer's disease facts and figures, 2024). Data from the Alzheimer's Association and the World Health Organization (WHO) indicate that around 55 million individuals worldwide are affected by dementia, with projections estimating a doubling of this number by 2050 (Alzheimer's disease facts and figures, 2024). Within this demographic, AD, the most prevalent neurodegenerative condition, is responsible for approximately 50% to 70% of all neurodegenerative dementia cases (2024). The pathophysiology of AD is marked by the abnormal accumulation of two key proteins: amyloid-beta (Aβ) and tau. These aberrant protein deposits manifest as amyloid plaques and neurofibrillary tangles (NFTs) within the brain, culminating in impaired neuronal function and cell death (Villemagne et al., 2013). The presence of Aβ plaques and NFTs prompts the activation of brain immune cells, notably microglia, initiating a cascade of chronic neuroinflammation that further aggravates neuronal damage (Rajmohan and Reddy, 2017). Consequently, therapeutic strategies for AD are centered on reducing Aβ plaque accumulation, preventing the abnormal phosphorylation of tau protein, mitigating neuroinflammation, and enhancing neuronal function. The ultimate goal of these interventions is to halt or reverse the disease's pathological trajectory, thereby aiming to enhance cognitive abilities and the overall quality of life for patients.

The etiology of AD is exceptionally intricate, encompassing a spectrum of factors such as genetics, environmental exposures, and lifestyle choices. The role of the immune system in this context has introduced novel dimensions to our understanding of the condition (Frost et al., 2019). The activation patterns of the immune system within AD potentially provide pivotal insights for the early detection of the disease (Liddelow et al., 2017). Research has indicated the presence of a chronic inflammatory process within the brains of individuals with AD, a process that may initiate prior to the observable decline in cognitive abilities (Xiong et al., 2021). Specifically, microglia—the principal immune cells of the central nervous system—are intimately involved in the genesis and removal of Aβ (Sun et al., 2023b). The sustained activation of microglia in the brain tissue of AD patients can lead to the release of inflammatory mediators that intensify neuroinflammation and may inflict damage upon neurons (Xiong et al., 2021). Consequently, the surveillance of microglial activation levels could be instrumental in the preemptive identification of individuals at elevated risk for AD, prior to the onset of clinical symptoms. Furthermore, the heterogeneity and complexity inherent to immune cells present unique challenges for the therapeutic management of AD (Keren-Shaul et al., 2017). Diverse immune cell types may exert distinct effects within the context of AD, and even within a single cell type, varying activation states can lead to markedly different outcomes (Feng et al., 2021; Chen and Holtzman, 2022; Jorfi et al., 2023b). Therefore, the monitoring and regulation of immune cell activation could serve as a critical instrument in disease surveillance, facilitating the evaluation of disease activity and the rate of progression.

Traditional research has encountered significant challenges in delineating a causal link between immune cells and AD, largely attributable to constraints in study design and the confounding effects of factors such as age, gender, genetic lineage, lifestyle elements, and the presence of comorbidities, all of which can influence immune cell function and the risk profile for AD (Nebel et al., 2018; Xia et al., 2018; Zhang et al., 2021). While observational study methodologies, including cross-sectional and cohort studies, have furnished critical epidemiological understanding of AD, the alteration of immune cells could be both an effect and a precipitant of the disease, obfuscating the identification of a definitive causal sequence (Yu et al., 2020; Xu and Jia, 2021; Rajesh and Kanneganti, 2022). Mendelian Randomization (MR) studies, which utilize genetic variants as instrumental variables to investigate causality, present a methodological solution (Chen et al., 2022). This MR approach uses genetic variants, which are stochastically allocated during gametogenesis, mirroring the random assignment characteristic of randomized controlled trials, thereby diminishing the confounding effects (Emdin et al., 2017; Larsson et al., 2023). The inherent fixity of genetic variants, coupled with their extraneousness to disease status, positions MR as a robust tool for minimizing the risk of reverse causal inference (Chen et al., 2022). MR studies can capitalize on data from extensive Genome-Wide Association Studies (GWAS), offering genetic variants intimately linked to discrete traits and amplifying the statistical vigor of the research (Emdin et al., 2017; Larsson et al., 2023). Utilizing MR analysis, we have probed into the causal nexus between immune cells and the genesis and trajectory of AD, establishing a causal relationship between six distinct immune cell types and the evolution of AD. These findings not only illuminate potential therapeutic targets for AD but also herald the potential for personalized medical approaches. By scrutinizing patients' immunological profiles, including the phenotype and functionality of immune cells, it becomes feasible to anticipate individual responses to targeted treatments, enabling a bespoke therapeutic strategy.



2 Materials and methods


2.1 Data approval

This study leverages GWAS data sourced from public databases to explore the potential causal relationships between immune cells and AD, as outlined in Figure 1. Before the study's commencement, all pertinent datasets underwent stringent ethical review and were granted approval by the respective institutional review boards, thereby guaranteeing the research's adherence to ethical standards.
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FIGURE 1
 Schematic representation of the study design and data flow. This figure illustrates the process of leveraging publicly available GWAS data to investigate the causal links between immune cell phenotypes and AD.




2.2 Data sources for AD

The underpinning data for this study are derived from European population samples pertaining to AD. We sourced single nucleotide polymorphisms (SNPs) linked to AD from the most extensive GWAS meta-analysis to date, as executed by the National Institute on Aging Genetics of Alzheimer's Disease Data Storage Site (NIAGADS), under the accession code NG00075. This dataset encompasses a total of 35,274 individuals with AD and 59,163 control subjects (Kunkle et al., 2019). Furthermore, SNPs data from the FinnGen database (https://www.finngen.fi/en) were employed for the validation of our research findings, with a total of 10,520 cases and 401,661 controls (Kurki et al., 2023). In addition, we drew upon the summary statistics for AD as cataloged in the GWAS Catalog, identified by the accession number GCST90027158, which includes a total of 39,106 cases and 46,828 controls (Bellenguez et al., 2022). All AD patient samples were collected in strict accordance with established clinical diagnostic standards.



2.3 Sources of immunity-spanning GWAS data

The aggregated statistical data for all immunological traits analyzed in this study originate from the GWAS Catalog, with accession numbers spanning from GCST0001391 to GCST0002121. This GWAS investigation included a cohort of 3,757 genetically non-overlapping European individuals, with reference samples derived from the Sardinian population sequence. The study scrutinized approximately 22 million SNPs, conducting correlation tests that were adjusted for covariates such as age, age squared, and gender. Utilizing flow cytometry, a comprehensive analysis of 539 distinct immune cell characteristics was undertaken, encompassing 118 absolute cell counts, 389 median fluorescence intensity values for surface antigens, and 32 morphological parameters. Furthermore, the research integrated 192 relative cell counts, which are the ratios between different cell levels, culminating in the assessment of 731 cellular traits across a population of 3,757 Sardinian residents.



2.4 Genetic instrument selection

In our MR analyses, we screened SNPs associated with our exposure of interest at a significance threshold of p < 5 × 10−5, using these as instrumental variables. To ensure near-independence among these SNPs, we meticulously pruned our selection using a linkage disequilibrium (LD) threshold of r2 < 0.1, with a physical distance criterion of 500 kilobase pairs, as implemented in PLINK (Vierstra et al., 2020). In our analysis, we leveraged the Linkage Disequilibrium (LD) reference panel from the 1000 Genomes Project, specifically curated for the European super-population. This panel was meticulously filtered to include only bi-allelic SNPs with a minor allele frequency exceeding 0.01, ensuring a robust genetic representation for our study. The F statistic, a measure widely utilized in the context of instrumental variable regression models to assess the strength of the instrumental variable, was calculated for each SNP. Subsequently, SNPs with an F statistic value below 10 were excluded from the analysis to mitigate the risk of weak instruments bias, as recommended in the literature (Burgess et al., 2011).



2.5 Statistical analyses

For this study, we employed R software (version 4.3.3) to perform comprehensive statistical analyses aimed at discerning the causal relationship between 731 distinct immune phenotypes and AD. Our analytical approach encompassed a suite of robust statistical techniques, including MR-Egger regression, the weighted median method, weighted mode analysis, the sample mode approach, and inverse variance weighted analysis. All these analyses were executed using the “TwoSampleMR” R package, which facilitated a streamlined workflow. To assess instrumental heterogeneity across variables, we applied Cochran's Q statistic in tandem with the horizontal multidimensional MR-Egger method. A significant intercept term in this method indicates the presence of heterogeneity. Upon identifying and excluding SNPs that contributed to this heterogeneity, we re-conducted the inverse variance weighted analysis to refine our results. Additionally, we conducted a targeted search for SNPs with suggestive associations (p < 1 × 10−5) relative to these risk factors, utilizing the Phenoscanner V2 platform. This allowed us to further explore potential genetic markers linked to AD. Finally, our visual assessment through a scatter plot indicated that outliers exert minimal influence on the dataset. Meanwhile, the funnel plot revealed a strong correlation among the results, with no significant heterogeneity observed.




3 Results


3.1 The causal relationship between immunophenotypic traits and AD

In a meticulous examination of the possible causal dynamics interconnecting immune cells and the initiation as well as the escalation of AD, we engaged a diverse array of statistical techniques to fortify the integrity and precision of our investigation. To elaborate, we harnessed five discrete yet methodologically robust approaches: the Inverse Variance Weighted, the MR Egger, the Weighted Median, the Weighted Mode, and the Simple Mode. Within this analytical arsenal, the Inverse Variance Weighted method emerged as the cornerstone of our methodology, selected for its exceptional statistical robustness and its demonstrated efficacy in providing stable and reliable estimates across a wide range of research contexts.

Our research findings suggest that 15 distinct immune cell types are involved in the pathogenesis of AD. Notably, two immunophenotypes appear to exert a protective effect against AD: the absolute count of CD28−CD4−CD8− T cells and the expression of HLA DR on B cells, as depicted in Figure 2. Using the Inverse Variance Weighted method, we evaluated the association between these immunophenotypes and AD risk. For CD28−CD4−CD8− T cells, we found an odds ratio (OR) of 0.960 (95% Confidence Interval [CI] 0.931-0.989, p = 0.008). Similarly, HLA DR on B cells was associated with a reduced risk, with an OR of 0.973 (95% CI 0.959-0.988, p < 0.001). In contrast, the remaining 13 immunophenotypes were identified as risk factors for AD, with varying OR and 95% CI, as detailed in Supplementary Table S1. The MR-Egger regression intercept provided evidence against the potential for horizontal pleiotropy, reinforcing the reliability of our causal inference, as shown in Supplementary Table S2. Furthermore, visual assessments such as the funnel plot, scatter plot, forest plot, and a leave-one-out analysis consistently demonstrated the stability and reliability of our findings from multiple analytical perspectives (Supplementary Figures S1, S2). These rigorous diagnostic checks enhance the credibility of our study's conclusions and strengthen the confidence in the observed immunological relationships with AD.


[image: Figure 2]
FIGURE 2
 Association between immunophenotypes and AD risk. The figure displays the results from the Inverse Variance Weighted analysis, highlighting the protective effect of two immunophenotypes: the absolute count of CD28−CD4−CD8− T cells and the expression of HLA DR on B cells. OR, 95% CI, and p-values are provided for each association.




3.2 The causal relationship between AD and immunophenotypic traits

The Inverse Variance Weighted analysis revealed a negative association between AD and several immunophenotypic traits. For instance, the OR and 95% CI for the association with AD were as follows: CD20 on switched memory B cell (OR = 1.007, 95% CI = 0.942–1.078, p = 0.837), CD27 on IgD− CD38+ B cell (OR = 1.004, 95% CI = 0.946–1.067, p = 0.885), and so on for the remaining traits. Notably, all associations had p > 0.05, indicating no statistically significant effect. The MR analysis further explored the causal effects of AD on these immunophenotypic traits, with results depicted in Figure 3 and detailed in Supplementary Tables S3, S4. Additional visual assessments, including scatter plots and forest plots, are provided in Supplementary Figures S3, S4.
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FIGURE 3
 Causal effects of AD on immunophenotypic traits. This figure presents the Inverse Variance Weighted analysis outcomes, indicating a predominantly association between AD and various immunophenotypic traits. The graphical representation includes OR, 95% CI, and p-values for each trait, demonstrating the lack of statistically significant effects.




3.3 Validation of between immunophenotypic traits and AD

To further validate the causal relationship between immunophenotypic traits and the onset and progression of AD, we selected two distinct sets of AD data for verification: the FinnGen cohort and the dataset identified as GCST90027158.

Within the FinnGen dataset, we identified a causal relationship between AD and six specific immune cell types. These include CD4+CD8dim T cell leukocyte (OR = 1.021, 95%CI = 1.003–1.039, p = 0.020), CD4+CD8dim T cell lymphocyte (OR = 1.032, 95% CI = 1.012–1.053, p = 0.001), HLA DR on B cell (OR = 0.978, 95% CI = 0.964–0.992, p = 0.002), HLA DR on CD14+CD16− monocyte (OR = 1.023, 95% CI = 1.009–1.037, p < 0.001), HLA DR on CD14+ monocyte (OR = 1.027, 95% CI = 1.012–1.042, p < 0.001), and HLA DR on monocyte (OR = 1.023, 95% CI = 1.007–1.039, p = 0.004). These findings are illustrated in Figure 4A, with additional details provided in Supplementary Figures S5, S6, Supplementary Tables S5, S6. However, the analysis of the same FinnGen dataset did not reveal a causal relationship for the remaining immunophenotypic traits (Figure 4B, Supplementary Figures S7, S8, Supplementary Table S7).


[image: Figure 4]
FIGURE 4
 Validation of the causal relationship between immunophenotypic traits and AD in the FinnGen and GCST90027158 datasets. (A, B) depict the confirmed causal associations with specific immune cell types, including CD4+CD8dim T cell leukocyte and lymphocyte, and HLA DR expression on B cells and monocytes within the FinnGen dataset. (C, D) show the causal relationships for the immunophenotypic traits analyzed in the GCST90027158.


In the GCST90027158 dataset, a causal relationship was found between two specific immune cell types and the development of AD: the CD4+ CD8dim T cell leukocyte (OR = 1.020, 95% CI = 1.007–1.033, p = 0.002) and the CD4+ CD8dim T cell lymphocyte (OR = 1.018, 95% CI = 1.005–1.031, p = 0.007). These results are presented in Figure 4C, with further details in Supplementary Figures S9, S10, Supplementary Tables S8, S9. However, no causal link was established between AD and other immunophenotypic traits (Figure 4D, Supplementary Figures S11, S12, Supplementary Table S10).




4 Discussion

Within the pathogenesis of AD, the roles of the immune system are becoming increasingly recognized. Utilizing publicly accessible GWAS data, this study conducted an exhaustive analysis to elucidate potential causal links between a spectrum of immune cell phenotypes and AD. This study examined a range of immune cell phenotypes, including CD4+CD8dim T cell leukocytes, CD4+CD8dim T cell lymphocytes, B cells expressing HLA DR, CD14+CD16− monocytes, CD14+ monocytes, and monocytes in general. Our research has not only confirmed the connection between AD and the immune system but also identified specific immune cell characteristics that may be key to early detection, disease monitoring, and the development of targeted treatments. Furthermore, these findings guide the direction of future research and clinical approaches.

During the maturation of T cells within the human immune system, CD4 and CD8 molecules are typically not found together on the surface of a single cell. These molecules distinguish the two primary subpopulations of T cells: CD4+ T cells and CD8+ T cells. Notably, the Th1 and Th17 subsets of CD4+ T cells are capable of secreting various pro-inflammatory cytokines, such as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α). These cytokines have the ability to activate microglia and intensify neuroinflammation, which significantly influences the pathogenesis of AD (Anderson et al., 2014; Machhi et al., 2021; Chen et al., 2023). Microglia are the primary immune cells of the central nervous system, and their activation in AD can promote inflammatory responses, which are associated with the formation of Aβ plaques and neurodegeneration (DeMaio et al., 2022). IFNγ, as an important cytokine, can enhance the activation state of microglia, leading to the release of inflammatory mediators such as TNF-α, interleukin-1 beta (IL-1β), and nitric oxide, all of which may cause neuronal damage and cognitive decline (Glass et al., 2010). IFNγ may also promote the entry of peripheral immune cells into the brain by altering the permeability of the blood-brain barrier, further exacerbating neuroinflammation. This inflammatory environment not only affects the clearance of Aβ but may also interfere with the normal function of tau protein, leading to its abnormal phosphorylation and aggregation, forming neurofibrillary tangles, and further intensifying the onset and progression of AD (Glass et al., 2010). Furthermore, the observation of clonal expansion of CD8+ T cells in the cerebrospinal fluid of AD patients implies that they may have a pivotal role in the immune response within the central nervous system (Gate et al., 2020). Neuroinflammation is a critical pathological process in the brains of AD patients (Leng and Edison, 2021). Both CD4+ and CD8+ T cells have the capacity to traverse the blood-brain barrier, thereby gaining entry to the brain and engaging in the modulation of central neuroinflammation, which in turn affects the progression of AD (Jorfi et al., 2023b). In the context of AD pathology, there is a marked increase in the infiltration of CD4+ T cells, CD8+ T cells, and monocytes within brain models, which is likely closely associated with neurologic damage related to AD (Jorfi et al., 2023b). Beyond these two predominant T cell types, researchers have identified a minor subset of T cells exhibiting a double-positive CD4+CD8dim phenotype, which constitutes a small fraction of the CD3+ T cell pool (Suni et al., 2001). Studies have shown that CD4+CD8dim T cells possess a more potent specific cytotoxic capability against cytomegalovirus (CMV) compared to conventional CD4+ T cells (Suni et al., 2001). Additionally, CD4+CD8dim T cells, which originate from double-positive T cells, express CD13, a molecule that conveys signals for antigen stimulation and may thus participate in the regulation of immune responses (Sala et al., 1993; Sun et al., 2023a). As a result, CD4+CD8dim T cells could potentially serve dual roles by both assisting and directly killing in the immune response. While there are no current reports on the role of CD4+CD8dim T cells in the etiology of AD, our research suggests that these cells may have a significant risk association with the development of AD. Consequently, reducing the population of CD4+CD8dim T cells could be crucial in mitigating neuroinflammation within the brains of AD patients and potentially slowing the onset of the disease.

The HLA DR molecules, an essential element of the major histocompatibility complex class II (MHC-II), are proficiently displayed on the B lymphocyte cell surface, where they act as a pivotal nexus facilitating the activation of these cells. Moreover, HLA DR molecules on B cells play an instrumental role in presenting antigenic peptides to CD4+ T cells, also known as helper T cells. This interaction activates T cells, which then stimulate the proliferation and differentiation of B cells, ultimately resulting in antibody production (Celis-Giraldo et al., 2024; Paterson et al., 2024). Notably, B cells may intensify neuroinflammation in AD by promoting T cell infiltration (Griffith et al., 2022; Abualrous et al., 2023; Chen et al., 2023). Once T cells cross the blood-brain barrier and enter the central nervous system (CNS), they can release a range of inflammatory mediators, including cytokines and chemokines (Cao and Zheng, 2018; Wu et al., 2021). These mediators not only recruit more immune cells but may also exacerbate local inflammatory responses. As inflammation persists, neurons may suffer damage or even die, thereby accelerating the onset and progression of AD (Cao and Zheng, 2018; Wu et al., 2021). In contrast, the interaction between T cells activated by B cells and microglia, the primary immune cells in the CNS, may lead to the activation of microglia. Microglia play a key role in clearing Aβ plaques and regulating neuroinflammation (Jorfi et al., 2023a; Zhang et al., 2023). This activation may help maintain the stability of the brain's internal environment, but during the pathological process of AD, it may also cause damage to neurons due to excessive or dysregulated immune responses (Jorfi et al., 2023a; Zhang et al., 2023). Therefore, the interaction between T cells and microglia plays a complex role in AD, as they can both promote neuroprotection and exacerbate neurodegeneration. Understanding the delicate balance between these cells is crucial for developing immune-modulating therapeutic strategies for AD. B cells are pivotal in humoral immunity, with the ability to differentiate into plasma cells that generate antibodies tailored to specific antigens. In the context of AD, these antibodies can bind to Aβ, thereby aiding in its removal (Kim et al., 2021). Additionally, the interaction between B cell-derived antibodies and the transmembrane protein TREM2 on microglia significantly influences microglial functionality and the clearance of Aβ plaques (Zhao et al., 2022). Studies have shown a correlation between a reduction in B cell count in the peripheral blood of AD patients and the severity of their condition (Kim et al., 2021; Xiong et al., 2021). Mouse model experiments have demonstrated that B cell depletion can exacerbate cognitive impairment in AD models and lead to a substantial buildup of Aβ in the brain (Kim et al., 2021; Xiong et al., 2021). Our research indicates that HLA DR on B cells may offer significant protection against the onset and progression of AD. Consequently, modulating B cell activity or the antibodies they produce could emerge as a promising therapeutic approach for AD. This insight paves the way for novel avenues in therapeutic research, potentially leading to the development of new treatments that target B cells or their antibodies, with the goal of mitigating or arresting the progression of AD.

Monocytes, the most sizable leukocytes in the circulatory system, possess the capacity to differentiate into macrophages and dendritic cells of monocyte origin. These cells, along with their progeny, play pivotal roles in modulating inflammatory responses and facilitating tissue repair, which are likely critical to the pathogenesis of AD (Sun et al., 2023b). Monocytes are categorized into three discrete subpopulations, delineated by their differential expression of CD14 and CD16 surface markers: classical monocytes (CD14+CD16−), intermediate monocytes (CD14+CD16+), and non-classical monocytes (CD14−CD16+) (Ziegler-Heitbrock et al., 2010). The CD14+ subset of monocytes is notably involved in the recognition of bacteria and the subsequent immune response, facilitated by their interaction with lipopolysaccharide through CD14 molecules (Draude et al., 1999; Wu et al., 2019). CD16, also known as FcγRIII, serves as a receptor for the Fc fragment of immunoglobulin G and is primarily associated with the function of natural killer cells (Feng et al., 2021). Classical monocytes are especially significant in orchestrating inflammatory responses and in the presentation of antigens (Serbina et al., 2008). Upon infiltrating the brain, these cells mature into microglia, playing an essential part in neuroinflammatory processes and the clearance of Aβ associated with AD (Habib et al., 2020). Furthermore, classical monocytes have the ability to express MHC-II molecules, allowing them to present antigens to CD4+ T cells. This potential to drive T cell infiltration and activation may contribute to the exacerbation of neuroinflammation in AD (Keren-Shaul et al., 2017; Simren et al., 2021). Our research has established a correlation between the expression of HLA DR on monocytes, specifically HLA DR on CD14+ monocytes and HLA DR on the CD14+CD16− subset, and an increased risk of developing AD. Given the manifold functions of monocytes within the AD pathology, they could present promising targets for therapeutic approaches. Interventions aimed at modulating the activity or differentiation pathways of monocytes may yield considerable therapeutic advantages in the clinical management of AD.

Utilizing a bidirectional MR strategy, this study conducted an exhaustive analysis of genomic data from 94,437 individuals with AD. The primary goal was to elucidate the causal relationship between AD and immune cells, with a focus on ensuring the precision and wide-ranging applicability of the statistical results. The research findings are grounded in genetic instrumental variables and feature a suite of robust MR analytical methods, meticulously designed to mitigate the influence of horizontal pleiotropy and other confounding factors. Moreover, the findings have been substantiated through cross-validation with multiple independent datasets, thereby reinforcing the reliability and validity of the study's conclusions. However, this analytical method still has its limitations. MR analysis primarily relies on common genetic variations and may underestimate the potential impact of rare genetic variations on disease risk. MR analysis may be affected by confounding factors, although we have employed various methods to mitigate this risk. The data for this study were all derived from European population samples, lacking statistical results from non-European populations, which makes the findings less generalizable. Therefore, this is also a main direction for our future research.

While providing substantial insights, this study faces certain limitations. First and foremost, its foundation on a database that is heavily skewed toward European populations may limit the broad applicability of its conclusions across different ethnic groups. Additionally, the lack of detailed individual-level data poses a challenge in thoroughly assessing the intricate interplay between genetic and environmental factors, which could, in turn, affect the precision of establishing causal relationships. Furthermore, the Mendelian Randomization (MR) analysis, which primarily focuses on common genetic variants, risks underestimating the significant impact that rare genetic variations might have on disease risk, possibly indicating a gap in the current analytical approach. Lastly, although MR analysis presents an observational data-driven method to investigate the causal link between immune cells and Alzheimer's disease, the robustness of its conclusions would benefit from further substantiation through rigorous experimental research.



5 Conclusion

In conclusion, our thorough a bidirectional MR analysis has exposed the causal ties linking a spectrum of immunophenotypes to AD, and has shed light on the sophisticated interplay between the immune system and AD. Importantly, our research has effectively minimized the confounding effects of reverse causality, extraneous variables, and other uncontrollable confounding factors. This has equipped researchers with a novel vantage point from which to delve into the intricate biological foundations of AD. Our findings not only hold the potential to inform the creation of early intervention and therapeutic strategies but also contribute to the expansion of the field of psychoneuroimmunology. They provide significant insights that are instrumental for the prevention and management of AD.
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Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases, and the most prevalent form of dementia. The main hallmarks for the diagnosis of AD are extracellular amyloid-beta (Aβ) plaque deposition and intracellular accumulation of highly hyperphosphorylated Tau protein as neurofibrillary tangles. The brain consumes more oxygen than any other organs, so it is more easily to be affected by hypoxia. Hypoxia has long been recognized as one of the possible causes of AD and other neurodegenerative diseases, but the exact mechanism has not been clarified. In this review, we will elucidate the connection between hypoxia-inducible factors-1α and AD, including its contribution to AD and its possible protective effects. Additionally, we will discuss the relationship between oxidative stress and AD as evidence show that oxidative stress acts on AD-related pathogenic factors such as mitochondrial dysfunction, Aβ deposition, inflammation, etc. Currently, there is no cure for AD. Given the close association between hypoxia, oxidative stress, and AD, along with current research on the protective effects of antioxidants against AD, we speculate that antioxidants could be a potential therapeutic approach for AD and worth further study.
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1 Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases, and the most prevalent form of dementia. It usually manifests as a gradual decline in episodic memory and cognitive abilities, leading to impairments in language, visuospatial skills, and often behavioral disturbances like apathy, aggression, and depression (Høgh, 2017; Porsteinsson et al., 2021). The main neuropathological criteria for the diagnosis of AD are extracellular amyloid-beta (Aβ) plaque deposition and intracellular accumulation of highly hyperphosphorylated Tau protein as neurofibrillary tangles (Long and Holtzman, 2019). As the population ages, the incidence of AD continues to rise (Weller and Budson, 2018). According to Alzheimer’s Disease International the prevalence of dementia is about 50 million people worldwide, and is predicted to more than triple by 2050 as the population ages (Lane et al., 2018; Scheltens et al., 2021). Over the next few years, there’s an anticipated spike in dementia prevalence, particularly in low and middle income countries, aligning with the rising incidence of cardiovascular disease, hypertension, and diabetes, while on the contrary, emerging evidence indicates a decline in dementia incidence in high-income countries, although the evidence supporting a decrease in prevalence is less convincing (Lane et al., 2018; Scheltens et al., 2021). In the United States, unpaid dementia caregiving was valued at US$346.6 billion in 2023 and may exceed US$600 billion in 2050 which results in great societal burden (Lane et al., 2018; Alzheimer’s Association, 2024). AD is a heterogeneous disease with a complicated pathophysiology. Mounting evidence show that AD is 60%∼80% dependent on heritable factors and there are several hypothesizes such as the amyloid and neuro-inflammation hypothesis (Liu et al., 2019). Hypoxia is also believed to have a tight connection with AD. Our brain consumes 20% of the oxygen and maintains a continually active state relying on the oxygen (Bailey, 2019). As a result of the high energy-consumption of the brain, it is more likely to be influenced by hypoxia than any other organ. Neurons, as the basic functional unit of the brain, are also likely to be influenced by hypoxia as they contain low levels of glutathione which plays crucial roles in the antioxidant defense system and the maintenance of redox homeostasis in neurons (Aoyama, 2021). Since the 19th century, people realized that hypoxia can lead to neurological consequences (Burtscher et al., 2021). There are evidences showing that hypoxia has a tight connection with AD. Studies show that the risk of AD increases a lot after persistent systemic hypoxia or stroke (Vijayan and Reddy, 2016; Sriram et al., 2022) and reduced oxygen supply has also been observed in both AD pathology and the aging process (Adeyemi et al., 2021). As the underlying molecular mechanisms connecting hypoxia with AD is still unclear, the involvement of kynurenine pathway has gained interest. Tryptophan (Trp) is an essential amino acid as it cannot be produced in human body and it is a precursor to a number of metabolites like serotonin, melatonin, and niacin as well as neurotransmitters (Mohapatra et al., 2021). The kynurenine pathway is one of the three major pathways of Trp metabolism which metabolizes 90% of Trp into kynurenic acid, xanthurenic acid, picolinic acid, quinolinic acid, and nicotinamide adenine dinucleotide (Cervenka et al., 2017; Doifode et al., 2021). Studies have found that the several metabolites of kynurenine pathway including quinolinic acid, kynurenine and 3-hydroxykynurenine are associated with AD, due to their involvement in excitotoxic neurotransmission, oxidative stress, uptake of neurotransmitter, amyloid aggregation, and inflammation (Wang et al., 2015; Venkatesan et al., 2020; Sharma et al., 2022). Studies also found that hypoxia can induce the increase of Trp production thus leading to more metabolites of kynurenine pathway, thus suggesting a connection between hypoxia and AD (Mohapatra et al., 2021). However, there are researches showing that the increase of Trp in hypoxia is due to the decrease of kynurenine pathway function suggesting that Trp catabolites are not key of factors in the pathophysiology of AD (Mohapatra et al., 2021; Almulla et al., 2022). There is also evidence showing that hypoxia is related with AD. Chronic intermittent hypoxia (CIH) is a feature of obstructive sleep apnea (OSA). Recent studies on OSA compared the serum levels of Aβ proteins and tau proteins in 46 cognitively normal OSA patients and 30 healthy controls: the results showed that patients with OSA had significantly higher median serum levels of Aβ40, Aβ42 and total tau than controls. One study also found that Aβ level are associated with the changes in sleep architecture, specifically, rapid eye movement sleep was negatively correlated with Aβ proteins. Another study on APP/PS1 mice (an animal model of AD) examined the effects of CIH on cognition and hippocampal function and found that CIH induced long-term potentiation dysfunction of the hippocampus in APP/PS1 mice as they found the decrease of N-methyl-D-aspartic acid receptor (NMDAR) NR1 subunit and postsynaptic density 95 (PSD95) in the hippocampus of APP/PS1 mice after CIH treatment (Li and Ye, 2024). NMDAR is a type of ionotropic glutamate receptor found in nerve cells while PSD95 is a scaffolding protein found in the post-synaptic density of neurons. They are both crucial for synaptic plasticity, learning, and memory processes in the brain. These results suggest that CIH is related to the AD (Bhuniya et al., 2022).

As the accurate pathogenesis of AD is still unknown, a good understanding of the relationship between hypoxia and AD can help us know more about this disease and help discover potential therapeutic approaches for it. In this review, we focus on the relationship between hypoxia-inducible factors-1α (HIF-1α) with AD as well as the link between oxidative stress and AD.



2 HIF-1α is an essential factor in AD onset


2.1 Structure and function of HIF-1α

Hypoxia-inducible factors (HIFs) are transcription factors consisting of α and β subunits that regulate cellular reactions to low oxygen levels. The latter is a constructive subunit which forms a heterodimeric complex with the former, while the former is an oxygen-sensitive subunit, thus, the transcriptional activity of HIF-1 is primarily regulated by the levels of HIF-1α protein (Forsythe et al., 1996; Zagórska and Dulak, 2004; Figure 1).
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FIGURE 1
The HIF-1α undergoes distinct cleavage processes in normoxia and hypoxia. In normoxia, hydroxylation of two proline residues and acetylation of a lysine residue within the oxygen-dependent degradation domain prompt its binding to the VHL E3 ligase complex, initiating degradation through the ubiquitin-proteasome pathway. Conversely, in hypoxia, the HIF-1α subunit attains stability and engages with coactivators like CBP/P300, orchestrating the regulation of gene expression.


Three isoforms of HIF-α (HIF-1α, HI F-2α, HI F-3α) have been identified. Among the three types of HIF-α isoforms, HIF-1α is involved in the acute hypoxic response associated with erythropoietin, whereas HIF-2α is associated with the response to chronic hypoxia (Xie et al., 2019). Under normal oxygen conditions, HIF-1α undergoes degradation through a process involving the von Hippel-Lindau (VHL) protein. Prolyl hydroxylase enzymes (PHDs) are a group of enzymes which can be found in various tissues and cells throughout the body, including the liver, kidneys, and heart. They are involved in the modification of proteins, specifically in the hydroxylation of proline residues. In normoxia, PHDs are active and hydroxylate specific proline residues on HIF-1α at P402 and P564. This hydroxylation marks HIF-1α for recognition by the VHL protein, which is part of an E3 ubiquitin ligase complex. Upon binding to hydroxylated HIF-1α, the VHL complex ubiquitinates HIF-1α. This ubiquitination signals for the proteasomal degradation of HIF-1α, preventing its accumulation and subsequent activation of HIF-1. This process is a key regulatory mechanism that ensures HIF-1α is degraded under normoxic conditions, maintaining cellular homeostasis in the presence of sufficient oxygen (Yu et al., 2001; Semenza, 2007; Figure 1). Conversely, under hypoxic conditions, HIF-1 levels can quickly increase in order to adapt from anoxic condition (Wang et al., 1995). In low oxygen condition, PHDs are less active: as a result, HIF-1α is not hydroxylated as extensively. With reduced hydroxylation and degradation, HIF-1α accumulates in the cytoplasm, where it stabilizes and can translocate into the cell nucleus. In the nucleus, HIF-1α forms a complex with HIF-1β. This heterodimeric complex is the active form of HIF-1. The HIF-1 complex binds to specific DNA sequences called Hypoxia-Response Elements (HREs) in the promoter regions of target genes (Yang C. et al., 2021). CREB-binding protein (CBP) and p300 are related transcriptional coactivators that play important roles in regulating gene expression by interacting with a variety of transcription factors. They possess histone acetyltransferase activity, which allows them to modify chromatin structure and promote transcription (Wu et al., 2013). When HIF-1α is stabilized under hypoxic conditions, the C-terminal transactivation domain forms a complex with CBP/p300. The latter then acetylates specific lysine residues on HIF-1α, enhancing its transcriptional activity. This acetylation event facilitates the recruitment of additional transcriptional machinery, leading to the transcription of genes involved in cellular adaptation to low oxygen levels (Figure 1; Dames et al., 2002; Wu et al., 2013). Finally, under hypoxic conditions, HIF-1α together with other molecular mediators like peroxisome proliferator-activated receptor γ coactivator α (PGC-1α), c-MYC (a protein plays a crucial role in regulating cell growth, proliferation and apoptosis), SIRT1 (a protein involved in regulating various cellular processes such as aging, DNA repair, metabolism, and stress response), and AMPK (an enzyme that plays a crucial role in cellular energy homeostasis which is activated in response to low cellular energy levels) become activated and function as transcription factors, regulating the expression of genes involved in various adaptive responses (Ham and Raju, 2017). HIF-1 promotes the cellular adaptation to hypoxia by activating genes that enhance oxygen delivery. For example, VEGF, acting as the downstream target gene of HIF-1α, is crucial in controlling angiogenesis (formation of new blood vessels). Research indicates that the HIF-1α/VEGF pathway participates in various pathophysiological processes, including inflammation, ischemia-reperfusion injury, oxidative stress, and other conditions associated with angiogenesis or vascular remodeling as well as tumor immunity (Palazon et al., 2017; Liu et al., 2018; Lin et al., 2019; Chen et al., 2022). HIF-1α is also involved in the acute hypoxic response associated with erythropoiesis (Sala et al., 2018; Xie et al., 2019; Hirota, 2021). Additionally, it stimulates glycolysis, a process that does not rely on oxygen, providing an alternative energy source when oxygen availability is limited (Cheng et al., 2014; Wang et al., 2021).



2.2 HIF-1α in Alzheimer’s disease: friend or foe?

Amyloid-beta is formed by the sequential cleavage of amyloid precursor protein (APP) by β-secretases (BACE1) as well as γ-secretases (Sun et al., 2017) and its accumulation in brain tissue is now acknowledged as the major pathogenic event in AD (Zou et al., 2020). BACE1 serves as a pivotal enzyme in APP processing, linked to the generation of the membrane-bound C-terminal fragment C99 (APP-C99) and its production. Numerous studies have highlighted the involvement of BACE1 regulation in AD pathogenesis, including Aβ accumulation and memory impairment associated with Aβ (Ohno et al., 2004; Laird et al., 2005). γ-Secretase is a macromolecular complex that contains four essential subunits: anterior pharynx-defective 1 (Aph1), nicastrin (NCT), presenilin enhancer 2 (Pen-2), and its catalytic core presenilin (PS) (Yang G. et al., 2021). Aβ exists in a variety of species, including monomers, soluble oligomers, protofibrils, and insoluble fibrils, which are eventually deposited as senile plaques (Huynh et al., 2017; Chai et al., 2021). Specifically, Aβ peptides can transform structurally from monomers into β-stranded fibrils via multiple oligomeric states. Structured oligomers among different Aβ species are suggested to be more toxic than fibrils and the identification of Aβ oligomers has proven challenging due to their diversity and instability (Lee et al., 2017). Research on the relationship between hypoxia and Aβ generation has been conducted for a long time, however, the specific mechanisms remain unclear. We suggest that HIF-1α may connect them. A number of studies highlight that hypoxia, through the mediation of HIF-1α, leads to an increase in BACE1 expression and contributes to elevated Aβ production which is considered the driving force of AD according to the amyloid hypothesis, the most accepted theory for AD pathogenesis (Zhang et al., 2007; Guglielmotto et al., 2009). In vitro and in vivo studies indicate that hypoxia up-regulates BACE1 expression through a biphasic mechanism both in vitro and in vivo. The early post-hypoxic upregulation of BACE1 depends on the production of reactive oxygen species (ROS) caused by the sudden interruption of the mitochondrial electron transport chain, which will be discussed in the next part, while the late expression of BACE1 is attributed to the activation of HIF-1α (Guglielmotto et al., 2009). A study by Zhang et al. (2007) further elucidated that overexpression of HIF-1α leads to elevated levels of both BACE1 mRNA and protein, while when HIF-1α is downregulated, BACE1 levels decrease. Meanwhile, this study also shows that hypoxia treatment after HIF-1α activation does not further increase the expression of BACE1, suggesting that hypoxia-induced BACE1 expression is predominantly mediated by HIF-1α (Zhang et al., 2007). In addition, HIF-1α is able to bind and activate γ-secretase, thus promoting the production of Aβ under hypoxic conditions and reduced blood flow in the brain (Alexander et al., 2022). Another study also showed that HIF-1α activated BACE1 and γ-secretase through different ways: HIF-1α transcriptionally upregulates BACE1 and non-transcriptionally activates γ-secretase for Aβ production (Alexander et al., 2022). Moreover, HIF-1α also plays a crucial role in regulating Aβ generation under the influence of other environmental factors like high-glucose. Specifically, studies have indicated that BACE1 localizes within the lipid raft, and alterations in cholesterol levels within these rafts could impact BACE1 function, consequently affecting Aβ generation. This implies that modifications to lipid rafts induced by hyperglycemia might serve as a potential initiator of AD pathogenesis. Under high glucose conditions, increased levels of ROS trigger the activation of HIF-1α and liver X receptor α (LXRα) which is a key factor regulating intracellular cholesterol. This stimulation leads to the reorganization of lipid rafts, thereby enhancing the production of Aβ mediated by BACE1 (Lee et al., 2016).

Tau protein, encoded by MAPT on chromosome 17Q21, is a microtubule-associated protein (Lou et al., 2023). Hyperphosphorylation of Tau leads to its pathological aggregation, thus eventually promoting the formation of intracellular neurofibrillary tangles (NFTs). These NFTs, along with Aβ plaques, are characteristic features of AD (Scheltens et al., 2021; Figure 2). There is evidence showing that under intermittent hypoxia conditions, the levels of Tau protein in the serum increase, indicating a close relationship between hypoxia and Tau protein (Bhuniya et al., 2022). However, the specific mechanism of how hypoxia affects tau metabolism remains unclear. A recent study suggested HIF-1α may play a vital role in tau pathology. Under conditions of chronic hypoxia, HIF-1α leads to a deficiency in leucine carboxyl methyltransferase 1 (LCMT1) and protein phosphatase 2A (PP2A), thereby mediating the abnormal hyperphosphorylation of Tau protein (Lei et al., 2022). LCMT1 is an enzyme that plays a role in the methylation of the carboxyl group on leucine residues in proteins. The specific function of LCMT1 includes regulating the activity of PP2A, a critical enzyme involved in the regulation of various cellular processes such as cell division, signal transduction, and metabolism. LCMT1-mediated methylation of PP2A catalytic subunits enhances the activity of PP2A, thereby affecting its ability to dephosphorylate target proteins and modulating cellular signaling pathways (Lei et al., 2022). The methylation activity of LCMT1 can influence the phosphorylation levels of Tau protein, thereby regulating the biological functions of Tau. Specifically, the methylation activity of LCMT1 may contribute to maintaining the normal physiological state of Tau protein, preventing its excessive phosphorylation. However, if LCMT1 function is impaired or disrupted, it may lead to the abnormal phosphorylation of Tau protein, thus contributing to the pathogenesis of neurological disorders, such as AD (Sontag et al., 2013, 2014). Another study conducted on Sprague-Dawley rats shows that there is a significant increase in the phosphorylated PP2A and a significant decrease in the methylated PP2A levels in the rats’ hippocampus after hypoxia treatment. Combined with the elevated tau protein levels in rats, it can be concluded that hypoxia can lead to inactivation of PP2A, resulting in hyperphosphorylation of tau protein and memory deficits (Zhang et al., 2014). However, there are also studies showing that HIF-1α plays a protective role in tau pathology in AD. Glucose transporters (GLUTs) are proteins that facilitate the transport of glucose across cell membranes. They play a crucial role in glucose uptake, particularly in cells that rely heavily on glucose for energy, such as neurons. According to Liu et al. (2008), decreased brain levels of HIF-1α in AD patients were linked to the downregulation of GLUT-1 and GLUT-3 compared to age-matched controls. This impedes glucose uptake and metabolism, ultimately resulting in reduced O-GlcNAcylation and subsequent hyperphosphorylation of tau (Liu et al., 2008). T-2 toxin is a type A trichothecene mycotoxin produced by certain Fusarium species. It has been regarded as a neurotoxin as it can enter the brain through the blood-brain barrier. After entering the brain, T-2 toxin can cause further damage by triggering oxidative stress, neuroinflammation, and even apoptosis and it can also induce the rise of phosphorylated tau protein. A study has found that T-2 toxin can induce the expression of hyperphosphorylated tau (Zhao et al., 2024). In Zhao et al.’s (2024) study, they found the level of hyperphosphorylated tau induced by T-2 toxin increased when HIF-α signaling was inhibited. This suggested that HIF-1α played a protective role in the T-2 toxin-induced expression of hyperphosphorylated tau (Zhao et al., 2024). Taken together, we have sufficient reasons to believe that HIF-1α is associated with tau pathology in AD, however, the specific mechanism remains unclear and requires further research.
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FIGURE 2
In AD, Tau proteins undergo pathological aggregation, leading to the formation of NFTs. These NFT plaques are one of the characteristic features of AD.


Inflammation is a pathological process characterized by injury or destruction of tissues. There is a substantial amount of evidence indicating that both neuro-inflammation and the inflammation in periphery are also a significant factor in the development of AD (Heneka et al., 2015; Ozben and Ozben, 2019; Xie et al., 2021; Lou et al., 2023). Zhao et al. (2021) found that HIF-1α is implicated in the inflammatory response and oxidative stress in the condition of elevated glucose levels and hypoxia. This study observed that high glucose and hypoxia upregulated HIF-1α expression, while downregulated HIF-1α decreased the level of inflammation (Zhao et al., 2021). Astrocytes have been shown to participate in both innate and subsequent adaptive immune responses (Han et al., 2021). HIF-1α was identified as a mediator in the transcriptional regulation of chemokines, specifically monocyte chemoattractant proteins 1 (MCP-1/CCL2) and 5 (Ccl12), in hypoxic astrocytes (Mojsilovic-Petrovic et al., 2007). Interleukin-1 (IL-1β) beta is a mediator that triggers inflammation. Another comparative study shows that HIF-1α mediates transcriptional activation of IL-1β in astrocyte cultures which also demonstrates the association between HIF-1α and inflammation in astrocyte (Zhang et al., 2006). On the other hand, HIF-1α also plays an important role in the pathology of neuroinflammation in microglia. A study shows Aβ exposure initiates immediate microglial inflammation and this process is proved to rely on the mTOR-HIF-1α pathway (Baik et al., 2019). These pieces of evidence suggest that HIF-1α is related to inflammation. Interestingly, the interaction between HIF-1α and inflammation seems influenced by the degree of inflammation. A study by de Lemos et al. (2013) revealed that HIF-1α assumes a significant role in an acute inflammation model induced by pro-inflammatory TNF-α, IL-1β, and IFN-γ while in a chronic model of inflammation using an APP/PS1 transgenic mouse model of AD HIF-1α seems to have no effect. This phenomenon could possibly be explained by the deactivation of relevant cells following acute inflammatory responses. In fact, studies indicate that once activated by acute inflammation, microglial cells enter a state of chronic tolerance due to extensive defects in energy metabolism and subsequent attenuation of immune responses, including cytokine secretion and phagocytosis (Baik et al., 2019).

Despite numerous evidence confirming HIF-1α as a risk factor in AD, intricately linked to key mechanisms such as Aβ aggregation, tau phosphorylation, neuroinflammation, some studies suggest that HIF-1α may exhibit a protective role in the onset of AD. Desferoxamine (DFO) is a medication used to treat iron overload in conditions such as thalassemia and hemochromatosis. Research indicates that DFO has a protective effect against neurological damage caused by ischemia and hypoxia (Li et al., 2008). A comparative study suggests that inhibiting HIF-1α diminishes the protective effect of DFO, indicating that DFO’s neuroprotection involves the induction of HIF-1α (Hamrick et al., 2005). Methylene blue (MB) is another drug with neuroprotective effects. Investigations have shown that, the nuclear translocation of HIF-1α increased nearly threefold after MB treatment compared to the control group. This suggests that its protective effect may be linked to HIF-1α (Ryou et al., 2015). Due to hypoxia and ischemia being significant risk factors for various neurological diseases, the protective role of HIF-1α in hypoxia and ischemia indirectly suggests its protective effects in AD and other neurodegenerative disorders. Other studies also indicate that HIF-1α is a crucial component in several other neuroprotective pathways. Cardamonin is a chalcone with neuroprotective activity. Compelling evidence showed that in middle cerebral artery occlusion-treated mice, cardamonin reduced brain injury and stimulated the activation of the HIF-1α/VEGFA signaling and blocking the HIF-1α/VEGFA signaling with an inhibitor can reverse such protective effects. This indicates that HIF-1α is involved in neuroprotective activity (Ni et al., 2022). Due to the fact that ischemia-reperfusion injury concurrently triggers neuropathology and gene expression associated with AD, including the development of amyloid plaques, neurofibrillary tangles, and hippocampal atrophy, which are crucial for the progression of AD (Pluta and Ulamek-Koziol, 2021), the protective role of HIF-1α against ischemia-reperfusion injury indirectly suggests its protective effects against AD.




3 Oxidative stress and AD

Oxidative stress refers to an imbalance between the production of ROS and the body’s ability to detoxify them or repair the resulting damage. ROS are highly reactive molecules containing oxygen that can damage cells and tissues in the body. Oxidative stress can result from various factors such as environmental pollutants, toxins, poor diet, radiation, smoking, and even normal metabolic processes in the body (Lim and Thurston, 2019). Hypoxia can also lead to different pathological processes that can eventually develop into oxidative stress. Hypoxia undoubtedly has a close relationship with mitochondrial dysfunction as hypoxic condition can promote the production of ROS, cause damage to mitochondrial membrane potential (MMP) and mitochondrial DNA (mtDNA) and further lead to the insufficient energy production. Recent studies on cold inducible RNA binding protein (Cirbp) suggested that it can rescue cognitive retardation and dendritic spine injury as Cirbp can reduce the abnormal expression of PSD95, a vital synaptic scaffolding molecule, and attenuate hypoxia induced deficiency of energy and oxidative stress (Zhou et al., 2021; Liu et al., 2022). Cirbp can also control mitochondrial homeostasis and ATP biogenesis at hypoxic condition by sustaining the protein levels of respiratory chain complexes II (SDHB) and IV (MT-CO1) and directly binding 3′UTR of Atp5g3 (Liu et al., 2022). In conclusion, hypoxia is one of the most important factors leading to oxidative stress as it can induce unfavorable factors like mitochondrial dysfunction, Aβ accumulation as well as inflammation. At the same time, hypoxia can also directly lead to oxidative stress. It is reported that hypoxic conditions could upregulate HIF-1α expression and HIF-1α can regulate oxidative stress through HIF-1α/JMHD1A pathway (Zhao et al., 2021). However, there are also researches showing that HIF-1α plays a protective role against oxidative stress. Research showed the expression of mito-HIF-1α, a mitochondrial-targeted form of HIF-1α, can decrease apoptosis induced by hypoxia or H2O2 treatment (Li H. et al., 2019). Mito-HIF-1α can also reduce the production of ROS and the collapse of mitochondrial membrane potential (Li H. et al., 2019) which means it can protect mitochondria from oxidative stress and hypoxia.

When oxidative stress overwhelms the body’s antioxidant defenses, it can lead to damage to proteins, lipids, and DNA, contributing to various diseases such as cancer, neurodegenerative disorders, cardiovascular diseases, and aging. As the accurate pathogenesis of AD is still unknown, oxidative stress is supposed to play an important role in the pathogenesis of AD and is supposed to be a potential treatment target for AD. Oxidative stress is one of the major events involved in AD (Tönnies and Trushina, 2017; Dumitrescu et al., 2018; Ionescu-Tucker and Cotman, 2021). Currently, many studies on AD focus on the degeneration of neuronal cells, which can be caused by several risk factors, including oxidative stress. The damaged DNA bases, protein oxidation and lipid peroxidation products in brain after oxidative stress are sings of AD (Nunomura and Perry, 2020). Recent studies have found significant differences in 8-OHdG and 8-OHdG/2-dG between patients with mild cognitive impairment due to AD and normal elderly subjects. Both of 8-OHdG and 8-OHdG/2-dG are markers of DNA oxidative damage and can be used to assess the oxidative damage to the DNA (Peña-Bautista et al., 2019). In addition, oxidative stress also leads to the differences in protein between AD patients and normal people. Hydroxyl free radicals are known to convert phenylalanine to the non-physiological isomers of tyrosine o-tyrosine and m-tyrosine (o-Tyr and m-Tyr) (Mohás-Cseh et al., 2022). Previous research found protein oxidation (m-Tyr and o-Tyr) in AD plasma and CSF samples (Ryberg et al., 2004; Ahmed et al., 2005). Meanwhile, since 3-nitrotyrosine (3-NT) is a marker of protein oxidation, there are also studies suggesting using 3-NT as a marker for early diagnosis of AD (Ryberg et al., 2004). Herpes simplex virus type-1 (HSV-1), a DNA neurotropic virus, has been considered a potential etiological agent of AD through inducing incomplete autophagic response according to previous research (Santana et al., 2012; De Chiara et al., 2019). Oxidative stress induced by HSV-1 infection may promote the development of AD. Oxidative stress could significantly enhance HSV-1 infection-mediated intracellular Aβ accumulation and further inhibit its secretion into extracellular media (Santana et al., 2013). Additionally, studies found that at the prodromal stage of AD, there are oxidized RNAs including mRNA, rRNA, and tRNA have been identified in patients’ brains. Oxidative stress interferes with both translational machineries and regulatory mechanisms of noncoding RNAs, especially microRNAs and leads to retarded or aberrant protein synthesis (Nunomura and Perry, 2020). As one of the AD central pathological lesions in brain, NFTs are composed mainly of hyperphosphorylated tau (Naseri et al., 2019) and oxidative stress has a close relationship with tau pathology. Early studies found that specific fatty acid oxidative products could provide a direct link between oxidative stress mechanisms and the formation of NFTs in AD (Gamblin et al., 2000). All these evidence show that oxidative stress indeed takes part in the pathology of AD and oxidative damage of DNA can be an early marker of AD. Besides the direct connections, oxidative stress is also linked with AD due to some key events like Aβ accumulation, inflammation, mitochondrial dysfunction, metal dysregulation, and protein misfolding. In the next section, we will explore how the oxidative stress due to factors like mitochondrial dysfunction, DNA damage, Aβ pathology, and inflammation can be prodromal to AD.


3.1 Mitochondrial dysfunction and oxidative stress

Mitochondria play an important role in cells, including ATP production, intracellular Ca2+ regulation, ROS production, and cell damage and death (Bhatti et al., 2017; Marín et al., 2020). Research has shown that mitochondrial dysfunction is associated with AD. For example, due to the special open circular structure of mtDNA, it is highly vulnerable to oxidative damage. ROS leads to the oxidation of guanosine to form 8-OHdG and results in mtDNA mutations including base mispairing, random point mutation as well as deletions (Soltys et al., 2019; Antonyová et al., 2020) and the mutations in mtDNA are linked with misfolding and aggregation of Aβ, α-syn and tau, and neuronal apoptosis (Sengupta et al., 2015; Antonyová et al., 2020). Moreover, the connection between the impact of mtDNA haplogroups B5a on the onset of AD and mitochondrial abnormalities under oxidative stress has also been demonstrated (Bi et al., 2015). Mitochondrial dysfunction has connection with ROS accumulation. Early-onset Alzheimer’s disease (EOAD) refers to AD that develops in individuals under the age of 65. Clinical studies have implied that changes in mtDNA methylation and transitions (position 5633: T → C; position 7476T: C → T; and position 15812A: G → A) can play a significant role in the development of EOAD (Chagnon et al., 1999). Thus, considering the relationship between AD and mitochondrial dysfucntion, if there is evidence showing that mitochondrial dysfunction is related to oxidative stress, we can infer that AD is also related to oxidative stress.

Mitochondria are the primary site of ROS which are closely associated with oxidative stress. Therefore, it can be inferred that mitochondrial dysfunction is related to oxidative stress. ROS species are the product of one-electron reduction of oxygen and include singlet oxygen (1O2), superoxides (O2⋅–), peroxides (H2O2), hydroxyl radical (⋅OH), and hypochlorous acid (HClO) (Taysi et al., 2019; Sahoo et al., 2022; Figure 3). Complexes I and III of the mitochondrial respiratory chain are the major sited of superoxide production (Mailloux and Harper, 2011). As a by-product of cellular metabolism, ROS has both beneficial and deleterious effects on our health. On one hand ROS contribute to the healthy cell function as they play an essential role in the regulation of growth, apoptosis, autophagy, memory, blood pressure, cognitive function as well as immune function (Scherz-Shouval et al., 2007; Oswald et al., 2018; Luo et al., 2019; Lloberas et al., 2020). Also, recent research showed that ROS has antimicrobial activity against Gram-positive and Gram-negative viruses as well as fungi (Dryden, 2018) and play a role in modulating endoplasmic reticulum and Golgi homeostasis (Mennerich et al., 2019). However, at high concentrations, ROS are harmful for living organisms as ROS are included in processes of many diseases like metabolic disorders, genetic diseases, diabetes, cancer as well as neurodegenerative diseases. The accumulation of ROS is related to lipid peroxidation, protein oxidation and DNA damage which are all features of oxidative stress (Su et al., 2019; Juan et al., 2021).


[image: image]

FIGURE 3
The mitochondrial respiratory chain involves a series of protein complexes (I–IV) that transfer electrons from NADH and FADH2 to oxygen, thus creating an electrochemical gradient that pumps protons across the inner mitochondrial membrane. This gradient drives ATP synthesis through ATP synthase. During this process, molecular oxygen can be partially reduced to form reactive oxygen species (ROS) such as superoxide (O2⋅–), hydrogen peroxide (H2O2), and hydroxyl radicals (HO⋅), which are eventually converted to water (H2O).


Furthermore, oxidative stress can induce damage to mitochondria through ROS which is characterized by the cytochrome c (cyt C) release and the increase in mtDNA fragmentation (Rizwan et al., 2020).

Cytochrome c is a small heme protein associated with the inner membrane of the mitochondria. It plays a crucial role in the electron transport chain, transferring electrons between Complex III and Complex IV. cyt C is closely linked to the production of ROS in the mitochondria. During the electron transport chain, electrons are transferred through various complexes, including cyt C. If the electron transfer process is inefficient, electrons can prematurely reduce oxygen, leading to the formation of O2⋅–, a type of ROS. Additionally, when cyt C is released into the cytosol during apoptosis, it can enhance ROS production, which further contributes to cellular damage and the progression of cell death (Radi et al., 2014; Cadenas, 2018). Thus, considering cyt C is one of the important part of mitochondria, we can infer that mitochondria dysfunction has a connection with oxidative stress. On the other hand, mtDNA is highly susceptible to ROS influence due to its attachment with inner membrane and the lack of protective histones or nonhistone proteins. Evidence shows that when exposed directly to ROS, the levels of oxidative mtDNA damage are higher and more extensive compared to nuclear DNA (Richter et al., 1988). There is also a vicious cycle theory of mitochondrial ROS production which proposes a self-perpetuating cycle where mitochondrial dysfunction leads to increased ROS production. This elevated ROS generation, in turn, causes further damage to mitochondrial components, exacerbating dysfunction and ROS production (Bandy and Davison, 1990).



3.2 Aβ and oxidative stress

Alzheimer’s disease is a progressive neurodegenerative condition characterized by the accumulation of extracellular Aβ plaques and intracellular neurofibrillary tangles composed of hyperphosphorylated tau-protein in specific regions of the human brain, notably cortical and limbic areas. Clinical signs include memory impairment and deteriorating neurocognitive function. Dysregulated processing of APP by β-secretases and γ-secretases results in the generation of Aβ40 and Aβ42 monomers, which subsequently aggregate to form senile plaques (Soria Lopez et al., 2019; Tiwari et al., 2019). Given the relationship between Aβ and AD, and considering the compelling evidence indicating the involvement of Aβ in oxidative stress, it can be inferred that oxidative stress is associated with AD.

Amyloid-beta has indeed been proven to be associated with oxidative stress in AD pathogenesis and progression (Tamagno et al., 2012; Hilt et al., 2018; Mcdonald et al., 2021), both in vivo and in vitro investigation.

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is a technique which is particularly useful in studying paramagnetic species, like free radicals (Dikalov et al., 2018; Sahu and Lorigan, 2020). Aβ1–40 and Aβ25–35 fragments refer to specific shorter protein of the full Aβ peptide sequence. Studies have found that they participated in the pathology of AD and related with other neurodegenerative disorders (Kaminsky et al., 2010; Yang et al., 2020). Spin trapping experiments conducted by Butterfield et al. (1994) employing highly purified N-tert-butyl-phenylnitrone (PBN) revealed that both Aβ1–40 and Aβ25–35 autonomously prompted the transformation of PBN from its non-paramagnetic nitrone form to the stable, paramagnetic nitroxide form in phosphate buffered saline (PBS), and the reaction only achievable through interaction with a free radical (Butterfield et al., 1994; Hensley et al., 1995). Comparable to Aβ1–40, Aβ1–42 was likewise demonstrated to produce an EPR signal within this framework. Protein carbonyl and 3-NT are indicators of protein oxidation (Campolo et al., 2020; Akagawa, 2021). Studies in vitro also find Aβ25–35, Aβ1–40, and Aβ1–42 were demonstrated to cause notable rises in protein carbonyls as well as 3-NT in cortical synaptosomes, cultured hippocampal neurons, primary neuronal cultures, and cultured astrocytes (Harris et al., 1995a,b; Yatin et al., 1998). When it comes to in vivo researches, studies suggest that Aβ increases the generation of ROS in neurons through activation of the NADPH oxidase. Moreover, Aβ induces mitochondrial depolarization through calcium overload and free radical production, which can ultimately lead to oxidative damage and trigger cell death via the opening of the mitochondrial permeability (Angelova and Abramov, 2017; Chauhan and Chauhan, 2020). AD patients show an abnormal level of brain metals including copper, zinc, iron, calcium, and aluminum (Tong et al., 2018; Huat et al., 2019; Mcdonald et al., 2021; Peng et al., 2021; Plascencia-Villa and Perry, 2021), the incorrect accumulation of the metal in different brain regions induces oxidative stress (Wang et al., 2020). Evidence indicate that Aβ plays a significant role in metal-induced oxidative stress in AD patients. The binding of iron to Aβ can induce misfolded Aβ aggregating, leading to the formation of neurotic plaques and can also increase neurotoxicity of Aβ (Rogers et al., 2019). At the same time Aβ can be a pro-oxidant, and when it is complexed with copper or iron, it can produce ROS (H2O2) by redox activity and causes oxidative damage to protein and lipid (Greenough et al., 2013; Wang et al., 2020). Different mentals may have distinct roles in AD pathology. The role of copper as a risk factor for AD has been confirmed to promote the aggregation of Aβ in vitro. Additionally, copper enhances APP translation via the 5′ untranslated region (5′ UTR) of mRNA in SH-SY5Y cells, and increases amyloidogenic processing and the expression of related pro-inflammatory cytokines (such as MCP-5) in Alzheimer’s APP/PS1 double transgenic mice (Yang et al., 2019). Zinc, on the other hand, performs a protective effect as zinc can exchange with copper in the Aβ-copper complex and protect cells from oxidation (Vašák and Meloni, 2017). Studies have found that antioxidants can improve AD symptoms by alleviating oxidative stress, and Aβ is involved in this process. Nobiletin is a bioflavonoid isolated from citrus fruits peels with anti-oxidative function. In a study, rats were treated with nobiletin after bilateral intrahippocampal (CA1 subfield) injection of Aβ1–40. Research found that mice treated with nobiletin performed better in behavioral observations and memory performance compared to the control group. Nobiletin treatment was also associated with lower hippocampal levels of ROS and partial reversal of superoxide dismutase (SOD) activity (Ghasemi-Tarie et al., 2022). These findings indicated that nobiletin prevents Aβ1–40-induced AD via the inhibition of oxidative stress. N-adamantyl-4-methylthiazol-2-amine (KHG26693) is a new thiazole derivative and was reported that it effectively inhibits Aβ-induced oxidative damage in primary cortical neuron cultures (Cho et al., 2016). In a recent study, malondialdehyde (sign of lipid oxidation) and protein carbonyl (sign of protein oxidation) levels increased in the Aβ-treated group and were significantly downregulated by KHG26693 treatment. Meanwhile KHG26693 significantly decreased Aβ-induced ROS generation by 47% compared to the control group (Kim et al., 2017). These results illustrate that KHG26693’s protection against Aβ-induced oxidative stress stems from its ability to restrain the excessive generation of ROS triggered by Aβ. Other antioxidants like benzothiazole, azelnidipine, engeletin, adenosine, and epigallocatechin gallate have the similar effect of ameliorating Aβ-related oxidative stress by different pathways including Keap1/Nrf2 pathway, NFκB pathway, and ERα pathway, etc and have a potential therapeutic efficacy in AD (Cifelli et al., 2016; Zhang et al., 2017; Teng et al., 2019; Huang et al., 2020; Zeng et al., 2022).

The studies here discussed demonstrated that Aβ is associated with oxidative stress. Therefore, we can infer that oxidative stress is related to AD due to its role on Aβ production and deposition.



3.3 Inflammation and oxidative stress

Inflammation is a physiological response to harmful stimuli, such as pathogens, damaged cells, or irritants. It is a protective mechanism that aims to remove the harmful stimuli and initiate the healing process. There are two stages of inflammation, acute and chronic inflammation. While acute inflammation is typically a short-term and beneficial response, chronic inflammation can contribute to various diseases, including arthritis, cardiovascular diseases, and cancer (Hussain and Harris, 2007; Lin and Karin, 2007). Numerous research and studies highlight that both systemic inflammation and neuroinflammation are tightly connect with the pathology of AD (Doifode et al., 2021; Twarowski and Herbet, 2023). Specifically, neuroinflammation denotes an inflammatory reaction occurring within the central nervous system (CNS), triggered by diverse pathological insults such as infection, trauma, ischemia, and toxins. This cascade entails the release of pro-inflammatory cytokines like IL-1β, IL-6, IL-18, and tumor necrosis factor (TNF), chemokines including C-C motif chemokine ligand 1 (CCL1), CCL5, and C-X-C motif chemokine ligand 1 (CXCL1), as well as small-molecule mediators like prostaglandins and nitric oxide (NO) by innate immune cells in the CNS. Microglia and astrocytes orchestrate this response principally (DiSabato et al., 2016; Leng and Edison, 2021). Research on neuroinflammation suggests that microglia, astrocytes, and neurons collaborate to drive neurodegeneration in a coordinated manner. Studies have demonstrated that Aβ activates the NF-κB pathway in astrocytes, leading to heightened complement C3 release. Subsequently, C3 acts on C3a receptors present on neurons and microglia, culminating in neuronal dysfunction and microglial activation (Lian et al., 2015). Conversely, activated microglia have been found to induce neurotoxic astrocytes by secreting IL-1α, C1q, and TNF. This interplay between microglia and astrocytes may establish a positive feedback loop in AD, perpetuating an uncontrolled and self-amplifying inflammatory response (Leng and Edison, 2021). Additionally, aberrant neuronal-glial communication has been observed in AD. Under normal circumstances, neuronal-microglial communication via CD200-CD200R and CX3CL1-CX3CR1 (microglial receptor) signaling pathways help maintaining microglial homeostasis. However, reduced expression of CD200, CD200R, and CX3CR1 in the brains of individuals with AD suggests a loss of regulatory control over microglial behavior (Bolós et al., 2017). When it comes to systemic inflammation, cross-sectional investigations reveal that individuals with cognitive impairment showed heightened systemic inflammation and elevated microglial activation compered to cognitively healthy subjects (Surendranathan et al., 2018). There are also evidences showing that gut inflammation can affect AD pathology through gut-brain axis (Abdel-Haq et al., 2019; Doifode et al., 2021). As discussed earlier, both neuroinflammation and systemic inflammation are linked to AD. Therefore, demonstrating the association between inflammation and oxidative stress indirectly implies a connection between oxidative stress and the occurrence of AD. Inflammation and oxidative stress seem like two indivisible parts in a large number of diseases including cardiovascular diseases, cancer, and AD (Chamorro et al., 2016; Marchev et al., 2017; Papaconstantinou, 2019; Li et al., 2020; Figure 4). Hypoxia is a common feature in inflammation and can lead to chronic inflammation through the activation of NF-κB and multiple isoforms of HIFs and PHDs (Watts and Walmsley, 2019; Korbecki et al., 2021). A treatment that may regulate both inflammation and oxidative stress at the same time is the inhibition of TREM1 (Li Z. et al., 2019). Moreover, mounting evidence suggest that continued oxidative stress can lead to chronic inflammation by activating a variety of transcription factors like NF-κB, AP-1, p53, HIF-1α, PPAR-γ, β-catenin/Wnt, and Nrf2 (Reuter et al., 2010; Fan et al., 2013; Korbecki et al., 2021). These transcription factors link inflammation to diseases through different signaling pathways. For example, NF-κB and STAT3 are rapidly activated in response to diverse stimuli, including oxidative stress. Upon activation, they govern the expression of genes involved in anti-apoptotic functions, proliferation, and immune responses. Some of these genes overlap, requiring transcriptional cooperation between the two factors. The activation and interplay of STAT3 and NF-κB are pivotal in regulating the interaction between malignant cells and their microenvironment, particularly with inflammatory and immune cells infiltrating tumors (Grivennikov and Karin, 2010; Fan et al., 2013). Metals also play an important role in inflammation. Zinc, as an essential micronutrient, is involved in both inflammation and oxidative stress. The lack of Zinc can elevate inflammatory response as it is involved in the NF-κB pathway (Gammoh and Rink, 2017). Chronic inflammation manifests through heightened production of inflammatory cytokines. In Certain conditions like obesity which correlates with chronic inflammation, individuals with inadequate zinc intake exhibit reduced plasma and intracellular zinc levels, coupled with elevated gene expression of IL-1α, IL-1β, and IL-6, in contrast to those with sufficient zinc intake (Gammoh and Rink, 2017). As critical participants in inflammation, microglia and astrocytes can be regulated by ROS as well as by pro-inflammatory molecules such as MAPK and NF-κB pathway and other pathways (Park et al., 2015). On the other hand, microglia and astrocytes can release pro-inflammatory molecules like cytokines and ROS (Chen and Zhong, 2014). In addition, microglia and astrocytes interact with Aβ. The accumulation of neurotoxic Aβ itself can be regulated by microglia and their receptors as microglia can phagocyte Aβ (Ennerfelt et al., 2022), while Aβ can activate both microglia and astrocytes and be deposited in brain thus leading to ROS production: this in turn may result in oxidative stress and potentially lead to AD and other neurodegenerative disease (Chen and Zhong, 2014). A recent study revealed a critical function of SYK signaling in microglia as it can impede the development of disease-associated microglia, alter AKT/GSK3β-signaling and restrict Aβ phagocytosis by microglia (Ennerfelt et al., 2022). The strong correlation between inflammation and oxidative stress is further evidenced by studies demonstrating aggravated inflammatory phenotype in the absence of antioxidant defense proteins, such as superoxide dismutases, heme oxygenase-1, and glutathione peroxidases or overexpression of ROS producing enzymes, for example, NADPH oxidases (Steven et al., 2019).
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FIGURE 4
Oxidative stress may lead to AD through different pathogenesis including inflammation, metal deposition, mitochondrial dysfunction, and Aβ accumulation. In turn AD itself may exacerbate oxidative stress. Antioxidant might be an effective treatment for oxidative stress. As oxidative stress plays an important role in AD, the use of antioxidant molecules is also a potential treatment for AD. Oxidative stress products like 8-OHG could be diagnostic biomarkers of AD.





4 Antioxidants are potential treatments for AD

As AD has caused great social burden, there is an urgent need for new therapeutic targets and approaches. Efforts concentrating on lowering amyloid beta or hyperphosphorylated Tau protein have mostly proven unsuccessful in clinical trials. As emerging evidence shows oxidative stress may be one of the key mechanisms of AD, the antioxidants have become a potential treatment for AD (Ionescu-Tucker and Cotman, 2021; Figure 4). Walnuts, one of the most common antioxidative foods in our daily life, can reduce oxidative stress by decreasing the generation of free radicals and has a beneficial effect on memory, learning, anxiety (Chauhan and Chauhan, 2020). Researches on the APP-transgenic AD mouse model have shown that mice with a walnut-based diet had an improvement in antioxidant defense and significant reductions in free radicals’ levels, lipid peroxidation and protein oxidation compared with a control diet (Chauhan and Chauhan, 2020). Recent studies on PTEN-induced putative kinase 1 (PINK1) show that PINK1 overexpression can reverse the abnormal changes in mitochondria dynamics, defective mitophagy and decreased ATP levels in the hippocampus (Du et al., 2017). PINK1 overexpression activates Nrf2 signaling increases the expression of antioxidant proteins and reduces oxidative damage. PINK1 can also alleviate tau hyperphosphorylation through PI3K/Akt/GSK3β signaling (Wang et al., 2022). As an electron and proton carrier, Coenzyme Q10 (CoQ10) or ubiquinone plays an important part in mitochondrial bioenergetics and has long been used as antioxidant and mitochondrial energizer (Garrido-Maraver et al., 2014; Li X. et al., 2019; Alimohammadi et al., 2021). Recent studies showed CoQ10 can protect cells from lipid peroxidation-mediated cell death thus potentially reducing oxidative stress and conferring neuroprotective properties (Arslanbaeva et al., 2022). UBIA prenyltransferase domain-containing protein 1 (UBIAD1) which is responsible for the biosynthesis of non-mitochondrial CoQ10 has a similar effect like CoQ10 (Arslanbaeva et al., 2022).



5 Conclusion

This review primarily summarizes the impact of hypoxia on AD focusing on two aspects: HIF-1α and oxidative stress. Hypoxia is the direct and the most important consequence of both HIF-1α release and oxidative stress. These two phenomena are linked to pathological hallmarks of AD like the aggregation of Aβ, mitochondrial dysfunction and tau accumulation, thus suggesting that hypoxia is linked to AD. Current research indicates that HIF-1α has a relationship with Aβ pathology of AD. HIF-1α can increase Aβ production by regulating the expression of BACE-1. Moreover, recent studies have found an interaction between HIF-1α and γ-secretase. HIF-1α not only binds to γ-secretase but also activates it, promoting the production of Aβ under hypoxic conditions and reducing cerebral blood flow. Additionally, HIF-1α plays a crucial role as a key regulator of Aβ generation under the influence of high glucose and other environmental factors. Specifically, under high glucose conditions, increased ROS levels trigger the activation of HIF-1α and LXRα/ABCA1. This stimulation leads to lipid raft rearrangement, enhancing the production of Aβ mediated by BACE1. HIF-1α is also associated with tau phosphorylation and neuroinflammation as it can lead to a deficiency in LCMT1 as well as PP2A. Also, HIF-1α mediates neuroinflammatory responses in microglial cells through mTOR-HIF-1α pathways also involving Aβ. Moreover, compelling studies have provided evidence of a protective role for HIF-1α in neurodegenerative diseases like AD. For example, inhibiting HIF-1α diminishes the protective effect of DFO, which plays a crucial role in managing iron metabolism disorders and has a protective effect against neurological damage caused by ischemia and hypoxia (Li et al., 2008). This indicates that HIF-1α might not only serve as a potential target for AD drugs but also potentially plays a direct protective role to AD and other neurodegenerative disease. However, further investigations are needed to confirm our hypothesis. Oxidative stress interacts with various AD risk factors, including mitochondrial dysfunction, Aβ aggregation, and neuroinflammation. Studies found that protein oxidation (m-Tyr/Phe and o-Tyr/Phe) in AD plasma and CSD samples which confirms oxidative stress is associated with the development of AD. Also, we explored the possibility of using antioxidants as potential therapeutic agents for AD. Efforts aimed at lowering amyloid beta or hyperphosphorylated Tau protein have mostly proven unsuccessful in clinical trials. Emerging evidence suggests that oxidative stress may be one of the key mechanisms of AD, therefore, the antioxidants emerge as potential treatments for AD, thus prompting further investigations.
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AD group HC group c2/t-value P-value
Gender, n (M/F) 16 (8/8) 16 (7/9) 2 0.157
Age, years 652 +8.1 69.1 £4.5 1.659 0.107
Education, years 9.1 +2.0 8.3+21 1.198 0.240
MMSE 19.7 £2.6 29.1 £0.90 —10.342 < 0.001
MMSE (24w) 201 2.5
NPI 456 £2.9 0.15 £ 0.36 12.632 < 0.001
NPI (24w) 138 +1.2
CSDD 3.254+2.40
CSDD (24w) 0.75 +£0.71

Data are represented as the mean & SD. The Chi-squared test was used to compare sex, and two-sample ¢-tests were used to compare age and neuropsychological data. HCs, healthy controls;
AD, Alzheimer’s disease; M, male; F, female; MMSE, Mini-Mental State Examination; NPI, the neuropsychiatric inventory; CSDD, Cornell scale for depression in dementia. CDR, clinical

dementia rating.
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Bra eglo 3 BA 00 e a P-va
ANCOVA

Frontal_Inf Orb_R 53 47 48 36 —6 14.0965 < 0.005
Occipital_Mid_L 36 19 -39 —87 12 14.5534 < 0.005
Precuneus_R 26 7 6 —72 36 10.0772 < 0.005
t2vs. tl1

Occipital Mid_L 1 28 19 -39 l —90 ‘ 12 ‘ 4.3210 < 0.005
tlvs. HC

Precuneus_R w 40 7 6 ‘ —72 ‘ 36 ‘ —4.3702 < 0.005
t2 vs. HC

Frontal_Inf Orb_R ‘ 74 47 48 I 33 I -3 ‘ 5.2935 < 0.005

AD, Alzheimer’s disease; MNI, Montreal Neurological Institute; BA, Brodmann area.

tl, pre-intervention AD patients; t2, post-intervention AD patients.
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Giannisis (2023)
Spani¢ (2023)
Hok-A-Hin (2023)
Paolini (2023)

Chen (2022)

Winfree (2022)

Zhao (2022)

Li (2022)

Hu (2021)

Ma (2021)
Franzmeier (2020)
Knapskog (2020)
Deming (2019)
Ewers (2019)
Nordengen (2019)
Brosseron (2018)
Bekris (2018)
Gispert (2016)
Henjum (2016)
Susrez-Calvet (2016)
Overall, DL (I = 88.4%, p < 0.000)

Effect
(95% CI)

-0.13 (-0.52, 0.26)
0.53 (0.18, 0.88)
1.26 (0.91, 1.60)
0.46 (-0.04, 0.96)
-0.08 (-0.33, 0.16)
0.16 (-0.16, 0.47)
0.07 (-0.13, 0.26)
0.00 (-0.14, 0.14)
-0.07 (-0.30, 0.17)
0.15 (0.03, 0.28)
-0.08 (-0.24, 0.09)
0.28 (-0.03, 0.59)
-0.12 (-0.33, 0.09)
0.30 (0.05, 0.54)
062 (0.16, 1.08)
0.44 (0.16, 0.72)
0.40 (-0.06, 0.85)
1.17 (0.66, 1.69)
-0.14 (-0.65, 0.37)
1.24 (0.98, 1.51)

%

Weight

459
4.82
4.86
3.99
5.40
5.02
564
5.84
5.43
5.88
5.76
5.05
5.57
5.40
4.19
5.24
421
3.89
3.92
528

0.30(0.13, 0.47) 100.00

T
2






OPS/images/fnagi-16-1376764/fnagi-16-1376764-t003.jpg
Subjects (n)

Recording
method

Results

Wan etal. (2019)

Oswal et al. (2021)

Schumacher et al. (2020)

Schumacher etal. (2021)

Reacetal. (2021)

Nazmuddin etal. (2018)

Lee etal. (2019)

Cappon etal. (2022)

Kuhn etal. (2015)

Healthy young adults (21) and older
adults (40)

Patients with PDD (6) and patients
with DLB (5)

Patients with LBD

luding 24
patients with DLB and 17 with PDD),
AD (21), and healthy controls (40)

Patients with MCI-DBL (37), patients
with MCI-AD (34), and healthy

controls (31)

Patients with PDD (31), patients with
MCI (21), and healthy controls (21)

Patients with PDD (2) who
underwent bilateral GPi-DBS with
one or more electrodes close to or
inside the NBM

Patients with MCI-PDD (5) who
underwent bilateral NBM/GPi-DBS

Patients with PDD (6) and DLB (5)
who underwent NBM/GPi-DBS

Patients with mild to moderate AD
(6) who underwent NBM-DBS.

Simultaneous EEG-
MRI

MRI, MEG and
NBM-LEP

EEG and MRI

EEG and MRI

EEG and MRI

EEG and NBM-LFP

Firing rates

NBM/GPi-LFP, MEG
and EEG

EEG and PET

Lesions of the fiber tracts linking NBM and the visual cortex quantified by
leukoaraiosis volume were revealed in older adults and found to

be associated with reduced a reactivity.

NBM-cortical structural and functional connectivity were correlated withi
spectrally segregated networks, including the following: (1) a f band network
1o supplementary motor area, and activity in which was found to drive the
band activityin the NBM; (2) a 8/0 band network to medial temporal lobe
structures encompassing the parahippocampal gyrus and visual areas
including lingual gyrus, revealed that NBM networks are likely to subserve in

‘motor control, memory and visual function, respectively.

« reactivity was reduced in AD and LBD patients compared to healthy
controls, and a significantly greater reduction was observed in LBD patients
than in AD patients. Reduced a reactivity was associated with decreased

volumes of the NBM across all groups, especially in the PDD group.

“There was a general slowing of the EEG in MCI-DBL patients compared to
healthy controls and MCI-AD by a shift in power from } and a bands toward
slower frequencies of the prea and 0 bands, and a greater reduction in NBM

volume was correlated with more severe EEG slowing

(1) PDD patients showed increased power in the pre- band (5.5-8 Hz) and
reduced a reactivity compared to healthy controls; (2) the volumes of
cholinergic cell clusters corresponding to the MS, vertical and horizontal
branches of the diagonal band, and the posterior NBM, were positively
correlated with « reactivity in patients with PD and pre-a power in patients
with MCIL.

PDD patients showed increased 8 power in the NBM region and decreased
temporal cortical connectivity compared to its proximal structures, including
the GPi.

In MCI-PDD patients off medication, the neuronal discharge rates were
specific to each area, populated by GPi cells (92.6 + 46.1 Hz), border cells
(3421 Hz), and NBM cells (13.£ 10 Hz), and during the oddball task, firing
rates of NBM cells were decreased (from 2.9+0.9Hz to 204 1.1 Hz).

(1) 0 band (2-8Hz) network linking the NBM/GP to temporal cortex, and.
aband (13-22Hz) network linking the NBM/GP to sensorimotor cortex;
(2) power of the low { (13-22Hz) band was significantly higher in the GPi in
PDD patients compared to DLB, and coherence in the high p (22-35 Hz)
band between the GPi and lateral sensorimotor cortex was significantly
higher in DLB patients compared to PDD.

A decrease in a power and an increase in @ power after NBM-DBS was
observed in only one patient; for all the other patients, no significant changes

were observed in EEG frequency power after NBM-DBS.

n, number of patients; LEP,local field potential; PDID, Parkinson's disease dementia; DLB, dementia with Lewy bodies; LBD, Lewy body dementia (LBD), which includes DLB and PDD; MCI,

cognitive impairment; GPi, globus pallidus.
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Franzmeier (2020)
Knapskog (2020)
Deming (2019)
Ewers (2019)
Nordengen (2019)
Brosseron (2018)
Bekris (2018)
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Henjum (2016)
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Overall, DL (I = 85.0%, p < 0.000)
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Effect
(95% CI)

-0.24 (-0.73, 0.25)
037 (-0.63,-0.11)
2.05 (1.60, 2.51)
0.12 (-0.14, 0.37)
-0.09 (-0.31, 0.12)
-0.05 (-0.21, 0.11)
0.08 (-0.17, 0.33)
0.13 (-0.12, 0.38)
0.08 (-0.20, 0.36)
-0.14 (:0.35, 0.07)
-0.06 (-0.35, 0.22)
-0.45 (-0.95, 0.04)
-0.10 (-0.35, 0.15)
0.42 (0.03, 0.81)
0.46 (-0.10, 1.02)
-0.27 (-0.83, 0.30)
0.18 (-0.05, 0.42)

%

Weight

4.73
6.38
499
6.42
6.68
6.96
6.47
6.46
6.25
6.72
6.24
47
6.45
5.48
424
424
6.57

0.09 (-0.09, 0.26) 100.00

T
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Recording

method

Results

Subjects,
(n)
Luoand Leung | Long Evans
(2009) rats (8)
Marino and Adult cats

Cudeiro (2003) | (11)

Manfridietal. | Albino rats
(2001) 13)

Berdiev etal. WAG/Rij rats
(2007); Berdiev (28)

and van

Luijtelaar (2009)

Frontal cortex EEG

Primary
somatosensory (S1)
and visual cortex LEP
afier a trial of NBM-
DBS

EEG and nuchal
electromyographic
(EMG) monitor states
of sleep and

wakefulness

Frontal cortex EEG

Injection of histamine to the NBM shifted the EEG activity from burst suppression pattern by isoflurane
toward delta activity, and histamine-evoked activation of EEG was blocked by NBM injection with a H1
receptor antagonist, tiprolidine, rather than a H2 receptor antagonist.

NBM-DBS increased cortical NO, which was blocked by systemic NOS inhibition, and the ability of NBM-
DBS to induce cortical LEP activation was severely impaired after blocking NOS activity. These findings

suggested that the NBM is involved in the arousal mechanism through the NO pathway.

Unilateral injection in the NBM with muscimol hydrobromide (a GABA, receptor subtype agonist) and

baclofen (a GABA, receptor subtype agonist) induced an increase in slow-wave slecp (SWS) time and an
inhibition of wakefulness, while muscimol hydrobromide, but not baclofen, caused a decrease in rapid eye

‘movement sleep (REMS) time.

NBM lesions induced by injections of 192 IgG-saporin increased spontaneous spike-and-wave discharges
(SWDs,a charact of absence epilepsy), while the peaks of the SWDs were less sharp in the hemisphere with
the NBM lesion. There was a broader SWD peak frequency in the lesioned hemisphere than in the intact
hemisphere (17-18 Hz range vs. 8.3-8.8 Hz), and the injection of carbachol, a cholinergic agonist, in the NBM

decreased the number and the mean duration of SWDs.

n, number of partcipants: 1, primary somatosensory cortex; LER, ocal fild potential; NO, ntric oxides NOS, nitic oxide synthase; SWDs, spike-and-wave discharges; SWS, slow-wave sleeps

REMS, rapid eye movement slecp.
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La Rosa (2023)

Zhao (2022)

Schulz (2021)

Ferri (2020)

Bekris (2018)

Piccio (2016)

Hu (2014)

Kleinberger (2014)

‘Subgroup, DL (I2 =89.8%, p <0.000)

MClvs. HC

Zhao (2022)

Bekris (2018)

Subgroup, DL (I’ = 92.2%, p < 0.000)

AD vs. MCI

Zhao (2022)

Bekris (2018)

Subgroup, DL (I’ = 93.6%, p < 0.000)

Heterogeneity between groups: p = 0.496

Overall, DL (I* = 88.8%, p < 0.000)

(4

Y A S VA e A

<

<

Effect %
(95% Cl) Weight

231(132,331) 482
051(0.23,080)  9.26
272(170,373) 471
0.35(-0.76,0.08)  8.49
040 (-0.69,-0.11) 9.21
007(-0.23,037)  9.18
019 (-0.07,045)  9.38
0.09(-0.26,043)  8.89
042(0.01,083) 63.94

0.41(0.13, 0.69) 9.27
-0.46 (-0.85,-0.07) 8.64
-0.01(-0.87,0.84) 17.91

041(0.12,070)  9.24
0.49 (-0.84,-0.15) 8.90
-0.04 (-0.92,0.85) 18.14

0.25 (-0.06, 0.55) 100.00

T
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Event-related oscillations (EROs): EROs are a type of brainwave that occur in
response to specific events or tasks. They are characterized by regular, rhythmic
changes in the brains electrical activity, with periods of high frequency (up to
30Hz) and low amplitude, asting from a few milliseconds to a few seconds. EROs.
are typically observed in the alpha, beta, and gamma frequency ranges, and they

are thought to play a role in cognitive processing, attention, and working memory.

and can be measured using various types of EEG technology.

Phase lock index (PLI): The phase lock index is a measure of the synchronicity of
the phase angle as a function of frequency and time relative to the stimulation
initiation of each trial. The PLI ranges from 0 to 1.0, a higher PLI value of a certain
time and frequency indicates that the phase angle of the time and frequency does

not change much between tests (Sanchez-Alave et al, 2014).

@reactivity: @ reactivity s the decrease in power of « oscillations recorded in EEG
by occipital electrodes after eye opening, and it has been considered to be a

potential marker of cholinergic system integrity (\Wan et al, 2019).

CEC: Cross-frequency coupling is one form of neural oscillatory coupling that
refers to the statistical relationship between a combination of amplitude, phase, and
frequency of two distinct frequency bands. There are four types of CFC: amplitude-
amplitude coupling (AAC), phase-amplitude coupling (PAC). phase-frequency
coupling (PFC) and phase-phase coupling (PPC) (Hanna et al., 2020).
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AB versus control peptide Control versus control AB versus A

GluN2A GluN2A GluN2B GIluN2B GluN2A GluN2B GIuN2A GluN2B
wi X wt ko x ko wt X wt [P ) wt x ko wt x ko wt x ko wt x ko

Resting T - - -
potential

Input resistance 1 - . - - - = -

Excitatory - - - -
threshold

Sag T - - - - = = -
Sag ratio - - - 1 - = = -
Time to peak - - - - - - - _
Peak to AHP e = - - - - - =
Total spike time - 1 - - B B - -
Ascending slope - - - - - - - -
Descending 1 - B _

slope

Half-width - - - - u - - N
20%-width - T - - = - - -
Firing - R - -

frequency

In all cases, the upward-pointing arrows indicate an increase, and the downward-pointing arrows indicate a decrease in values in the control condition. A dash signifies no effect. AHP,
afterhyperpolarization.
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Records identified through Additional records identified
database searching (n=760) through other sources (n=2)

Records after duplicates removed
(n=482)

Reconds screened —)l Irrelevant articles excluded (n=299)

(=482)

J [ Screening ] [Idcnliﬁcation]

Full-text records excluded (n=147)
« Unrelated topic (n=53)

« Not grouping based on AD or MCI (n=59)
« Measures unavailable (n=22)

«Review (n=13)

Full-text articles assessed
for eligibility (n=183)

2
-§ Studies included in meta-
5 analysis (n=36)
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Overall, DL (? = 79.3%, p < 0.000)

1-J1

+

Effect %
(95% Cl) Weight

-0.60 (-1.55,034) 1.35
0.01(-047,050) 277
084(051,1.16)  3.46
0.13(-0.04,030) 4.1
031(0.71,009) 343
-0.20 (-0.50, 0.09) 3.62
0.14(-0.22,0.50) 3.32
016 (-0.09,0.40)  3.82
0.07(-0.11,0.25) 4.08
082(0.36,127) 289
-0.16(-0.43,0.11) 371
179(0.92,266) 151
0.73(044,1.02) 363
-064(1.42,0.14) 173
0.32(-0.01,065) 345
005(-0.21,032) 374
016 (-0.07,038)  3.91
002(-0.20,023) 3.96
042(0.11,074) 352
0.04(-0.36,045) 3.1
1.31(0.76, 1.86) 249
0.59 (0.30, 0.87) 365
0.00(-0.39,039) 3.19
064(0.05,1.23) 234
073(021,125) 262
0.31(:0.25,087) 246
0.18(-0.28,063) 287
0.38(-0.15,091) 256
068(0.03,1.33) 212
0.36(0.06,0.66)  3.59
0.77 (0.55, 0.99) 393
0.25(0.58,0.09) 3.42
0.28 (0.15, 0.41) 100.00
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A

GIUN2A-wt GIUN2A-wt A T-test¥/ GluN2A*"~ GLuN2A*~ Ap T-test’/
control ANOVA control

Resting potential ~65.42£059 ~64.14£058 p=oas ~66.52+056 ~64.07£049

(mv)

Input resistance 150372555 169112594 p=0029° 1549625.45 16059739 p=055
(MQ)

“Tau (ms) 1473£0.61 15244073 p=0.604° 14014067 1486£0.61 p=036"
Excitatory 106042807 100£9.38 p=063" 1174885 1078821218 p=056"
threshold (pA)

Firing frequency 0042004 0212017 F(3.99)=174, 020 0124006 F(399)=174,
SopA. p=016
Firing frequency 1045057 1922057 044£0.16 1462047 F(395)=174,
100pA p=0.163
Firing frequency 3212090 421£080 F(399)=174, 1764032 2734059 F(399)=174,
150pA p=016 p=016
Firing frequency 5385109 1882086 F(3.95)=174, 324045 3732063 F(399)=174,
200pA Pp=016 p=016
Firing frequency 6135114 558£082 F(G99)=174, 3762046 4354070 F(99)=174,
250pA p=016 p=0.16
Firing frequency 6675121 5462071 F(399)=174, 124037 4655064 F(395)=174,
300pA p=016 p=016
Firing frequency 6865112 5294074 F(3.95)=174, 124042 4924058 F(395)=174,
350pA p=0.16
Firing frequency 6842100 538£0.69 4524040 4815049 F(395)=174,
400pA p=016
Sag (mV) ~1029:0.68 -1255£077 ~1096+063 ~1146£076 »

Sag ratio 091020005 08950005 09070005 09020005

GIUN2A-wt GIuN2A*"~ GluN2A-wt Ap  GIUN2A*- A T-test/ANOVA
control control
Resting potential ~65.4240.59 ~665240.56 p=0195* ~64.14£0.58 ~6407£049 p=093
(mV)
Input resistance 1503745.55 154.96£5.45 p=057" 169.1145.94 160.59+7.39 P
(MQ)
Tau (ms) 14735061 1401067 p=044° 1524073 1486061 p=0.698°
Excitatory 106.04£8.07 1172885 p=038° 100938 107.88+12.18 p=062
threshold (pA)
Firing frequency 0.0420.04 020 0212017 0.1240.06 F(3,95)=174,
50pA p=0.16
Firing frequency 104057 0.44£0.16 1924057 1464047 F(3,95)=174,
100pA. p=016 p=016
3
Firing frequency 3214090 176£032 421£0.80 273059 F(395)=174,
150pA p=016
Firing frequency 5.381.09 324045 488+0.86 3735063 F(395)=174,
200pA p=0.16
Firing frequency 613:114 376046 F(395)=174, 55840.82 435070 F(3.95)=174,
250pA p=016 p=016
Firing frequency 667£1.21 424037 F(395)=174, 546£0.71 4.65+0.64 F(395)=174,
300pA p=016 P=016
Firing frequency 6864112 424042 529£0.74 4924058 F(3,95)=174,
350pA. p=0.16
Firing frequency 6842100 4522040 F(395)=174, 53820.69 4812049 F(3.95)=174,
400pA p=016 p=016
Sag (mV) ~1029+0.68 ~1096£0.63 p=048* -125540.77 ~1146£0.76 p=033
Sag ratio 0.91040.005 0.907£0.005 p=064* 0.895£0.005 0.902+0.005 p=037*

(A) The table compares passive and active neuronal properties of AP (1-42) treatment versus control peptide in either GIuN2A"~ mice or their wt lttermates. Firing frequencies evoked with
currents i the range of 50 through 400pA are shown. Responses obtained in GIuN2A""~ mice and their wildiype lttermates following treatment with AP or control peptide are compared.
ignificant effects are highlighted in bold. (B) The table compares passive and active neuronal properties in GluN2A"~ mice versus their wt lttermates following treatment with either control
peptide or Af (1-42). Firing frequencies evoked with currents in the range of 50 though 400pA are shown. Responses in GluN2A "~ mice and their wildtype litermates after injections of either
AP or control injections are compared.
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A

GIuN2B-wt  GIUN2B-wt A T-tests/ GluN2B*~ GluN2B*~ Ap T-test’/
control ANOVA control

Resting potential ~66.14£0.55 ~64.75£0.51 p=007 ~65.02£0.50 ~65.23£073

(mv)

Input resistance 157722527 164775614 p=0398° 164502496 158484552 p=043
(MQ)

“Tau (ms) 12712056 13134046 p=057 13342075 1428072

Excitatory 10621751 98554626 p=04* 9625755 10210824

threshold (pA)

Firing frequency 0382021 0032003 F(3,115)=126, 036025 0684035 F(3,115)
SopA. p=029 p=029
Firing frequency 3242092 24048 F(3115)=126, 3712097 365102 F(3115)=126,
100pA p=029 p=029
Firing frequency 579114 4232067 F(3115)=126, 6x124 6135126

150pA =029

Firing frequency 759129 5582076 F(3115)=126, 7294124 806+132 F(3,115)=126,
200pA p=029 p=029
Firing frequency 783129 6132075 F(3115)=126, 7684128 9035132 F(3115)=126,
250pA p=029 p=029
Firing frequency 8102128 603:063 F(3115)=126, 739114 9354130 F(3115)=126,
300pA p=029 p=029
Firing frequency 7694125 5875059 F(3,115)=126, 74101 9.16£1.19

350pA p=029

Firing frequency 731116 5682050 F(3115)=126, 75085 8974109

400pA p=029

Sag (mV) ~1106£0.54 ~1102£046 =096 ~12.254064 ~10242077

Sag ratio 0908:0.004 09070003 p=091* 08970005 09130006

GluN2B-wt GIluN2B*/~ GluN2B-wt Ap  GIUN2B*/~ Ag T-testS/
control control ANOVA

Resting potential ~66.14£0.55 ~65.02£0.50 ~64.75£0.51 ~65.23£073

(mv)

Input resistance 157722527 164502496 p=036" 1647756.14 158484552 p=0.46"
(MQ)

“Tau (ms) 12712056 13345075 13134046 1428072

Excitatory 10621751 96254755 98554626 102102824

threshold (pA)

Firing frequency 0382021 0362025 F(3,115)=126, 0032003 0684035 F(3,115)=126,
0pA p=029 p=029
Firing frequency 3242092 3712097 F(3115)=126, 24048 365102 F(3115)=126,
100pA p=029 p=029
Firing frequency 579114 65124 F(3115)=126, 4235067 6135126 F(3115)=126,
150pA p=029 p=029
Firing frequency 7594129 7294124 F(3,115)=126, 5582076 8064132 F(3,115)=126,
200pA p=029

Firing frequency 7832129 7685128 F(3,115)=126, 6132075 9034132 F(3,115)=126,
250pA p=029 p=029
Firing frequency 8102128 7395114 F(3115)=126, 603£0.63 9355130 F.115)

300pA p=029 »

Firing frequency 7694125 74101 F(3,115)=126, 5874059 9.16£1.19 F(3115)=126,
350pA p=029 p=029
Firing frequency 731116 74085 F(3,115)=126, 5682050 8974109 F(3,115)=126,
400pA p=029 p=029

Sag (mV) ~1106£0.54 ~12.25064 p=0a7" ~1102+046 ~10242077 p=039"
Sag Ratio 0908:£0.004 08970005 p=0.105* 09070003 091320006 p=040*

(A) The table compares passive and active neuronal properties of AP (1-42) treatment versus control peptide in either GIuN2B'~ mice or their wt littermates. Firing frequencies evoked with
currents i the range of 50 though 400pA are shown. Responses in GIuN2B/~ mice and their wildtype littermates following treatment with AP or control peptide are compared. Significant
efects are highlighted in bold. (B) The table compares passive and active neuronal properties in GIuN2B"*~ mice versus their wt lttermates following treatment with either control peptide o
AP (1-42). Firing frequencies evoked with currents in the range of 50 though 400pA are shown. Responses in GluNB*'~ mice and their wildtype littermates treatment with either A or control
peptide are compared.
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GIUN2A-wt GluN2A-wt Ap GluN2A*~ GIUN2A*~ Ap
control control

AP threshold (mV) ~362040.88 ~3490£ 111 ~35.92£0.96 ~363340.86 P=076
Spike amplitude 92522126 90522188 93124110 91612116

(mV)

Time to peak (ms) 0442001 0.46+0.01 0422001 0442001

Time peak to AHP 264008 276£0.10 2554008 274£0.06

(ms)

Total spike time (ms) 3.08+0.09 322£0.10 p=028 2974008 318£0.06 p=0.046
Ascending slope 21589494 200548.17 p=021 24874687 210374474 p=008
(mV/ms)

Descending slope 39274162 36944156 p=032 4030£134 36574075 p=0.015
(mV/ms)

Half-width (ms) 0.93+0.02 0.99+0.02 0924002 0.98+0.02 p=0052
20%-width (ms) 1402004 149003 138003 148003 p=0.026
AP peak (mV) 5632071 55.6340.99 p=057 57.20+0.69 552940.53 p=0.035

GIuN2B-wt GIluN2B-wt Ap GIluN2B*"~ GIuN2B*~ Ap.
control control

AP threshold (mV) -3673£1.28 ~37.742087 p=051 ~36.66+0.84 ~38.18:+0.87 p=023
Spike amplitude 95874182 94524124 p=053 94284146 96884126 p=019
(mV)

Time to peak (ms) 041001 0422001 Pp=064 0422001 0422001 p=078
Time peak to AHP 2592007 2492007 p=035 2512007 256£007 p=063
(ms)

Total spike time (ms) 3.00£008 2914007 =039 293007 298007 p=068
Ascending slope 236921084 2203547.83 p=057 229242955 23699+8.03 Pp=054
(mV/ms)

Descending slope 4142£150 4206+126 p=075 4166£138 41752121 p=096
(mV/ms)

Half-width (ms) 0.91£0.03 0.88+0.01 Pp=042 0924002 093003 p=069
20%-width (ms) 135004 1324002 p=048 1374003 1392004 p=068
AP peak (mV) 59.14£092 56784070 p=0.048 57624083 58.7040.70 p=033

() The table shows action potential properties of GIuN2A"~ mice and their wt littermates,after control peptide treatment or treatment with A. AR, Action potential. Significant effects are
highiighted in bold. (B) The table shows action potential properties of GluN2B"~ mice and their wtlittermates, afer control peptide treatment or treatment with Af. AP, Action potential.
Significant effects are highlighted in bold.
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Subjects (n), NBM lesion Recording

Results
method method
Knoxand Berntson | Sprague-Dawley rats (24), the Prefrontal and During anxiety-like states, increases in the y power/3 power ratio and
(2008) selective cholinergic immunotoxin  retrosplenial cortex augmented O power were observed on prefrontal and retrosplenial cortical
192 IgG-saporin EEG EEGs. NBM lesions attenuated anxiety-like states and the y power/8 power ratio

but had no effect on increased 0 power. The effect of NBM lesions on the 1
power/d power ratio was influenced by the effect of increased § power after

lesions.

Ljubojevic etal (2018) | Long-Evans rats (20), the selective  Prelimbic frontal cortex  Accurate detection of visual and olfactory targets was associated with increased

cholinergic immunotoxin 192 (PEC) and the posterior | LP coherence in the [ range, between the PFC and PPC, and with increased
IgG-saporin parietal cortex (PPC) | power in the PPC before the target’s appearance in sham-lesioned rats.
LEP Readiness-associated changes in brain activity and visual and olfactory target

detection were attenuated in the NBM lesion group.

Berntson etal. (2002) | Sprague-Dawley rats (19), the Frontoparietal dural Relative to sham-lesioned control animals, the NBM lesion group displayed a
selective cholinergi surface EEG ficant reduction in high frequency activities on EEG, characterized
192 1gG-saporin especially by a reduction in y power.
Ciric etal. (2016) Wistar Rats (15), IBO Sensorimotor cortex  EEG 3 amplitude attenuation within sensorimotor cortex during rapid eye
EEG ‘movement sleep (REMS) was the earliest sign of aging in the NBM lesion.
Rispolietal. (2013) | Rats (7), AMPA Frontoparietal cortex  In the NBM lesion group, compared with the control group, an increased 0

and hippocampus CA1  power in the cortex and a reduced 0 thythm oscillation in the hippocampus were
region EEG found. In rats with NBM lesions, Hup-A, a selective ACE inhibitor isolated

from Huperzia serrata, was able to restore EEG architecture, produ

g cortical

desynchronization and reduction in 0 power. However,in the hippocampus, this

drug increased 0 oscillation and reduced the impairment in attention/working
‘memory as well as spatial navigation performance in the behavioral tasks.
Rispolietal. (2008) | Rats (7), AMPA Frontoparietal cortex  Bilateral NBM lesions induced an increase of the total EEG power, particularly
EEG in 8 and 0 power, and high-voltage spindle activity the systemic administration
of choline pivaloyl esters (CPE) for 3weeks reversed the above EEG changes.

Rispolietal. (2004) | Rats (7), AMPA Frontoparietal cortex | Choline pivaloyl esters (CPE) induced EEG desynchronization, leading to a
EEG significant decrease in the total EEG power, especially in the lower frequency &

and 0 bands.
Sanchez-Alavez and ‘Wistar rats (18), AMPA Frontal cortex EEGand ~ NBM lesions resulted in an increase in auditory stimuli-ERO power in the 8, 0,

Ehlers (2016) auditory stimuli-ERO | aand f bands as well as an increase in PLI in the 0 band.

n, number of partcipants or samples; AChE, acetylcholinesterases LF, local field potential; IBO, Ibotenic acids AMPA, 2-Amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propionic acids EROs,
event-related oscillations; PLI, phase locking index; REMS, rapid eye movement sleep.





OPS/images/fnagi-16-1375091/fnagi-16-1375091-e032.jpg





OPS/images/fnagi-16-1376764/fnagi-16-1376764-t002.jpg
Study

Goard and Dan (2009)

Subjects (n), DBS parameters

svans rats (49), NBM-DBS delivered
for 500ms/trial with 100 Hz and pulse width
100ps

Long

Singh etal. (2022) Rhesus monkeys (2), NBM-DBS delivered
for 15s/trial with 80Hz pulse amplitude

0.2mA, width 100ps

Dezawaetal. (2021) NBM injury rats (5) with immunotoxin 192
IgG-saporin, NBM-DBS delivered for
500 ms/trial with 100 Hz and pulse

amplitude 0.1 mA, width 100ps

McLin 3rd etal. (2002,
2003)

Sprague-Dawley rats (7), NBM-DBS
delivered for 300ms/trial, 200 trals/day for
14days, with 100 Hz and pulse amplitude
0.1mA, width 200pss

Weinberger etal. (2006) | Sprague-Dawley rats (11), NBM-DBS
delivered for 200ms/trial, with 100 Hz and

pulse width 2005, amplitude 47 or 66 A

Schumacher etal.
(2021)

Adult cats (11), NBM-DBS delivered for 45/
trial, with S0Hz and pulse width 50ps,
amplitude 100 A

Recording method

ary sensory cortex (V1)
LEP simultaneous with NBM-
DBS

Prefrontal cortex LEP aftera
trial of NBM-DBS

Primary somatosensory cortex
(S1) sensory stimuli-ERO after a
trial of NBM-DBS and forepaw

stimulation

Auditory cortex EEG after
14days of NBM-DBS

Auditory cortex EEG after a trial
of NBM-DBS.

Sland visual cortex LEP after a
trial of NBM-DBS

Results

NBM-DBS caused a marked change in the power spectrum of
LFP of V1 area,

anincrease in power at 10 to 100Hz

(particularly in the y band, 30 to 50 Hz) and a decrease at low

frequencies (<10Hz). As quantified by the power ratio (LEP.
power at 10 to 100Hz divided by that at 1 to 10Hz), this effect

on spontaneous cortical activity lasted for 5 to 10s.

NBM-DBS decreased a power during the delay interval of
working memory tasks. No modulation was observed in the y
power in the delay interval of working memory tasks, which
has previously been implicated in the maintenance of working
memory.

'NBM-DBS facilitated ACh release in the S1 subregion and
suppressed subsequent sensory stimuli-ERO to forepaw

stimulation.

NBM-DBS decreased 0 and a power and increases in y power

for several seconds during and afier 6 kHz tone presentation.

NBM-DBS produced a reduction of low frequency power (8,
0,and ) and an increase in high frequency power, 2 and
especially y waves; (2) the moderate level of stimulation
(6614) produced a longer duration of « power reduction
than did the weaker level of stimulation (47 jA).

(1) NBM-DBS shifted LEP activity from high amplitude-low
frequency (asleep-like pattern) to low amplitude-high
frequency activity (awake-like pattern); (2) NBM-DBS
increased cortical NO, which was blocked by systemic NOS
inhibition, and the ability of NBM-DBS to induce cortical LEP
activation was severely impaired after blocking NOS activity,
suggesting that the NBM is involved in the arousal
mechanism through the NO pathway.

n, number of participants or samples; NO, nitric oxide; NOS, nitric oxide synthase; V1, primary sensory cortex; S1, primary somatosensory cortex; ACh, acetylcholine; LFR, local field

potential; EROs, event-related oscillations.
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Total Rho 0.3950 0.2783 0.2754 0.0885 0.1043 0.3957 0.3331 0.3194 0.4382 —0.0072 —0.3394 —0.1978
Cerl1P coefficient

p-Value 0.0941 0.2486 0.2538 0.7186 0.6708 0.0935 0.1635 0.1825 0.0606 0.9767 0.1551 0.4170
Sph Rho —0.0954 0.3749 0.4545 0.2847 0.0884 0.0932 0.3172 0.3588 0.2941 —0.0669 0.1520 —0.1758

coefficient

p-Value 0.6976 0.1138 0.0506 0.2374 0.7189 0.7044 0.1857 0.1314 0.2217 0.7855 0.5345 0.4717
SP Rho 0.2838 0.2023 0.0100 0.2343 0.4544 0.3573 0.0666 —0.1351 —0.0928

coefficient

p-Value 0.2391 0.4063 0.9677 0.3344 0.0506 0.1332 0.7865 0.5814 0.7056
Braak Rho 0.3076 0.4425 0.0873 0.0254 0.0865 0.3934 0.2113 0.3728 0.3582 0.0753 —0.3142 —0.2523

coefficient

p-Value 0.2002 0.0578 0.7223 0.9177 0.7247 0.0956 0.3852 0.1160 0.1321 0.7595 0.1903 0.2973
Age Rho 0.3958 0.1492 0.1968 —0.0184 0.3959 0.3576 0.3769 0.3541 0.1888 —0.3858 —0.0960

coefficient

p-Value 0.0935 0.5420 0.4195 0.9404 0.0934 0.1328 0.1117 0.1369 0.4390 0.1028 0.6957
Abeta Rho 0.4509 0.3246 0.4123 —0.0193 —0.2737
40 coefficient

p-Value 0.0527 0.1752 0.0794 0.9377 0.2357
Abeta Rho 0.3443 0.2767 0.3679 0.4204 0.1915 —0.2497 —0.1001
42 coefficient

p-Value 0.1489 0.2515 0.1212 0.0731 0.4323 0.3026 0.6834
dhSph Rho 0.2407 0.2016 0.4150 —0.2045 0.0862 —0.1697

coefficient

p-Value 0.3210 0.4079 0.0772 0.4011 0.7258 0.4875
Total Rho 0.3281 0.3214 0.4186 —0.2941 —0.0067 —0.0421
HexCer coefficient

p-Value 0.1702 0.1797 0.0745 0.2217 0.9783 0.8642
Total Rho —0.3416 —0.2241 0.0793
LacCer coefficient

p-Value 0.1524 0.3564 0.7469
Total Rho —0.4141 —0.0751 —0.1302
dhCer coefficient

p-Value 0.0780 0.7600 0.5953
Total Rho —0.1635 0.0534 —0.1773
Deoxy- coefficient
Cer

p-Value 0.5037 0.8280 0.4678
Total Rho —0.2670 —0.0952 —0.1526
Cer coefficient

p-Value 0.2691 0.6982 0.5328
Total Rho —0.2171 —0.0811 —0.1516
Deoxy- coefficient
dhCer

p-Value 0.3720 0.7415 0.5357
Gender Rho —0.1911 —0.0442

coefficient

p-Value 0.4332 0.8573
dhS1P Rho 0.2447

coefficient

p-Value 0.3126

Cer1P, ceramide 1-phosphate; Sph, sphingosine; SP, senile plaque; Abeta, amyloid beta; dhSph, dihydrosphingosine; HexCer, hexosyl ceramide; LacCer, lactosyl-ceramide; dhCer, dihydroceramide; Deoxy-Cer, deoxy-ceramide; Cer, ceramide; Deoxy-dhCer, deoxy
dihydroceramide; dhS1P, dihydrosphingosine 1-phosphate; S1P, sphingosine 1-phosphate. The background color dimension indicates the correlation rate, with a stronger correlation represented by the darkest color.
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Control

6

Age (mean, SD) 83.17 (3.34) 85.43 (3.33) 86.17 (1.07)
Gender (M/F) 4/2 2/5 3/3

SP (SD) 0.67 (0.47) 1.57 (0.49) 3.00 (0.00)
Braak (SD) 1.33(0.47) 1.57 (0.49) 5.00 (0.00)
AB (pmol/L, SD) 0.636 (0.171) 1.579 (0.380) 1.591 (0.242)
PMI (min, SD) 377 (306) 825 (278) 702 (346)
RIN (SD) 7.9 (0.74) 8.3 (0.40) 8.1(0.31)

SP, senile plaque; AB, amyloid beta; PMI, postmortem interval; RIN, RNA integrity number.





