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Abstract	
Synapses are key units for transmitting neuronal information, playing key role in conducting signals within the spinal cord, peripheral nervous system, and neuromuscular junction. This systematic review is comprehensive information associated with synaptic defects (SDs) contributes to development and progression of neurodegenerative, neuropsychiatric, neurodevelopmental, and metabolic disorder. More than 300 research and review articles have been analyzed, reviewed, discussed, and evaluated to present the molecular, cellular, and pathophysiological effect of SDs. It is implicated in progression of several other diseases like diabetes, cancer, hypertensive, and cardiovascular conditions, where they play a critical role in disease progression. Molecular insult associated with signaling pathways are analyzes during continuous reading, and discussion which play key role in SDs and synaptic plasticity. These are NMDA, AMPA receptor, CaMKII, PKC, cAMP/PKA-CREB-BDNF, nitric oxide/PKG-CREB, PI3K/AKT/mTOR, MAPK/ERK, NGF-p75 NTR, TREM, Fyn, and gut-brain axis (GBA). Dysregulation in these molecular pathways is associated with a variety of neurological and psychiatric conditions such as Alzheimer’s disease (AD), Traumatic brain injury (TBI) Parkinson’s disease (PD), multiple sclerosis (MS), cerebral stroke (CS), intellectual disabilities (ID), motor neuron disease (MND), bipolar disorder (BD), sleep disorder, depression, anxiety, and severe mental illnesses (SMIs). In addition to above, several other proteins—including pre-, and post-synaptic proteins (Table 1) and therapeutic interventions (Table-2, and Table-3) are tabulated in the text. This review provides a comprehensive detail of SDs in various disorders. Additionally, we highlight impairments in synaptic plasticity demonstrated figures which underlying impairment in synaptic transmission, as well as therapeutic drugs which play key role in reversing SDs.  
Keywords: Synaptic Defects, cAMP/PKA-CREB-BDNF, Cerebral Stroke, Neuropsychiatric Disorders, Sleep Deprivation, Severe mental illness. 
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Highlights
· Focus on molecular, cellular, physiological mechanisms of synapse formation, stabilization, differentiation, and maturation.
· Molecular pathways associated with NMDA, AMPA receptor, CaMKII, PKC, cAMP/PKA-CREB-BDNF oxide/PKG-CREB, PI3K/AKT/mTOR, MAPK/ERK, NGF-p75 NTR, TREM, Fyn, gut-brain-axis are associated with Synaptic defects.
· Molecular mechanism associated with Alzheimer, traumatic brain injury, Parkinson, anxiety, motor neuron disease, depression, cerebral stroke, schizophrenia, hypertension, and sleep disorders with synaptic defects. 
· Illness of neurological, neurodevelopmental, neuropsychiatric disorders is the end point of synaptic defects.
· It has been shown to regulate synaptic plasticity and synapse recycling, development and maturation.
· Clinical and Preclinical FDA approved Drugs (Table -1 and 2) for reversing the synaptic defects and other complicated neurological and mental illness. 
· Introduction about the various techniques involves for quantification of synapse. 

















Introduction
Synapses are junctional units associated with transmitting information through release and recognition of neurotransmitters (Neniskyte & Gross, 2017) (Bourgeois, 1997). Synapse play key role in signal transmission by action potential (Electrical signal) at presynaptic terminal, release neurotransmitter (Chemical Signal) into the synaptic cleft, and binding of the neurotransmitters to post-synaptic receptor. The loss of synaptic integrity may underlie many of the most common diseases (Henstridge et al., 2016). It can exist either electrical (passing ions) or chemical synapse (passing neurotransmitter). Impairment in synaptogenesis, is the leading cause of synaptic defects (SDs), which are associated as molecular, cellular, behavioral, and cognitive dysregulation in neurological, neuropsychiatric and neurodevelopment disorder (Bellucci et al., 2012; Lepeta et al., 2016; Pavlowsky et al., 2012; Wartchow et al., 2023; Yamagata, 2021; Yin et al., 2012a; Zoghbi & Bear, 2012a, 2012b). Additionally, mutations in gene associated with synaptic ion channels, pre-and post-synaptic proteins and receptors involved in neurotransmitter release are main trigger of SD (P. Kumar et al., 2016; Steinlein, 2012). However, impaired synaptic plasticity, triggered by unwarranted stimulation of extra-synaptic NMDA receptors (Tumdam et al., 2024). Furthermore, selective elimination (Chung & Barres, 2012), ongoing remodeling (Terni et al., 2017), and replacement (Kim et al., 2020a) of aged synapses can enhance synaptic plasticity and synaptogenesis. SD has been associated with collection of diseases such as Alzheimer's disease (Lista & Hampel, 2017), Parkinson's disease (Picconi et al., 2012), motor neuron disease (Murray et al., 2010), multiple sclerosis (Bellingacci et al., 2021a), cerebral stroke (C. Li et al., 2024), autism spectrum disorder (J. Chen et al., 2014), intellectual disability (Verpelli & Sala, 2012), sleep deprivation (Doldur-Balli et al., 2022), severe mental illnesses (Okerlund & Cheyette, 2011; Rakic et al., 1994), schizophrenia (Yin et al., 2012b), epileptic seizure (Yin et al., 2012b), and bipolar disorder (Berridge, 2013), through multifaceted pleiotropic molecular mechanism.
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Figure 1: Molecular communication across the synaptic structure and release of neurotransmitter from the synaptic vesicles. Neurotransmitters release from the pre-synaptic membrane by fusing with SV into the synaptic cleft. These neurotransmitters bind to the NMDAR on post-synaptic neuron which convey the communication further neurons. 
Altered cellular and molecular interactions are instrumental for understanding the pathophysiology of NDD (Kim et al., 2020b). Innovative therapeutic targets for NDD have aided in the understanding molecular mechanisms governing neuron-glia interactions during synapse development and maturation (Kim et al., 2020b). The overlapping cognitive and pathological features of these disorders will be regulated by microRNA, microbiota, and pluripotent stem cell (S. Kumar & Reddy, 2020; Marizzoni et al., 2017; Taoufik et al., 2018). AD has been associated with amyloid-beta (A) peptide oligomer production, aggregation, accumulation, triggered neurotoxicity (Viola & Klein, 2015). Aβ peptides bind to receptors, and distracting glutamate receptor signaling (Fig2). Imbalance in Calcium (Ca2+) subsequently activates microglia and astrocytes, leading to the release of pro-inflammatory cytokines. Synaptic insults in PD are consequence of diminished dopamine level (Morais et al., 2009), protein load, altered synaptic plasticity (Bagetta et al., 2010), NMDAR activation (Bagetta et al., 2010), iron overload, and hyperactivity of microglia and astrocytes (Chu, 2020). However, altered SDs in MND is correlated with impaired mRNA localization and local protein translation (Fallini et al., 2016), altered trafficking along the axonal transport (Ikenaka et al., 2012), protein interaction, reduced level of survival motor neuron (SMN), and aggregation of dipeptide repeats (Kumar et al., 2024). Synaptic impairment in ALS is associated with protein load, cytoskeleton disruption, altered protein trafficking, mitochondrial depletion, and TDP-43 structurally and functionally abnormal protein (Dey et al., 2024). Compact protein expression levels, downregulation of synaptic vesicles A2 (SVA2) receptors, and changes in serotonin, noradrenaline, dopamine level, along with impaired PI3/AKT pathways, are associated with depression, schizophrenia, and BD. Molecular dysfunction in synaptic transmission disrupt mood regulation and contribute to cognitive impairment, highlighting their role in therapeutic targets for neurodegenerative disease. MicroRNA, and microbiota are associated with pleiotropic signaling pathways and these microRNAs are localize in dendrites, SV, or nearby synapse which control synaptic function (S. Kumar & Reddy, 2020). However, gut microbiota may influence neuronal function by indirectly affecting microglia, play key role in activating neuroinflammatory cytokines and oxidative stress. Recent report suggest that altered microbiota can impact pathophysiological function of nerve (Bairamian et al., 2022a). In this review we inspect detailed meta-analysis of molecular, cellular and pathophysiological synaptic changes in various neurological, neuropsychiatric, neurodevelopmental, cardiovascular, and metabolic disorders. It also emphasizes on the mechanistic pathways underlying synaptic impairment and highlight’s the role of key synaptic proteins and therapeutic drugs available for the treatment. We explore the range of therapeutic strategy in terms of clinical as well as preclinical model against synaptic dysregulation. 
Molecular mechanism of synaptic transmission: Synapses are joint connections for transmitting information (Fig.1) between end of axonal neurons (Südhof, 2018a; Yogev & Shen, 2014). However, synaptic vesicles (SV) are small endosomal compartment (40 nm diameter) and released by fusion with pre-synaptic membrane. Synaptic junctions are organized by cell adhesion molecules (CAMs) that bidirectionally arrange for synapse formation, re-structuring, elimination (Südhof, 2018b; Yogev & Shen, 2014). Genes encoding CAMs are associated with neuropsychiatric disorders, but their molecular mechanism remains unresolved. Action potential arrivals at presynaptic terminal, causes voltage-gated Ca2+ channels to open, and its inflow. Ca2+ influx triggers fusion of SV with membrane, and release of neurotransmitters into the synaptic clefts. These neurotransmitters then bind to receptors on postsynaptic membrane, causing ion channels to open. The excitatory post-synaptic potential is generated. However, neurotransmitter is degraded and recycled by glial uptake with enzymatic degradation, and vesicular membrane is retrieved from the plasma membrane. However, synapse formation and its stabilization in vertebrate CNS is dynamic process, requiring bi-directional communication between pre- and postsynaptic compartment (Cohen-Cory, 2002). Molecular mechanisms of brain development particularly synapse formation and maturation are complex and tightly regulated process that involves several stages and molecular pathways which coordinate with brain development. Embryonic synapses are formed by transcellular communication of synaptic CAMs, interact with each other, playing a crucial role (Araç & Li, 2019). However, signaling process through which various trans-synaptic adhesion and organizing molecules (SAMs), along with pre-and post-synaptic proteins, cooperatively activates synapse maturation. Additionally, synapse pruning is refining of neural circuit connections by engulfing excess or weak synapses, and its aberrant disruption is implicated to neurodevelopmental disorder such as schizophrenia and autism. Triggering receptor expressed on myeloid-2 cells (TREM2) microglia (Fig 2) mediate (Park, 2023) regulation of synaptic plasticity and its relationship with AD. 
Table 1 List of types of synaptic proteins involved in the synapse formation, elimination, plasticity and dysfunction. 
	Protein
	Protein Type
	Site of Action
	Response to Neural Activity
	Affected Brain Connection
	Phenotype
	References

	JAK2
	Cytoplasmic 
	Presynaptic
	Activated Synapses with active synapse
	Callosal Retinogeniculate
	Less callosal axon & synapse elimination
	(Yasuda et al., 2021)
	MHC I – PirB
	Transmembrane
	Postsynaptic
	Suppression of neural activity Decreases 
	Retinogeniculate Thalamocortical Intracortical
	Activate Retinogeniculate synapse 
	(Adelson et al., 2016; Corriveau et al., 1998a, 1998b; Datwani et al., 2009; Huh et al., 2000; Lee et al., 2014)

	TWEAK–Fn14
	Transmembrane
	Postsynaptic
	Neural activity increases TWEAK Expression
	   Retinogeniculate
	Increases in number of bulbous neurons
	(Cheadle et al., 2020a, 2020b)
	   Pentraxin 
	 Secreted
	Pre-and post-synaptic
	Neural activity increases NP2 expression
	   Retinogeniculate
	Delayed eye specific segregation
	(Bjartmar et al., 2006; Tsui et al., 1996)
	       MEF2
	Transcription     Factor
	Postsynaptic
	Neural activity dephosphorylates and activates MEF2
	     Hippocampus
	Gene Expression Regulation
	      (Flavell et al., 2006)

	Synaptotagmin
	Calcium Binding Protein
	SV Membrane
	Calcium Binding Protein, and Neurotransmission
	SV Recycling
	Calcium Sensor
	
(Hou et al., 2008; H. Zhao & Nonet, 2001)

	Synaptobravin
	VAMP
	SV Membrane
	SNARE Complex
	Nerve Ending, Brain and Spinal cord
	Exocytosis and Endocytosis
	

	Synaptogyrin I
	Presynaptic SV membrane
	SV Membrane
	Shape of Synaptic Vesicles, and Synaptic Plasticity
	SV Pathways
	Synaptic Plasticity

	
(Evans & Cousin, 2005; Rizzoli, 2014)

	Synapsin III
	Synaptic Proteins 
	SV Membrane
	Synaptic Vesicle Trafficking, Synaptic Plasticity 
	Decreased in Hippocampal and Prefrontal Cortex
	Synapse Formation
Synaptic Plasticity
	
(Porton et al., 2011)

	Syntaxin-1, -2, -3
	SNARE Protein
	SNARE Complex
	Catalyze the vesicle fusion
	Vesicle fusion in Mammalian Neuron
	Regulate Neurotransmitter Release
	      (von Mollard et al., 1994)

	Synaptophysin
	Ca-Binding Glycoprotein
	SV 
	Neurotransmission
	Neuroendocrine cells and tumor
	Localized retrieval and recycling of SV
	(Alladi et al., 2002)
	RAB3A

	GTP Binding 
	SV 
	Synaptic vesicles Recruitment During Exocytosis
	Synaptic Vesicles Pathways
	Molecular Switches, and Stimuli like Calcium influx 
	
(Geppert et al., 1994)

	APBA3
	Cytoplasmic 
	Perinuclear region of Cytoplasmic 
	Stabilizes APP, Synaptic Vesicle Exocytosis
	Chemical Synaptic Transmission
	Cancer and Ovarian Failure
	
(Tanahashi & Tabira, 1999)

	Synaptopodin
	Bind to actin 
	Spines and Podocytes
	Actin Binding Protein
	Motility of dendritic Spine
	Motility
	(Mundel et al., 1997)
	Neurogranin
	Calcium Binding Protein
	Postsynaptic 
	Actin Binding Protein, Synaptic Plasticity and LTP
	Calmodulin Binding Protein
	Increased Ng in CSF and MCI
	(Xiang et al., 2020)
	Amphiphysin 1
	Cytoplasmic
	Nerve Terminals
	Regulate Membrane Curvature, and SV Endocytosis
	Induces the Synaptic defects
	Stiffness, neuropathies, encephalopathies, cerebellar ataxia
	(Di Paolo et al., 2002)

	SNPH
	Axonal Protein
	Axonal Mitochondria
	Microtubule
	Neuronal Synaptic Activity
	Axonal mitochondrial motility
	(Q.-Y. Wu et al., 2023)

	SNAP25
	Plasma Membrane
	Calcium Dynamics
	SV Fusion
	Regulating Exo and Endocytosis of the Pathways
	Synaptic Vesicle Exocytosis
	
(Antonucci et al., 2016)

	VAMP-1
	Integral membrane protein
	SV Membrane
	SNARE Complex
	Nerve Ending, Brain and Spinal cord
	Exocytosis and Endocytosis
	(Nielander et al., 1995)
	Rab3
	GTP Binding Protein
	Presynaptic Terminal of Neuron
	Secretary Organelle of SV
	SV Recycling
	Molecular Switch 
	(Fischer von Mollard et al., 1990)
	Rab5
	GTPase Protein
	SV
	Regulate the Size of SV
	Endocytic pathways
	Maintenance of Synaptic Function
	

	Drebin
	Actin Binding Protein
	Site of Excitatory Synapse
	F-actin Binding Protein
	Altered postsynaptic actin-regulatory machinery
	Synaptic Plasticity and Dendritic Spine Formation
	(Kojima & Shirao, 2007)

	PSD-95
	   Membrane

	MAGUK
	Fyn Binding Protein
	Fyn mediated Phosphorylation of N2A of NMDA receptor
	Synaptic 
Adhesion
	
(Han & Kim, 2008)


Abbreviation: MEF2; Myocyte Enhancer Factor 2, VAMP-1; Vesicle Associated Membrane Proteins-1, SV; Synaptic Vesicles, SNARE; N-ethylmaleimide-sensitive Factor Attachment Protein Receptor, SNAP-25; Synaptosome Associated Protein of 25 kDa, APBA1-Amyloid Beta Precursor Protein Binding Family A Member 1, APP; Amyloid Precursor Protein, LTP; Long-Term Potentiation, GTP; Guanosine Triphosphate, CSF; Cerebrospinal fluid; MCI; Mild Cognitive Impairment; SNPH: Syntaphilin, SNAP25; Synaptosomes Associated Protein 25, PSD-95; Postsynaptic Density Protein 95, MAGUK; membrane-associated guanylate kinase NMDA; N-methyl-D-aspartate. 
Molecular pathways of synaptic signals in neurological, neuropsychiatric, and neurodevelopmental disorders: Mechanisms of synaptic plasticity are complex, multilayered, and molecular signaling pathway that control synaptic strength, structure and function which remains to be un-explored. NMDA-CaMKII (Nicoll & Schulman, 2023; Tumdam et al., 2024), PKC Signaling (Alkon et al., 2007), cAMP/PKA-CREB-BDNF (Atya, 2024), Nitric oxide/PKG-CREB (Tropea et al., 2022), PI3K/AKT/mTOR (Jha et al., 2015), MAPK/ERK (Park, 2023), Fyn Kinase pathways (Meur & Karati, 2025), microRNAs (K. Li et al., 2018) and Gut-Brain-Axis (GBA) molecular signaling pathways (Bairamian et al., 2022b), NGF-p75 NTR are associated in synaptic progression execution (Carvajal et al., 2016; Falcicchia et al., 2020; Hardingham & Bading, 2010; X. Li et al., 2023; Lu et al., 2014; Mota et al., 2014; Nelson et al., 2008; Shah et al., 2014; Tejeda & Díaz-Guerra, 2017; J. Q. Wang & Mao, 2019). NMDA receptor is key player for synaptic plasticity, especially in the process of long-term potentiation (LTP), and long-term depression (LDP) (Carvajal et al., 2016; Hardingham & Bading, 2010; Mota et al., 2014). Activation of these receptors allow Ca2+ ions to enter in post-synaptic dendrite, which activates downstream signaling pathways in synaptogenesis. LTP is enhancement of Ca2+ influx through NMDA, which activate protein kinases like CaMKII (calcium/calmodulin-dependent protein kinase II), leading to phosphorylation of synaptic proteins and enhance the synaptic strength. However, LTD is transient Ca2+ influx, leads to activation of protein phosphatase 1 (PP1), which dephosphorylate the synaptic proteins and compromised synaptic strength. CaMKII is required for the LTP, spatial learning and undergo autophosphorylation in learning and memory (Bayer & Giese, 2024; Giese et al., 1998).  
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Figure 2: Mechanistic signaling pathways involved in the synthesis, release, and transmission of neurotransmitters across synaptic structures. Diagram represent the molecular signaling pathways and their implications for synaptic dysfunction in neurological, neuropsychiatric, and neurodevelopmental disorders. mTOR in neurogenesis and synaptic dysfunction is crucial to understanding these conditions. Abbreviation: ER; Endoplasmic reticulum, SV2A; Synaptic vesicle glycoprotein 2A, VAMP2; Vesicle associated membrane protein 2,  TrkB; Tropomycin receptor kinase B,  BDNF; Brain derived neurotrophic factor, AMPAR; AMPA-type ionotropic glutamate receptor, SCN1A; Sodium Voltage-gated channel alpha subunit 1; PSD95; Postsynaptic data 95, SHANKs; SH3 and multiple ankyrin repeat domains, CaM; Calmodulin, NMDAR; N-methyl-D-aspartate receptor, MMP-9; matrix metalloproteinase-9, IGF; Insulin like growth factor, IGFR; Insulin like growth factor receptor, mGluR; metabotropic glutamate receptors, PIKE; Phosphoinositide Kinase-3 Enhancer, PTEN; Phosphatases and tensin homolog, PI3K; inositol trisphosphate receptors, AKT; protein kinase B, TSC1; Tuberous sclerosis 1, TSC2; Tuberous sclerosis 2, mTORC1; Mammalian target of rapamycin complex 1, FMRP; Fragile X mental retardation protein, LTP; Long-Term Potentiation, CAMKII; Ca2+/calmodulin-dependent protein kinase II, SYNGAPI; Synaptic Ras-GTPase activating protein 1, Ras-GDP; Ras-Guanosine diphosphate, MEK; mitogen-activated protein kinase, ERK; Extracellular Signal-Regulated Kinase, ARC; Cytoskeleton Associated Protein, UBE3A; Ubiquitin Protein Ligase E3A.  
Both cAMP and cGMP activate their respective target enzymes, PKA and PKG, which play critical role in synaptic strengthening, particularly during LTP (Bollen et al., 2014). However, activation of GPCR regulates neurotransmitter release, post-synaptic receptor signaling, neurite outgrowth, spine formation, and enhance cAMP levels, which activates PKA signaling (Waltereit & Weller, 2003). cAMP is produced from ATP in the response to extracellular signal such as hormone, growth factor, and neurotransmitter by adenyl cyclase enzyme. Recent report suggested that cyclin-dependent kinase 5 (Cdk5) counteract with cAMP/PKA signaling and contributes their regulation of CNS function in NDD and neuropsychiatric disorder (Hu et al., 2017). PKA can phosphorylates various proteins, including CREB, which promotes transcription involved in synaptic remodeling and formation of new proteins. However, JNK-PI3K-AKT pathway (Fig.2) involved in cellular process such as growth, survival differentiation, apoptosis, metabolic function, and synaptic plasticity (Hilton et al., 2009). AKT activation modulate trafficking of AMPA receptors, which are involved in fast excitatory neurotransmission to synapse, thereby contributing to synaptic potentiation. Experimental data suggest that PI3K/AKT pathway may be an opportunity for therapeutic intervention in AD (Kumar & Bansal, 2022). In addition, PI3K-AKT pathway is promising pathway in neurons, particularly in regions associated with emotional regulation, and it plays a key role in modulating mood disorders (Guo et al., 2024). However, the exact function and underlying mechanisms of the PI3K/AKT pathway in depression remain unexplored (Fig 4). The cellular and molecular mechanism of psychiatric illness have not been evaluated; however, it seems that PI3K, AKT, and GSK3 and their downstream molecules have key role in psychiatric illness. However, molecular mechanisms underlying synaptic dysfunction associated psychiatric illnesses have not been fully explored. It appears that PI3K, AKT, and GSK3 pathways, along with their downstream molecules, play a key role in the pathogenesis of these disorders. Understanding involvement of the PI3K/AKT/GSK3 pathways offers new insights into molecular mechanisms of mental health conditions and could pave way for the development of novel diagnostic and therapeutic targets (Matsuda et al., 2019). 
mTOR is a serine and threonine protein kinase and a central regulator of molecular, cellular, and behavioral processes implicated in neurodegenerative, neurodevelopmental disorders (NDDs), neuropsychiatric disorders (NPDs), and SMIs (Kaur & Sharma, 2017). Genetic mutations and traumatic brain injury (TBI) can lead to hyperactivation of the mTOR pathway, which in turn triggers neuroinflammation in NDDs, NPDs, and SMIs (Benito & Barco, 2010). This dysregulation contributes to a range of neurological impairments, including astrogliosis, blood-brain barrier (BBB) dysfunction, cellular senescence, channelopathies, altered dendritic plasticity, extracellular matrix remodeling, impaired neurogenesis and autophagy, microgliosis, and activation of the immune proteasome (Ravizza et al., 2024)(Ma et al., 2010). Activation of mTOR is associated with protein translation necessary for the maintenance of LTP and synaptic strengthening, scaling and homeostatic plasticity (Fig 2). mTOR signaling is also crucial for protein synthesis involved in the maintenance of long-term potentiation (LTP) and maintaining synaptic strength, scaling, and homeostatic plasticity (Fig. 2) (ZAROGOULIDIS et al., 2014). mTOR function through two distinct protein complexes: mTOR Complex 1 (mTORC1), which primarily regulates protein translation and cell growth (Alessi et al., 2009; Huang et al., 2013; Szwed et al., 2021). However, mTOR Complex 2 (mTORC2) regulates the FoxO1 and FoxO3 to upregulate the c-Myc. 
Impairment of the MAPK/ERK pathways is associated with altered synaptic pathophysiology (Albert-Gascó et al., 2020). Activation of these pathways leads to phosphorylation of CREB, a key transcription factor that regulates gene expression involved in synaptic remodeling and long-term potentiation (LTP) consolidation (Benito & Barco, 2010). ERK activates CREB phosphorylation through BDNF signaling, thereby promoting protein synthesis. BDNF, which is highly expressed in the brain, plays a crucial role in synaptic plasticity by enhancing synaptic growth and strengthening (Lu et al., 2014). In addition, BDNF also plays a pivotal role in hippocampal long-term potentiation (LTP), a sustained enhancement in synaptic strength that is widely considered a molecular basis for learning and memory. Upon binding to TrkB receptors, BDNF activates downstream signaling cascade, most notably the PI3K/AKT and MAPK/ERK pathways (Fig.1) which contribute to enhanced synaptic function and plasticity (Tejeda & Díaz-Guerra, 2017). Therefore, the BDNF signaling pathway is essential for regulating LTP and memory formation. BDNF receptor TrkB dysfunction, and its downstream effectors results in aberrant neurotrophic signaling, which disrupts actin remodeling and dendritic arborization.
MicroRNAs are small molecules (18–22 nucleotides) that exert broad regulatory control over the translation and degradation of target genes, thereby modulating synaptic plasticity (Ye et al., 2016). MicroRNA expression is restricted to specific neuronal compartments, including axons, dendrites, and other distinct regions. Analysis of the 3′-untranslated regions (3′-UTRs) of 242 presynaptic and 304 postsynaptic mRNAs gene expression revealed that 91% are predicted to be regulated by microRNAs (Paschou et al., 2012). An interaction map reveals that microRNAs associate with their target genes, with only a limited subset of microRNAs regulating presynaptic and postsynaptic proteins. Inhibition of microRNA-134-5p has been shown to restore long-term neuronal plasticity and enhance synaptic tagging of key proteins such as LIMK-1 and CREB (Baby et al., 2020) to influence synaptic strength, neuronal connectivity, cerebral ischemia, and circuit function. Moreover, MicroRNA-134-5p localize to synaptic-dendritic spine box of rat hippocampal neurons and negatively regulates dendritic spines and postsynaptic sites of excitatory synaptic transmission (Schratt et al., 2006). It targets key regulators of the cytoskeleton dynamics by modulating the mRNA expression. 
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Figure 3: The gut-brain axis plays a critical role in maintaining synaptic health. Dysbiosis of the gut microbiota disrupts the intestinal barrier, leading to systemic inflammation, activation of microglia, and increased production of neuroinflammatory cytokines. These changes contribute to synaptic dysfunction and impaired plasticity in the CNS. Microbial metabolites, including SCFAs, and bile acids, modulate neuronal signaling, neurotransmitter synthesis, and synaptic integrity. Targeting gut microbiota through probiotics, prebiotics, or dietary interventions offers a promising approach for improving synaptic deficits in individuals with neurodegenerative and neuropsychiatric disorders.
Microbiota plays a critical role in prevention and management of NDD through associated signaling pathways by metabolites that influence neuronal activity, activates nerves, which in turn triggers microglial activation and synaptic dysfunction (Bairamian et al., 2022a) (Fig.3). A fiber deficient diet which alters gut microbiota and impaired cognative brain functional elements through the gut-brain axis (Shi et al., 2021). Preclinical evidence and clinical studies suggest that gut microbiota is key factor for promoting brain health and neuroprotection by releasing the SCFAs. The interaction between microbiota and host is promising for answering clinical question that have so far escaped clarification. The Implication of microbiota that will be beneficial for the development of therapeutic interventions against NDDs and disorder. Altered microbial diversity triggers microglial activation, which subsequently induces oxidative stress and neuroinflammation, ultimately leading to synaptic dysfunction. Metabolites released by gut microbiota and permeabilized to enter bloodstream travel to the brain, where they activate microglia. This triggers release of proinflammatory molecules, disrupting the interaction between microglia and neurons (Wilton et al., 2019). Selective elimination of synaptic connection is the ultimate requirement for neuronal circuit maturation. Synapses in both juvenile and mature brains undergo continuous remodeling, with ongoing formation and elimination of dendritic spines (Chung & Barres, 2012). Elimination of defective synapse by glia with process of release of specific molecules, and phagocytes (Terni et al., 2017). Glial derived cholesterol helps to form synapse which help for numerous and efficient synapse (Kim et al., 2020a).
Impaired signaling pathways contributes to synaptic dysregulation in neurodegenerative disease: AD is characterized by the progressive cognitive decline in older individuals, accompanied by two pathological protein aggregates amyloid-β and phosphorylated tau (Tzioras et al., 2023). Non-fibrillar forms of A are the mediators of synaptic insult, and correlated with severity of dementia, and potential target of therapeutic interventions (Shankar & Walsh, 2009). However, neurons permanently withdraw from a cell cycle to form synaptic connection and reshape in the process of ongoing structural adaptation (Arendt, 2009). The brain's immense complexity and the intricate molecular interactions between these pathways pose significant challenges in developing effective drugs. Disorders such as Alzheimer's disease (AD), Parkinson's disease (PD), motor neuron disease (MND), multiple sclerosis (MS), schizophrenia (Schizophrenia), bipolar disorder (BD), chronic stress (CS), depression, intellectual disabilities (ID), and sleep disorders share common molecular signaling pathways that play crucial roles in disease progression and development.
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Figure 4: The amyloid precursor protein (APP) undergoes a series of precise enzymatic cleavages by α-, β-, and γ-secretases, which determine its molecular fate. When cleaved along the amyloidogenic pathway by β- and γ-secretases, APP fragments into amyloid-β (Aβ) peptides. These peptides possess a remarkable tendency to self-aggregate, initially forming soluble oligomers, which coalesce into protofilaments and then twist into long fibrillar structures. Over time, these fibrils accumulate to form dense amyloid plaques, the pathological hallmark of Alzheimer’s disease. The growing plaques disrupt neuronal communication, impair synaptic function, and ultimately trigger neurodegenerative cascades that compromise brain integrity and cognition.
The molecular mechanisms underlying Alzheimer's disease (AD) are still not fully understood, although several keys signaling pathways are involved (Fig4). These include tau protein, amyloid-beta plaques (Fig1), and synaptic vesicle (SV) proteins (Table 1), alongside processes such as long-term potentiation (LTP), long-term depression (LTD), and dendritic spine dysfunction (DSD). Autophagy, a critical cellular process, plays a key role in maintaining cellular homeostasis by degrading pathogenic proteins associated with AD (Gadhave et al., 2021). Molecular targets and signaling pathways such as cGAS-STING, RAGE, NLRP3, TREM2, CSF1R, NFκB, PD-1/PD-L1, TRAIL, p38 MAPK and PKC play a crucial role in progression of AD (Falcicchia et al., 2020; Kumari et al., 2023; Nelson et al., 2008). However, neuroinflammation and immune responses may significantly contribute to microglial activation through release of proinflammatory cytokines (such as TNF-alpha, IL-1β, and IL-6) and other factors (Wang et al., 2015). This microglial activation and subsequent cytokine release are linked to impaired synaptic function and neurodegeneration (Smith et al., 2012).
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Figure 5: Molecular mechanism of the Synaptic dysfunction associated with chronic stress and depression. Neurotransmitter dysregulation encompasses impaired synaptic plasticity leads to synaptic dysfunction. Synaptic dysfunction activates neuroinflammatory molecules such as TNF-⍶, IL-1 Beta, and IL-6. However, HPA axis dysfunction stimulates the chronic stress by the cortisol with simultaneous communication with pituitary-adrenal organ and hypothalamus. Abbreviation: TrkB; Tropomycin receptor kinase B, BDNF; Brain derived neurotrophic factor, ERK; Extracellular Signal-Regulated Kinase, mTORC1; Mammalian target of rapamycin complex, PSD95, GluA1. 	
Parkinson Disease (PD) pathology is associated with synaptic impairment (Bellani et al., 2010) and molecular mechanism associated with degeneration of dopaminergic (DA) neurons in nigrostriatal pathway that project to the striatum (Bagetta et al., 2010; Picconi et al., 2012). Understanding altered form of synaptic changes comes from the studies of electrophysiological, molecular and behavioral analysis of experimental animal model (Schirinzi et al., 2016). However, Alpha-synuclein is an unfolded protein that plays a critical role in synaptic regulation by interacting with cytosolic and synaptic proteins. Its aggregation can lead to dysfunction and degeneration, which are hallmark pathological features of PD brain (Bellucci et al., 2012). The sodium current and synaptic activity of DA neuron derived from iPSC of PD patients with specific E326K-GBA1 mutation (Rosh et al., 2024).  
Motor neuron disease (MND) is characterized by motor neuron degeneration, muscle weakness, coordination loss, and ultimately paralysis and altered function of SOD1, TDP-43, FUS, and C9orf72, and mitochondrial dysregulation (Riva et al., 2024). Genetic factors, environmental toxicity, chemicals, heavy metals, age, gender, and family history are most common cause of MND. Experimental data from human patients, in-vitro studies, and animal models suggest that targeting neuromuscular synapse could be a promising therapeutic approach, specifically addressing neuromuscular synaptic vulnerability and pathology (Lepeta et al., 2016). The synaptic proteome is extremely vulnerable in MND, and impact of protein aggregates of RNA binding protein such as TDP-43 and those fused in sarcoma (FUS) must be considered. These proteins interact with ubiquitin proteasome degradation pathways (Fig.2) to eliminate the nonfunctional protein (Ling et al., 2013). 
Schizophrenia is characterized by widespread neurocognitive corrosion and absence of pathological manifestation due to improper synaptic transmission (Yin et al., 2012c, 2012a). Glutamatergic, GABAergic, dopaminergic, and cholinergic synapse are impaired in schizophrenia to discuss potential role of genes (Yin et al., 2012d). NMDA receptor hypofunction (Snyder & Gao, 2013), GABAergic interneuron dysfunction (Nakazawa et al., 2012), and synaptic pruning dysregulation (Nakazawa et al., 2012), impaired LTP, and LTD (Frantseva et al., 2008) are major molecular and cognitive pathways involved in schizophrenia. Previous studies have shown that synaptic impairment such as decrease in dendritic spine density have been shown functionally impaired. However, recent report suggests, that impairment in postsynaptic density elements, glutamate receptors, and ion channels have been associated with schizophrenia (Iasevoli et al., 2014; Yin et al., 2012d). 
[image: ]
Figure 6: Activated microglia in MS patients brain release reactive oxygen species and proinflammatory cytokines such as TNF-alpha, IL-1beta, and IFN-Gamma, and increase ROS levels leads to disrupt postsynaptic transmission and ultimately demyelination and oligodendrocyte cell death. These proinflammatory cytokines stimulate excitotoxicity and disrupted synaptic plasticity. ROS-proinflammatory microglia-astrocyte signaling promotes synapse damage. Astrocytes secrete neuroinflammatory factors to release the neuron and synapse loss. Abbreviation: TNF-alpha; Tumor necrosis factor, ROS; Reactive Oxygen Species, IL-1Beta; Interleukin-1 Beta, IFN-Gamma; Interferon-Gamma. 
Multiple sclerosis (MS) is a clinically approved chronic autoimmune inflammatory disease of the white matter (Filippi & Rocca, 2020), however, research confronting that gray matter pathophysiology as major contributing factor of MS (Bellingacci et al., 2021b). However, MS is demyelination associated with sensory as well as motor impairment, SD is increasingly recognized as a key contributor to cognitive and behavior symptoms. Inflammation induced impairment in synaptic transmission have been investigated in in vitro and human MS patients using transcranial magnetic stimulation (TMS) techniques (Stampanoni Bassi et al., 2017).These neuroinflammatory alteration in synaptic plasticity contribute to pathological and cognitive impairments in MS patients (Di Filippo et al., 2018). Enhanced ROS in the reactive microglia will be responsible for augmented increase in proinflammatory cytokines in the synaptic machinery of MS patients (Fig.6). 
Ischemic stroke (IC) is an acute cerebrovascular disease in which brain experiences decreased level of blood flow and oxygen, leading to neuronal damage and synaptic dysfunction (Hu et al., 2017). After ischemic stroke, the entire brain become ischemic, which causes synaptic damage, resulting neurological dysfunction. Another study of MCAO mouse model of cerebral stroke, SNAP-29 was associated with low level, and volume of presynaptic readily releasable pool was reduced, which resulted abnormal neurological function (Yan et al., 2021). The human brain consumes 30% energy involved in synaptic transmission and cerebral ischemia impairs mitochondrial dynamics by reduced ATP secretion and antioxidant enzymes (Fig.7) (Khatri & Man, 2013). Synaptic density decreases one month after the stroke and further declining. However, SWELL1 receptor present on astrocyte, can trigger the generation of slow inward current (SIC) current with over-activation of extra-synaptic NMDA receptors (Yang et al., 2019). Mitochondrial ATP play a crucial role in providing energy necessary to facilitate neurotransmitter release, synaptic vesicle recycling (Pathak et al., 2015), and calcium buffering. SD is the earliest consequence of stroke due to impaired neurotransmitter release, ATP-dependent calcium channels, and fusion of glutamate containing SV (Hofmeijer & van Putten, 2012). Astrocyte may regulate synaptic transmission, while having potentially blocking or repairing synaptic dysfunction in stroke-associated ischemic brain damage (Yamagata, 2021). In stroke, astrocyte can release excessive glutamate, leading to excitotoxicity, where neurons are overstimulated and finally neuronal cell death. Microglia-macrophages-mediated phagocytosis is necessary to clear synaptic debris and beneficial for brain recovery. Therefore, protecting and re-shaping synaptic function during subsequent stroke treatment are critical strategies for intervention. Several phytochemicals and essential oils are beneficial for reversing the synaptic defects in stroke patients. 
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Figure 7: Cerebral ischemia triggers secretion of ATP from the mitochondrial which stimulates Na+ and Ca2+ influx at the presynaptic terminal, promoting release of neurotransmitters from synaptic vesicles. The release of Na+ and Ca2+ further activates discharge of neurotransmitters from these vesicles. Abbreviation: NHEs; Na+-H+ exchanger, NKA; neurokinin A, AMPAR; AMPA receptor, NMDAR; N-methyl-D-aspartate receptor, mGluR; Metabotropic glutamate receptors, and SIC; slow inward current. 
Bipolar disorder (BD) is prolonged and severe depressive illness characterized by mood swings and depression (Wartchow et al., 2023). Furthermore, mood swings can alter sleep, energy level, judgment, intelligence, and behavior. BD is believed to develop from a combination of genetic, biochemical, and environmental factors, including family history, neurochemical imbalances, stress, and changes in brain structure and function. Protein biomarkers such as NPTX1, NPTX2, and NPTX-receptor, 14–3-3 protein family epsilon, and zeta/delta, which activate protein-2 complex subunit beta, synucleins, beta-synuclein and gamma-synuclein, complexin-2, phosphatidylethanolamine-binding protein 1, rabGDP dissociation inhibitor alpha, syntaxis 1B and 7 of the cerebrospinal fluid of SD of patients with BD, are not significantly different (Knorr et al., 2024).   
Depression is multicausal, with diminished size of hippocampal brain regions that regulate the cognition, synaptic activity, and neurogenesis (Bansal & Kuhad, 2016; He et al., 2023; J. Q. Wang & Mao, 2019). Depression is highly associated with a high risk of cancer, dementia, diabetes, epilepsy, cardiovascular, and stroke (Lepack et al., 2016). However, mitochondria play key role in many intracellular processes coupled to synaptic plasticity and cellular resilience in depressive illness by ATP production, intracellular Ca2+ signaling, proinflammatory cytokines production (Fig.7), and ROS balance, and to execute complex process of neurotransmission and synaptic plasticity (Bansal & Kuhad, 2016). Increasing evidence support a pivotal role of MAPK signaling pathways, particularly crucial role of ERK in various aspects of synaptic plasticity in depression. ERK activators (Lepack et al., 2016), neurotrophic factors (CASTREN et al., 2007), Ketamine (Zanos & Gould, 2018) and NMDA antagonists (Pochwat et al., 2019) have shown rapid antidepressant-like effect, partially through activation of ERK pathways, highlighting their potential as targets for novel antidepressant therapies. 
Aberrant synaptic physiology may contribute to neurodevelopmental disorders such as autism, down syndrome, intellectual disability, startle disease, and epilepsy: Impaired synapse physiology associates to neurodevelopmental disorders such as autism, down syndrome, startle disease, and epilepsy. Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by repetitive behavior and limited interest, and impaired social behavior (Lima Caldeira et al., 2019). It is group of developmental psychiatric disorder characterized by imparted social interaction and communication and restricted, repetitive, and stereotyped behaviors and interests (Zoghbi and Bear 2012). It may be hypothesized that ASD may be due to the disruption of expression dependent synaptic development and function resulting in an imbalance between excitation and inhibition of brain.  mTOR/P13K pathway associated with abnormal cellular and synaptic growth rate, however, NRXN-NLGN-SHANK pathway is associated with synaptogenesis and imbalances between excitatory and inhibitory current abnormal synaptic homeostasis as a risk factor to ASD. 
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Figure 8: Molecular changes associated with synaptic defects in intellectual disability. The schematic illustrates proposed organization of the protein network at the excitatory synapse, highlighting key proteins whose mutations are commonly associated with intellectual disability (ID). Abbreviations: RhoGAP2 – Rho GTPase Activating Protein 22; PTP – protein tyrosine phosphatase delta; NMDAR–N-methyl-D-aspartate Receptor; AMPAR – Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid Receptor; NLG – neuroligin; JNK – Jun N-terminal kinase; PSD-95 – postsynaptic density-95.
Down syndrome is associated with presence of extra-human chromosome 21 (HSA21) and stunted growth, aging, and cognitive impairment (X.-Q. Chen, 2023). In both ID and ASD, abnormalities in translation and mutation in CNTNAP2, FMR1, and MECP2 are often linked to the synaptic dysfunction and altered neural connections. The major pathological characteristics of ID are developmental, social communication, and cognitive function defects (Fig.8). Glutamate, and GABA imbalances are very common in this disorder. 

Sleep deprivation (partial or total) has been increasingly linked to the synaptic defects and disruption to the brain plasticity affecting both cognitive and emotional functions (Basheer et al., 2005; Bishir et al., 2020; Cirelli, 2013a) (Cirelli, 2013b) (Fig.7). Sleep deprivation induces the impairment of NMDA receptor signaling, leads to diminished LTP, and altered glutamate, GABA, dopamine, serotonin level, affecting excitatory and inhibitory balance. Sleep deprivation impairs memory, tau metabolism, and synaptic integrity in mouse model of AD (Moreno-López & Gonzáylez-Forero, 2006). Effect of sleep deprivation on the development of AD phenotype in transgenic mouse is associated with lower level of PSD-95 and increased GFAP (Di Meco et al., 2014).  However, few studies suggested that chronic sleep deprivation exacerbates the learning-memory disability, and AD-like pathology, and impairs the synaptic pruning. 
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Figure 9: Molecular synaptic defects with altered molecular signaling pathways associated with sleep deprivation. Sleep deprivation contributes to molecular synaptic dysregulation by inhibiting protein translation, leading to mitochondrial activation and the release of various proinflammatory cytokines and oxidative stress markers. These molecular changes are linked to cognitive impairment. Targeting translation defects through sleep-based interventions may offer therapeutic potential opportunities in sleep deprivation. Abbreviations: TNF-⍺ – tumor necrosis factor-alpha; IL-6 – interleukin-6; IL-1 – Interleukin-1; IL-8 – Interleukin-8; IL-4 – interleukin-4; IL-10 – interleukin-10; ROS – reactive oxygen species; MDA – malondialdehyde; MPO – myeloperoxidase; SOD – superoxide dismutase; GPx – glutathione peroxidase; sGSH – reduced glutathione.
Single gene mutations linked to synaptic loss can broadly separate into three categories such as disorders of transcriptional regulation, synaptic signaling, and scaffolding (Zieger & Choquet, 2021). Circulating β2-microglobulin impairs synaptic function by inhibiting NMDA receptor stimulation and provides a potential novel therapeutic target to combat cognitive deficits at early ages (Gao et al., 2023). Epilepsy is a manifestation of seizure caused by reorganization of the neural network. Epileptic activity causes alterations in the subunit composition of presynaptic receptors, impairment of synaptic plasticity, and morphological changes in microglia (Zaitsev et al., 2021). Microglia release the several different types of gliotransmitters and cytokines to alter the synaptic structure, function, and transmission (Du et al., 2022). Super-resolution microscopy has revealed nanoscale distribution of pre and postsynaptic proteins at synapses, highlighting the precise alignment of neurotransmitter release with receptor placement across the synaptic gap (Fukata & Fukata, 2017). Molecular mechanism underlying pathogenesis of epileptic phenotype observed in transgenic mice (Fassio et al., 2011).  SD plays critical role in pathophysiology of neurodevelopmental disorders such as ID and ASD, which originate from genetic defects in synaptic proteins (Zoghbi & Bear, 2012b). In ASD, studies have shown that excitatory-inhibitory balance in brain may be disrupted leading to hypersensitivity to stimuli which affects the social behavior and sensory processing (Marizzoni et al., 2017).

Table 2: List of selected drugs in used in clinical development phase I, II, and III that target synapse function and loss.
	Drug Name
	Therapeutic Target
	Modality and administration
	Properties
	Company
	Development Status
	References

	ALTO-100
	BDNF
	Agonist and Oral
	Hippocampal Neuroplasticity
	Alto Neuroscience
	Phase II in MDD, Phase IIb in MDD
	(Jordan et al., 2024)
	ALTO-101
	PDE4
	PDE4 Inhibitor and Transdermal
	Enhance Plasticity and Neurogenesis
	Alto Neuroscience
	Phase I in
SCZ
	(Jordan et al., 2024)
	ALTO-202
	NMDA-NR2B
	NMDA Antagonist
	Enhances Synaptic Plasticity
	Alto Neuroscience
	Phase I in
MDD
	(Patel, 2024)
	ALTO-300
	5-HT2C serotonin receptor antagonist
	Antagonist
	Antidepressant & Circadian Resynchronization
	Alto Neuroscience
	Phase IIb in MDD
	(Etkin, 2024)
	ALTO-203
	H3 Receptor
	Inverse Agonist
	Antidepressant
	Alto Neuroscience
	Phase II in PTSR
	(Philippidis, 2024)
	CAD-9303
	NMDAR
	PAM
	NMDAR Potentiator
	Cadent Therapeutics
	Phase I in
SCZ
	(Timmins, 2021)
	SAGE-718
	NMDAR
	PAM
	NMDAR Potentiator
	Sage Therapeutics
	Phase III in HD, Phase II in AD, Phase II in PD
	(Hill et al., 2022)
	MIJ821
	NMDAR
	SM NAM
	GluN2B and NMDAR Inhibitor
	Novartis
	Phase II in TRD, Phase II in MDD
	(Ghaemi et al., 2021; Gomez‐Mancilla et al., 2023)

	Memantine
	NMDAR
	SM Blocker
	NMDAR, nAChR, and 5-HTR inhibitor
	Forest Laboratory
	Phase III in AD
	(Peskind et al., 2006; Rogawski & Wenk, 2003)
	ALX-001
	mGluR5
	SAM
	Inhibiting Astrocyte Synapse
	Allyx Therapeutics
	  Phase I in AD.  

	(Zagorski & D’Arrigo, 2024)

	GDC-0134
	DLK
	SM Antagonist
	DLK inhibitor
	Genentech
	   Phase I in ALS
	(Katz et al., 2022)

	NB-4746
	SARM1
	SM Inhibitor
	SARM1 Inhibitor
	Nura Bio
	Phase I in ALS and other neurodegenerative disease
	(Geisler, 2024)

	PRO-101
	MAP4K
	SM Inhibitor
	MAP4K Inhibitor
	ProJenX
	Phase I in ALS
	(Tapley & Vickery, 2004)

	ALOO2
	TREM2
	Agonist Antibody
	TREM2 activation
	Alector
	Phase II in AD
	(Long et al., 2024)
	VGL101
	TREM2
	Agonist Antibody
	TREM2 activation
	Vigil
	Phase II in ALSP
	

	GRF6019
	Unknown
	Plasma 
Fraction
	Factors in plasma fraction not disclosed
	Alkahest
	Phase II in AD
	(Long et al., 2024)

	GRF6021
	Unknown
	Plasma 
Fraction
	Factors in plasma fraction not disclosed
	Alkahest
	Phase II in PD
	(Degirmenci et al., 2023)

	ANX005
	C1q
	Blocking Antibody
	C1q inhibition
	Annexon Biosciences
	Phase II in HD, Phase II in ALS
	(Genge et al., 2024)
	Levetiracetam
	SV2A
	SM ligand
	Precise Mechanism unclear
	Water Reed
	Phase II in AD
	(Sen et al., 2021)

	AGB-101
	SV2A
	SM ligand
	Low dose levetiracetam formulation
	Agene Bio
	Phase II or III in AD, Phase II in PD, and FDA Approved
	(Mohs et al., 2024)
	Allopregnanolone
	GABAAR
	PAM
	-Subunit GABAAR Potentiator
	Sage Therapeutics
	FDA Approved, and Phase II and III PPD
	(Powell et al., 2020)
	Donanemab
	Amyloid-
	Immunotherapy
	Removing Plaque
	Eli Lilly and, Company
	Phase II in AD
	(Jayaprakash & Elumalai, 2024; Loeffler, 2023)
	Lecanemab
	anti–beta-amyloid
	monoclonal antibody
	Removes Plaque and improve Cognition
	Eisai Ltd
	Phase II and III in AD
	(Vitek et al., 2023)
	Donepezil
	Acetylcholinesterase inhibitor
	Enhances cholinergic transmission
	Cognitive Enhancer, and Improves the memory
	Eisai Ltd
	Phase III in breast cancer with cognitive impairment, and Phase I, II, III, IV in AD
	(Rapp et al., 2024)
	Rivastigmine
	Acetylcholinesterase inhibitor
	Improves gait stability
	Parkinson Disease with Dementia
	Eisai Ltd
	Phase I, II, III in AD and PD
	(Mamikonyan et al., 2015; Spencer & Noble, 1998)
	Galantamine
	Acetylcholinesterase inhibitor
	Allosteric modulator of nAChRs
	Control Dementia
	Akeda Pharmaceutical Company
	Phase I, II in AD
	(Raskind et al., 2000)

Abbreviation: PTSR; posttraumatic stress disorder, BDNF; brain-derived neurotrophic factor, PDE4; phosphodiesterase 4, SCZ; schizophrenia, NMDAR; N-methyl-D-aspartate, PAM; positive allosteric modulator, SAM; silent allosteric modulator, MDD; major depressive disorder, ALSP; axonal spheroid and pigmented glia , DLK; dual leucine zipper kinase, SARM1; sterile alpha and TIR motif containing 1, TREM2; triggering receptor expressed on myeloid cells 2, C1q; Complement component 1q, MAP4K; mitogen-activated protein kinase kinase kinase kinase 1, SV2A; synaptic vesicle glycoprotein 2A, GABAAR; γ-aminobutyric acid receptor, PPD; postpartum depression, nAChRs; nicotinic acetylcholine receptors.
Association of synaptic impairment with dementia, cardiovascular and metabolic diseases: Dementia is progressive brain disease that affects the memory, reasoning, communication and growing challenge in near future. However, cardiovascular impairments like heart failure (Fig 10), hypertension, obesity, diabetes, insulin resistance, and arrhythmias can contribute to cognitive decline, a clinical condition known as cardiogenic dementia (Soda et al., 2024a). Dementia is also linked to synaptic dysfunction as well as regulation with cardiovascular impairment. Strong epidemiological and experimental evidence suggests that the heart-brain axis (HBA) plays a crucial role in cardiogenic dementia, with heart failure contributes to impairment in the CA1 region of the hippocampus (Soda et al., 2024b). Nitric oxide is ubiquitous gaseous cellular messenger and has role in regulating synaptic plasticity and vascular dementia(Zhang et al., 2025). Disrupted activation of synaptic endothelial nitric oxide synthase is associated with impaired hippocampal LTP. Targeting nitric oxide-sGC-cGMP pathway (Zhang et al., 2025) may provide the novel therapeutic target for vascular dementia. However, metabolic Syndrome (MetS) are associated with memory loss, anxiety and depression (Butnoriene et al., 2015). NO is involved in activation of ERK and CaMKII(Moosavi et al., 2014), participate as intracellular signaling, RNA splicing, ROS production, cytoskeleton remodeling (Moreno-López & Gonzáylez-Forero, 2006), and protein-protein interaction (Yong & Song, 2024). Mechanism associated with MetS are down-regulation of energy availability, increase toxic metabolites, decrease neurotransmitter synthesis, and mitochondrial dysfunction.  
[image: ]
Figure 10: Molecular Mechanism of synaptic defects underlying LTP in the hippocampus during the heart attack. LTP associated signaling pathways mediated by N-methyl-D-aspartate receptors and Calcium ions participating the cardiogenic dementia. At excitatory synapses, synaptic plasticity is primarily mediated by alteration in postsynaptic ionotropic glutamate receptors, particularly alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors.   
Table 3: List of preclinical drugs, along with their pharmacological actions, recommended doses, and the model systems used to evaluate therapeutic molecules for specific neurodegenerative diseases. 
	Drug
	Pharmacological Action
	Dose
	Model System
	Molecular Mechanism
	Disorder
	References

	RS-0406
	β-sheet breaker
	10–100 μg/ml in vitro
	In vitro and in vivo
	Fibrillogenesis inhibitor
	AD
	(Nakagami et al., 2002; O’Hare et al., 2010)
	RS-0466
	ΒAI
	3.3g/ml in vitro
	In vitro
	NA
	AD
	(Kubo et al., 2003)
	RS-4252
	BAI
	3.3 g/ml in vitro
	In vitro
	NA
	AD
	(Nishimura et al., 2003)
	DAMP
	GSI
	IC5010nM
	In vitro
	NA
	AD
	(Walsh et al., 2002)
	MWIII-20
	GSI
	IC5010nM
	In vitro
	NA
	AD
	(Walsh et al., 2002)
	MRK-560
	GSI
	IC500.6nMOral (100 mg/Kg) Rats
	In vitro and In vivo
	Selective inhibitor of PSI
	AD
	(Best et al., 2007; X. Guo et al., 2022; G. Wu et al., 2015)
	CHF5074
	-secretase modulator
	IC503.6 & 18.4M and mice (375 ppm)
	In vitro and In vivo
	Reduced β-amyloid burden
	AD
	(Imbimbo et al., 2009)
	Monoclonal antibody 6E10
	Anti-amyloid monoclonal antibodies
	NA
	NA
	4-6 residue Epitope
	AD
	(Baghallab et al., 2018)
	Monoclonal antibody 4G8
	Anti-amyloid monoclonal antibodies
	NA
	NA
	18–23 residue epitope
	AD
	(Baghallab et al., 2018)
	Anti-PrP mAb 6D11
	Block hippocampal-mediated toxicity of Aβ oligomers
	APP/PS1 transgenic mice
	ICV injection of 5l
	Promotes neurogenesis in hippocampal cells.
	AD
	(R. Li et al., 2021)
	SPG302
	Unknown
	30 mg/kg, ip
	In vivo
	PSD95 and AMPR Pathways
	AD
	(Trujillo-Estrada et al., 2021)
	AR-A014418
	GSK-3β inhibitor
	15 and 10mg/kg i. p
	In Vivo, HFD fed mice
	NA
	AD
	(Sharma & Taliyan, 2017)
	Lithium Carbonate
	GSK-3 inhibitor
	150-600 mg daily, Lowe oral Dose
	Human Patients
	NA
	AD and BD
	(Malhi & Tanious, 2011; Tariot & Aisen, 2009)
	Kenpaullone
	GSK3β inhibitor
	EC5090nM
	In vitro and in vivo
	KCC2 pathways
	Pain
	(Yeo et al., 2021)
	CT 99021 and CT 20026
	GSK3β inhibitor
	Unknown
	In vitro and in vivo
	Unknown
	AD, T2DM
	(Wagman et al., 2004)

Abbreviation: AD: Alzheimer Disease, RS-0406: N, N′-bis(3-hydroxyphenyl) pyridazine-3,6-diamine, BAI; Beta amylase inhibitor, GSI; gamma secretase inhibitor, RS-0466: 6‐Ethyl‐N, N′‐bis (3‐hydroxyphenyl) [1, 3, 5] triazine‐2, 4‐diamine, RS-4252:4-(7-hydroxy-2,2,4-trimethyl-chroman-4-yl) benzene-1,3-diol, MRK-560: N-[cis-4-[(4-Chlorophenyl) sulfonyl]-4-(2,5-difluorophenyl) cyclohexyl]-1,1,1-trifluoromethanesulfonam (Placeholder14)ide, CHF5074:1-(3′,4′-dichloro-2-fluoro[1,1′-biphenyl]-4-yl)-cyclopropanecarboxylic acid, PSI: Presenilin 1, ICV: Intracerebroventricular, T2DM: Type 2 Diabetes mellitus, NA; Not available. 
Molecular changes of synaptic dysfunction in diabetes, hypertension, and other diseases: Glutamate is primary excitatory neurotransmitters in the CNS, playing crucial role in the synaptic plasticity, learning, and memory. However, Glutamate receptors are the broadly classified into two categories: 1) Ionotropic glutamate receptors (iGuRs) which includes the NMDA, AMPA, and Kainate receptors, 2) Metabotropic glutamate receptors which includes GPCR-I, II, and III. The major molecular mechanism involves are impairment of glutamate-receptor and protein kinases in elderly population associated with diabetes. Multifactorial pathogenesis of diabetic encephalopathy is not yet completely understood (Gispen WH, Biessels GJ.  2010), however, molecular mechanism for unravelling still the subject of concern. Glutamate receptors are involved in LTP in the diabetic model (Trudean et al., 2004). Diabetes is the major risk factor for dementia. However, recent studies suggested that epigenetic changes in the brain that may adversely affect the synaptic function. Additionally, significant increase in expression of HDACs Class IIa coincides with altered expression of synaptic protein (Wang et al., 2022) and Pharmacological inhibition of HDAC IIa restored synaptic plasticity (Wang et al., 2014). Another study suggested that defects in diabetic slices could be related to pre- and post-synaptic changes. However, patients with poorly managed diabetes are more likely develop to dementia and hence accelerated brain aging. Hyperglycemia impairs hippocampus, prefrontal, and endorhinal cortex-dependent spatial, temporal, and episodic memory (Khiabani et al., 2025). 
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Figure 11: Molecular mechanism of Synaptic Defects in the Metabolic syndrome involves the complex interplay of metabolic dysregulation, inflammation, oxidative stress, and impaired insulin signaling, all of which negatively impact synaptic plasticity, neuronal transmission, and neuronal health.   
NGF-p75 NTR signaling pathway is implicated in the regulation of synaptic plasticity in diabetes-induced cognitive deficit (DICD). However, the potential modulatory effect of Coenzyme Q10 (CoQ10) on this pathway and its role in restoring synaptic plasticity remains largely unexplored (Xiang et al., 2025). Hypertension is detrimental effect and independent risk factor for both vascular cognitive impairment (VCI) and AD. Hypertension with advanced age were associated with comparable decline in synaptic density in the stratum radiatus of mouse hippocampus (Tucsek et al., 2017). Hemodynamic changes developed by neuronal activity depend on the afferent inputs of all functional aspects of pre-synaptic and post-synaptic processing. 
Therapeutic targeting of synaptic impairment: Limited experimental cellular and animal models available for translating preclinical therapeutic interventions for reversing of impaired synaptic plasticity are challenging and cumbersome. Molecular pathway inhibitors and pharmacological interventions for preventing SD in models are encouraging tools for the study of therapeutic strategies (K. Zhao et al., 2025). However, a transgenic in vivo model is an esteemed tool to explore validation of the neuroprotective performance of drugs against NDD model. Phenotypic characterization of animals has led to electrophysiological studies to analyzing hippocampal-based synaptic transmission(Nisticò et al., 2012). Therapeutic interventions for these disorders and potential application for disease modifying strategies targeting synaptic failure for improved treatment and modification purposes. Various pharmacological interventions, such as gene therapy, personalized medicine, and drug delivery system (Arora & Baldi, 2024) have been reported to mitigate SD and improve cognitive behavior in NDD, and NPD preclinical and clinical settings (Table 2 and 3). To date, very few of these finding have resulted in target validation and successful translation into disease modifying compounds. Reporting cock-tail drug treatment to regulate the multiple pathways that cumulatively result in impeding symptoms of the disease. By utilizing the various assays ranging from immune targeting to molecular biomarker, we then interfered with molecular cascade to avoid SD before disease maturity. 
Identification of CSF Biomarker for Synaptic Impairment: Evaluation of synaptic proteins in cerebrospinal fluid (CSF) as indicators of synaptic dysfunction in individuals with cognitive disorders (Nilsson et al., 2021, and 2024). CSF biomarkers for semantic dementia include proteins such as neurogranin, α-synuclein, neuronal pentraxin-2 (NPTX2), GluR4, tau proteins, (Table 1) growth-associated protein 43 (GAP-43), and synaptotagmin-1 (Camporesi et al., 2020a). These biomarkers suggest potential implications for understanding disease, but their specificity and technical challenges involved in detecting them remain significant (Camporesi et al., 2020b). The assessment of synaptic proteins with cognitive disorders, is keen area of interest to understand the pathological alteration. 14-3-3 zeta/delta and SNAP-25 to be especially promising as a synaptic biomarker of pathophysiological changes in AD (Camporesi et al., 2020c). Neuronal Pentraxins have been identified as general indicators of neurodegeneration and associated with cognitive decline across various neurodegenerative dementias. Cognitive decline and brain atrophy were best predicted by the ratios of SNAP-25/NPTX2 and 14-3-3 zeta/delta/NPTX2. 
Molecular imaging techniques for the quantification of synaptic dysfunction: Positron emission tomography (PET) is a molecular imaging technique, that enables non-invasive imaging, characterization, and quantification of SD at cellular and molecular level. Synaptic density quantification in human brain via PET that provide clear identification of synaptic vesicle glycoprotein 2A (SV2A)(Visser et al., 2024). A recent report suggested that early degeneration of presynaptic terminal integrity, which initially occurs in the striatum during the premanifest stage, before spreading to extra-striatal regions, correlate with motor impairment in HD (Delva et al., 2022). Alpha-synuclein (αSyn) aggregation led to SD of the dopamine and non-dopamine neurons, provide the clinical management of PD (Gadhave et al., 2021). Another technique, Expansion microscopy (ExM) is state-of-the-art technique which allows nanoscale molecular imaging of synaptic proteins without damaging its promising physiological properties that ultimately overcomes limitations of the abovementioned imaging methodologies (F. Chen et al., 2015). In 2015, Dr. Edward Boyden's laboratory at MIT introduced expansion microscopy for the first time. This method allows for the physical magnification of synaptic structures with isotropic nanoscale resolution using gelation chamber, standard fluorochrome, and confocal microscopy, providing more detailed information about sample. It incorporates the principles of polyelectrolyte hydrogel which embeds biological samples and swells in water, allowing physical expansion with preserved biological properties. The expansion pulls apart anchored biomolecules in an isotropic way and creates huge gaps between each biomolecule. This novel microscopic technique is easy (Ezquerro et al., 2024) to stain, axiolateral resolution, and utilization of specific fluorophores. Densely crosslinked and penetrating polyelectrolyte hydrogel binds molecules to the polymer mesh (Wassie et al., 2019a). Subsequently, the samples become homogenized via denaturation process with use of detergent and heat or enzymatic digestion (Shahzad et al., 2024). Once gel is immersed in water, which diffuses into the hydrogel through osmotic activity, polymer chain repulsion occurs and leads to further expansion of the gel-embedded specimen, and further labelling with antibodies enables visualization of the expanded samples (Wassie et al., 2019b).  The above technique for studying ultrastructure and synaptic impairment at the nanoscale as it evenly expands sample and preserves spatial organization (Chang et al., 2017).   
Conclusion: Altered synaptic physiology is an important molecular event in various neurological, neurodegenerative, neurodevelopmental disorder, metabolic disorder, and cardiovascular disease. The exact molecular mechanism of synaptic insult pathology in above mentioned disorders is not well understood; further studies could help elucidate the molecular mechanism and pathogenic role of synaptic degeneration. Currently, only a few molecules are available for reversing synaptic insult-induced neurodegeneration. However, synaptic dysfunction in various disease conditions remains to be explored for drug development and discovery, targeting various AMPA, NMDA, and Ach receptors. Therapeutic drugs that inhibit Aβ and tau aggregation, are the primary pathogenic factors, and are key targets for therapeutic development. Beta-amyloid induced Synaptic insult through distinct cell surface receptors would be promising target for therapeutic intervention of AD and other neurological disorder. However, at present, various US FDA approved monoclonal antibodies have been developed for treatments, targeting the Aβ and Tau are still under investigation. Massive dopaminergic loss occurs in striatum region of PD which show the maladaptive forms of synaptic defects. Deterioration of synaptic connection in neural circuits is primary reason for the disease development and progression. Other structural impairment of the synapse, such as decrease in dendritic spine density, functional impairment has also been revealed development of genetic and molecular analysis. Impairment in PSD elements, glutamate receptors, and ion channels is another cause of SD. Alteration in dendritic arborization, spine density, and spine pruning might underlie the development of neuropsychiatric disorders. However, in HD polyglutamine expansion in protein huntingtin is characterized by the intraneuronal inclusion and widespread death of neurons. The normal huntingtin protein interacts with various cytoskeletal and synaptic vesicle proteins that are essential for exocytosis and endocytosis. The pivotal role of mitochondria in supporting synapse function and the concomitant occurrence of mitochondrial dysfunction with synaptic stress in postmortem AD brains as well as AD animal models seem to lend the credibility to the hypothesis that mitochondrial defects underlie synaptic failure in AD. 
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