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Severe mental illnesses (SMI) such as schizophrenia and bipolar disorder affect 2-4% of the world population. Current medications and diagnostic methods for mental illnesses are not satisfying. In animal studies, stem cell therapy is promising for some neuropsychiatric disorders and cognitive/social deficits, not only treating during development (targeting modulation and balancing) but also following neurodegeneration (cell replacement and regenerating support). We believe that novel interventions such as modulation of particular cell populations to develop cell-based treatment can improve cognitive and social functions in SMI. With pathological synaptic/myelin damage, oligodendrocytes seem to play a role. In this review, we have summarized oligodendrogenesis mechanisms and some related calcium signals in neural cells and stem/progenitor cells. The related benefits from endogenous stem/progenitor cells within the brain and exogenous stem cells, including multipotent mesenchymal-derived stromal cells (MSC), fetal neural stem cells (NSC), pluripotent stem cells (PSC), and differentiated progenitors, are discussed. These also include stimulating mechanisms of oligodendrocyte proliferation, maturation, and myelination, responsive to the regenerative effects by both endogenous stem cells and transplanted cells. Among the mechanisms, calcium signaling regulates the neuronal/glial progenitor cell (NPC/GPC)/oligodendrocyte precursor cell (OPC) proliferation, migration, and differentiation, dendrite development, and synaptic plasticity, which are involved in many neuropsychiatric diseases in human. On the basis of numerous protein annotation and protein-protein interaction databases, a total of 119 calcium-dependent/activated proteins that are related to neuropsychiatry in human are summarized in this investigation. One of the advanced methods, the calcium/cation-channel-optogenetics-based stimulation of stem cells and transplanted cells, can take advantage of calcium signaling regulations. Intranasal-to-brain delivery of drugs and stem cells or local delivery with the guidance of brain imaging techniques may provide a unique new approach for treating psychiatric disorders. It is also expected that preconditioning stem cell therapy following precise brain imaging as pathological confirmation has high potential if translated to cell clinic use. Generally, modulable cell transplantation followed by stimulations should provide paracrine protection, synaptic modulation, and myelin repair for the brain in SMI.
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Introduction

Severe mental illnesses (SMI) or psychotic disorders, referring to bipolar disorder (BD), major depressive disorder (MDD), and schizophrenia and schizoaffective disorder, cause long-duration and severe disability at different ages. Among them, schizophrenia and BD affect 2-4% of the world population. Current medications have not shown significant improvement in these diseases (1, 2). Researchers have sought to identify a clinically relevant brain pathology of schizophrenia or bipolar disorder behind the persistent psychosis condition, which still appears to be unknown (3). There seem to be, although controversial, psychological and physiological over-excitabilities, or immunological hyper-body, as well as hyper-active, neurons and hyper-connectivity of the excitatory neuronal network in certain brain regions (hyper-brain). Recent advances indicate that abnormal myelination can occur in schizophrenia patients, such that using brain imaging can detect abnormalities of the white matter (WM), and that electro- and magnetoencephalography (EEG/MEG) and functional magnetic resonance imaging (fMRI) show neuronal dysconnectivity (4). These changes in myelination, excitability, and functional connectivity can be caused by genetic and epigenetic transcriptional dysregulation, triggering and largely relying upon persistent Ca2+ signaling modulation (5–7). To date, there are challenges for animal models of the development of severe mental illnesses. Schizophrenia and bipolar disorder, among the most common severe conditions, both show significant decreases in occupational, social, and/or personal functioning. Based on symptoms, schizophrenia diagnosis usually requires hallucinations or delusions, although the patients also develop abnormal psychomotor behavior, cognitive deficits, sensory gating dysfunction, and negative symptoms (months). Bipolar disorder has a single manic episode (weeks), one or several hypomanic episodes, and major depressive episodes, which can be accompanied by psychosis (days to weeks).

Multipotent mesenchymal-derived stromal cells (MSC) and lineage-restricted neuronal/glial progenitor cells (NPC/GPC), oligodendrocyte precursor cells (OPC), and immature neurons differentiated from types of pluripotent stem cells (PSC) have all been considered appropriate cell sources for transplant into various animal models with neuropsychiatric pathology and cognitive impairments (8–11). Transplantation of lineage-committed, fully differentiated cells has been considered to provide competent cell sources, especially for CNS repair, in which a particular type of neuron or glia may be needed. Examples may include an inhibitory preceding neuron or an input from local balances in pre-synaptic inhibitory neurotransmitters (targeting the disturbed connectivity). Fundamental stem cell research that allows the generation of a pure and differentiated specific type of cell is still needed. Despite this, certain cell types have been tested in various neurological (mild-to-moderate and severe) and mild-cognitive-impairment/neuropsychological models. The models are, for example, BD, Huntington's disease (HD), MDD, neurotrauma, Parkinson's disease (PD), schizophrenia and schizoaffective disorder, and stroke (12, 13). The types of cells that have recently been focused on have included human and rat bone marrow MSC (BMSC), human immature neurons, and human and mouse NPC. Among them, oligodendrocyte, from either transplanted cells or endogenous progenitors, is capable of playing a dominant supporting/modulatory role in neuronal activity at axons (14). Considering that, in patients with schizophrenia, there are some deficits in brain myelination and expression of myelin-related genes, or there are oligodendrocyte abnormalities in the brain (15), correction of the oligodendrocyte phenotypes as well as neurotrophic supports via transplantation could be considered in treating the psychotic disorder.

Ca2+ signals mediate both myelin damage (pathophysiological Ca2+ overload) and re-myelination repairs (physiological Ca2+ activity). Oligodendrocyte injury has been identified as a chronic detrimental change in the brain, with neurodevelopmental and neurodegeneration problems. Ca2+ influx and signaling play multiple roles in the oligodendrocyte biology through different Ca2+ channels (16). Expression of these channels is symphonized in the oligodendrocytes and OPC, although many of them have been reported to be expressed in neurons as well. They are subtypes of (1) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (AMPAR), (2) γ-aminobutyric acid (GABA) receptor (GABAR), (3) glycine receptor (GlyR), (4) inositol trisphosphate receptor (IP3R), (5) muscarinic acetylcholine receptor (mAChR), (6) metabotropic glutamate receptor (mGluR), (7) sodium-calcium exchanger (NCX), (8) N-methyl-D-aspartate (NMDA) receptor (NMDAR), (9) P2X/P2Y purinoreceptor, (10) ryanodine receptor (RyR), (11) serotonin receptor (or 5-hydroxytryptamine receptor, 5-HTR), and (12) L-type Ca2+ currents-generating voltage-gated calcium (Cav1) channel (or L-type voltage-operated Ca2+ channel, L-VOCC), among a total of four types (L, N, P, and T-types) of VOCCs essential in activity-dependent release out from endocrine cells and neurons.

This review is primarily focused on stem cell therapy and is evidence-based in identifying promising therapeutic treatments against some neuropsychiatric symptoms and cognitive/social deficits. In order to overcome neurodevelopmental disorders and neurodegeneration by using stem cells, we discuss their ability demonstrated in stem cell transplantation not only to recover the endogenous neurogenic niche during neural development/regeneration but also to re-initiate oligodendrogenesis, synaptogenesis, and myelinogenesis (17). Additionally, through the action of the cellular and molecular mechanisms, transplanted stem cells and their derived cells secrete autocrine and paracrine factors (e.g., oxytocin), preventing neurocognitive impairments. Furthermore, a strategy of stimulating or preconditioning stem cells may provide additional benefits, such as further increasing secretions or expressions of the autocrine and paracrine factors as well as evoking activity-dependent responses and repairs, many of which show physiological Ca2+ signal activation and are regulated by Ca2+-activated proteins. The review will then focus on these mechanisms in stem cell therapy for neuropsychiatric and psychological disorders.



Oligodendrogenesis, Calcium Signal, and Myelination

Post-natal oligodendrogenesis and myelinogenesis, orgininated by OPC from the parenchyma and subventricular zone (SVZ) regions, are regulated in an activity-dependent manner and in response to injury stimulus. Many morphogens, growth factors (e.g., BDNF, FGF2, NGF, NT-3, and PDGF), and extracellular matrix elements have been identified as important for oligodendrocyte identity, differentiation, and functionality. In addition, SVZ neural stem cells (NSC) and NSC-derived transit-amplifying progenitor (TAP) cells further give rise to many precursor cells, such as PDGFRα-positive and NG2-positive OPC and DCX-positive neuroblast for gliogenesis and neurogenesis. Recent investigations using exogenous OPC transplantation for spinal cord injury have proved the concept of providing myelination and neuronal protection following engraftment (18).

Accumulating data have supported the hypothesis that Ca2+ signaling in preceding neurons, myelin, and OPC plays a role in the translation of the neuronal activity to oligodendrocyte differentiation and myelination (19). Stimulation of endogenous and transplanted NPC/OPC, activating physiological Ca2+ signals, is likely to enhance the myelination and modulate neuronal activity. The stimulation may therefore facilitate re-myelination repairs during development or following inflammatory/neurodegeneration-related myelin sheath and oligodendrocyte damages. An early response to regenerative stimulus following injury occurs when the differentiated oligodendrocytes re-form the myelin sheath around demyelinated axons (20). Among the regenerative stimuli, several Ca2+-binding and Ca2+-dependent factors have been reported to control the temporary maintenance, proliferation, and migration of OPC, beneficial for oligodendrogenesis and re-myelination (Data Sheet 1). The most studied Ca2+-binding proteins in neurons and glias are calcium-binding protein 4 (CABP4), voltage-gated calcium channel subunit alpha Cav2.1, which is from the calcium channel alpha-1 subunit family (CACNA1A), and Cav2.2 (CACNA1B), calmodulin family proteins including calmodulin-1 (CALM1), CALM2, and CALM3, calcineurin B homologous protein 1, which is from the calcineurin regulatory subunit family/CHP subfamily (CHP1), calsenilin, which is from the recoverin family (KCNIP3), and S-100 family proteins including S100A1, calvasculin (S100A4), and migration inhibitory factor-related protein 14 (S100A9). The current review summarizes these genes and some other Ca2+-dependent/activated proteins that are expressed in neurons, oligodendrocytes, and some NSC/NPC. There are long lists of candidate genes that are potentially affected by the hyper-excitability or abnormal neuro-connectivity and Ca2+ burden increase leading to myelin damage and neuro-toxicity; on the other hand, regenerative events and artificial modulation of physiological Ca2+ signals would re-inventory the endogenous stem cell pool as well as the capacity of exogenous cells. We sought to identify this capacity in neuronal replacement, trophic supports, and myelin repair for stem cell therapy by taking advantage of the Ca2+ signaling mechanisms in neurons and stem/progenitor cells.

During cortical development, intracellular Ca2+ activity coupling with downstream signaling pathways can be regulated by cell membrane-localized GABA receptors, gap junctions, ionotropic glutamate receptors (iGluRs), and mGluRs. Upon membrane depolarizations in cells, L-VOCCs are major players in Ca2+ influx [Ca2+]i. All over the body, L-type Ca2+ currents have been shown to be responsible for the excitation-secretion coupling of endocrine cells (for aldosterone secretion from the adrenal cortex), cardiomyocyte, and neurons (for transmitter release). In the brain, voltage-gated calcium channel subunit alpha 1C (CACNA1C), Cav1.2, and CACNA1D, Cav1.3 (common variants in CACNA1C and CACNA1D identified with BD, MDD, or schizophrenia), are the predominant L-type Cav channels and are expressed in various cell types including NPC. Regulation and control of the intracellular Ca2+ activity and Ca2+-dependent mechanisms during cortical and WM development are closely connected with the wingless/int-1 (Wnt) signaling pathway, Sonic hedgehog (Shh), and S-100 family proteins, which can be activated in both neurons and glias.

β-catenin (human gene name: CTNNB1), one of the Ca2+-dependent gene regulators and one of the most conserved genes across vertebrates, is the central counterpart in the canonical Wnt/β-catenin pathway. β-catenin has been associated with a variety of diseases ranging across dilated cardiomyopathy, fetal alcohol syndrome, primary hepatocellular carcinoma, colorectal cancer, ovarian carcinoma, breast cancer, lung cancer, and glioblastoma, and has been considered in the pathogenesis of common oral lesions in oral and maxillofacial region-oral potentially malignant disorders and their progression to oral squamous cell carcinoma, salivary gland tumors, and odontogenic tumors. CTNNB1 variants have been reported in schizophrenia (21). To induce an activation of the canonical Wnt signaling, unbound cytoplasmic β-catenin in complex must be translocated to the nucleus. Transcriptional co‐activators of β-catenin may include lymphoid enhancer-binding factor 1 (LEF-1), T-cell-specific transcription factor 1 (TCF-1, human gene name: TCF7), and some other HMG-box DNA-binding proteins such as TCF-3 (human gene name: TCF7L1) and TCF-4 (human gene name: TCF7L2). Wnt proteins that activate β‐catenin have included: Wnt-1, Wnt-2, Wnt-2b, Wnt-3, Wnt-3a, Wnt-7a, Wnt-7b, Wnt-8, and Wnt-8c. WNT2B and WNT7A variants have been reported in BD (22). One of the schizoaffective disorder-related genes, disrupted in schizophrenia 1 (DISC1), and its regulator DIX domain containing 1 (DIXDC1) have been shown to positively regulate Wnt/β‐catenin signaling in human NPC and FoxG1+/Tbr2+-positive neurons. The study identifies and supports some significant genes after DISC1 disruption, including ASCL1, DBX2, DLX1, DLX2, GSX2, MSX2, NEUROG2, PAX3, PAX7, and WNT8B (in human gene names) (23). Prostaglandin E2 (PGE2) signaling, another crosstalk signaling of Wnt/β‐catenin, further transcribes some SMI-related genes, B-cell lymphoma 1 (Bcl-1, human gene name: CCND1), matrix metalloproteinase (MMP)-9 (human gene name: MMP9), and cyclooxygenase-2 (COX-2, human gene name: PTGS2). In distinct animal models, intranasal delivery of recombinant Wnt-3a proteins showed neuroprotective effects through activating the Wnt/β‐catenin pathway (24). It also promoted endogenous regenerative responses (such as neuroblast migration) in mouse models of ischemic stroke and traumatic brain injury (25). These effects could be blocked by a Wnt inhibitor of either Dickkopf related protein 1 (Dkk-1) or XAV-939. Wnt-3a delivery increased expressions of BDNF, Forkhead box protein M1 (FOXM1), GDNF, and VEGF (26, 27).

Hedgehog family Shh serves as a morphogenic protein during early neuronal development and is involved in the oligodendrogenesis of developing brain and spinal cord. In differentiating neurons, Shh inhibits Gli transcription factors under the control of electrical activity and Ca2+-mediated responses. Shh also regulates the oligodendrocyte basic helix-loop-helix (bHLH) transcriptional factors Olig1/2/3 (human gene name: OLIG1, OLIG2, OLIG3) in NPC/OPC and neurons. Shh initiates developmental signals through binding to the Brother of the cell-adhesion-molecule-related/downregulated by oncogenes (CDO) (BOC; human gene name: BOC), CDO (human gene name: CDON), Growth arrest-specific protein 1 (GAS-1; human gene name: GAS1), Protein patched homolog 1 (Ptch1; human gene name: PTCH1), and Ptch2 (human gene name: PTCH2) receptor/co-receptors in vertebrates. Mutating BOC gene, a co-receptor of the Shh signaling pathway, shows delayed myelination and less PDGFRα-positive OPC during development and reduced myelin basic protein (MBP) production in mice (28). Inactivation of Shh signaling by inhibiting downstream Smoothened (Smo) causes a dose-dependent decrease in MBP and myelin-associated glycoprotein (MAG) in differentiating oligodendrocytes, which impairs the myelin formation and repair. Interestingly, Shh-overexpressing BMSC showed increased Shh signaling, basic fibroblast growth factor (bFGF, human gene name: FGF2), and VEGF in an SCI model of rats (29).

S-100 family proteins, such as S-100A1, S-100A4, and S-100A9, are also Ca2+-dependent and functionally conserved across vertebrates. S-100 family proteins have been involved in the regulation of intracellular Ca2+ homeostasis, cell proliferation, migration, differentiation, cell survival, and apoptosis. There is evidence that an extracellular S-100A4 or S-100B can interact with epidermal growth factor (EGF) and bFGF to facilitate the heparin-binding growth factor signaling downstream. EGF and bFGF are reported to promote the proliferation and migration of OPC/NPC (30–32). The extracellular S-100 family proteins have been shown to interact with and respond to almost all types of neural cells, vasculature cells, and inflammatory/immune cells in the brain. High levels of the inflammatory S-100 family proteins can cause myelin damage and cognitive decline (33). Among them, S-100B, primarily essential to oligodendroglial differentiation and maturation, is released during earlier phases of brain injury, increasing excessive inflammatory stimuli and leading to neurodevelopmental problems in the long term. The S-100B/receptor for advanced glycation endproducts (RAGE) axis, normally inhibiting immature NG2-positive OPC from becoming mature MBP-positive oligodendrocyte, will likely be enhanced, impairing oligodendrogenesis and thereby reducing re-myelination. Furthermore, persistent elevations of S-100B level can also induce glial activation, astrogliosis, and NF-κB activation, potentially compromising neuronal/synaptic integrity and synaptogenesis in developing brains after neonatal/perinatal inflammatory conditions (34, 35).

Other Ca2+-dependent/regulated proteins expressed in oligodendrocyte may include (Table 1): AAA ATPase family proteins (human gene names: ATAD3A, ATAD3B, ATAD3C), cadherin family proteins such as the neural cadherin, CD antigen CD325 (human gene name: CDH2), dystroglycan family proteins such as dystroglycan (human gene name: DAG1), histone deacetylase family proteins such as the histone deacetylase 1 (human gene name: HDAC1), LDLR family proteins such as the low-density lipoprotein receptor-related protein 2 (human gene name: LRP2), pleiotrophin family proteins such as neurite outgrowth-promoting factor 2 (human gene name: MDK), and tenascin family proteins such as the neural recognition molecule J1-160/180 (human gene name: TNR).


Table 1 | Summary of calcium-dependent/activated proteins that are related to neuropsychiatry in human.
























Following the transplantation of stem cells (such as several MSC subtypes) in different animal models of WM injury, increased MBP has been observed, demonstrating a potential for WM repair (36). Recent progress on modulating in vivo neuronal activity with non-invasive, high-precision, and high-resolution methods include the utilization of transcranial magnetic stimulation (TMS), optogenetics, chemogenetics, and optochemogenetics. TMS seems to be able to protect both the newly generated oligodendrocyte and the demyelinated neurons (37). Optogenetic stimulation of neurons in the premotor cortex in awake behaving mice has demonstrated a mitogenic response of NPC/OPC to neuronal activity for subsequent control of oligodendrogenesis and myelination within the deep layers of the premotor cortex (M2) and subcortical WM (38, 39). Ca2+/cation channel-optogenetics-based stimulation on transplanted neurons may show improved oligodendrogenesis and myelination upon the additional activity manipulations.



Stem Cell Mechanisms of Neuropsychiatry and Non-Canonical Wnt

It is still difficult to mimic the severely progressed situations of human mental illnesses. Animal models have displayed attributes of neuropsychiatric problems after genetic/environmental inductions and/or systematic insults (inflammation, injury, pain, etc.). Stem cells carrying related gene mutations in vitro and in vivo can show particular disease phenotypes, such as decreased proliferation capacity, impaired migration and differentiation, abnormal neuronal/oligodendroglial maturation, abnormal neuronal activity/firing, and functional deficits (40–43).

Use of the patient-derived stem cells, such that the hiPSC are reprogrammed from patient fibroblasts, can help study NPC differentiation to a particular type of neuron and glia with potential neuropathological phenotypes (44). These have included hiPSC-differentiated: astrocytes and OPC with GFAP aggregate and deficient myelination phenotype for studying Alexander disease; types of neurons, NPC, or NPC spheroids with Rett syndrome mutations, major depressive disorders, or potential genetic variants from Dravet syndrome; α1 subunit of L-VOCC Cav1.2 (CACNA1C variant) gain-of-function-related forebrain neurons for modeling Timothy syndrome; hippocampal neurons and NPC as an in vitro model of bipolar disorder; genetic deletions or duplications-caused or idiopathic schizophrenia models in almost all neural cell types. In other developmental disorders, NPC from Fragile X syndrome (FXS), for instance, showed augmented activity-dependent intracellular calcium responses and aberrant functional responses detected as early as in committed adult PSC-derived neuroblast stage (45). In their human PSC and mouse models, the role of L-VOCC was identified in NPC with migration, differentiation and fate determination defects. Neurons from FXS had been similarly affected by N- and P/Q-type Cav2 channels and previously discovered by lost interactions with Fragile X mental retardation protein (FMRP, human gene name: FMR1).

Wnt/Ca2+ pathway. The Wnt-5a/Wnt-7a/Ca2+ signaling pathway shows neuroprotection. Activation of the Wnt/Ca2+ pathway includes increases in intracellular Ca2+ levels and Ca2+/calmodulin-dependent protein kinase II (CaMKII), protein kinase C (PKC) phosphorylation (e.g., at Ser579), and calcineurin dephosphorylation (e.g., at Ser637). CaMKII and PKC further activate some transcriptional factors (p-CREB and NFκB) and epigenetic regulators HDAC1/2/3, and calcineurin activates nuclear factor associated with T cells (NFAT). Wnt-5a binding to Frizzled 2 (FZD2)/FZD7 receptor also activates phospholipase C (PLC), which generates IP3 and binds to its receptor IP3R, releasing intracellular Ca2+ from the ER. Ca2+ transfer from endoplasmic reticulum excessive Ca2+-release into mitochondria can also lead to GTPase dynamin-related protein 1 (Drp1)-mediated mitochondrial fission through the activation of CaMKIα, PKCδ, and calcineurin complex. CaMKIα promotes p-Drp1 at Ser637, and PKCδ promotes p-Drp1 at Ser616. Wnt-5a promotes GABAA receptor surface expression and recycling under activation of CaMKII. Wnt-5a/Ca2+ also shows an increase in nitric oxide (NO) production by nNOS in neuronal cells and inactivates voltage-gated K+ current through Wnt-5a-binding tyrosine kinase-like orphan receptor 2 (RoR2). Following the Wnt/Ca2+ signaling activation, Wnt-5a has shown neuroprotective effects, such as ameliorating induced neurotoxicity and synaptic loss through activated PKC. It may be synergistic with Wnt/β-catenin/GSK3β signaling (46, 47).

In addition to Wnt/β-catenin and Wnt/Ca2+ signaling pathways upon Wnts activation, the Wnt/planar cell polarity (PCP) pathway, controlling tissue polarity, migration, differentiation, and cell movement, involves many major signaling cascades downstream, both Ca2+-dependent and Ca2+-independent, such as c-Jun N-terminal kinase (JNK), nemo-like kinase (NLK), and RHOA (48). Human Wnt-5a/b and Wnt-11 are able to activate non-canonical Wnt/PCP signals through FZD3/6 receptors as well as some co-receptors, including ROR1/2 and PTK7. FZD3 variants have been reported in schizophrenia (49). Human Van Gogh homology protein VANGL1/2, Starry night homology protein CELSR1/2/3, Dishevelled homology protein DVL1/2/3, Prickle homology protein PRICKLE1/2, and Diego homology protein ANKRD6 can be activated by the PCP signaling. PRICKLE1 and PRICKLE2 variants may be involved in BD. Following Wnt/PCP signals, regulatory cascade mediators include Formin homology protein DAAM1/2, MAPKKK and MAPKK4/7, MAP3K7, or TAK1. Other molecules have included ANKRD6, GSK3B, and NKD1/2.



Targeting Brain Pathology to Cognitive Impairments

Transplanted NPC/GPC, OPC, and immature neurons differentiated from types of PSC have been tested in various animal models with neuropsychiatric pathology and cognitive impairments or carrying mutations identified in human patients. Patient-derived differentiated cells and undifferentiated stem cells are invested models in neuropathological studies and drug screenings (50). It may be time to combine stem cell mechanisms and stem cell transplant with recent advances in MRI diagnosis and positron-emission tomography (PET) imaging and progress in computational neuroscience, potentially targeting brain pathology to cognitive impairments. Animals in the diseased states can show major pathophysiology in the cells, including demyelination, neuroinflammation, and cell/synaptic loss. Although there are many challenges to face, animal models for neuropsychiatric disorders and cognitive impairments have provided replicable myelin and oligodendrocyte function deficits. Animals are able to show some sorts of isolated behavior, latent inhibition, impaired attention, and working memory. On the other hand, the animals can show increased sensitivity to psychotomimetic drugs, increased psychomotor/locomotor agitation-like activity, cognitive deficits/depressive symptoms, loss of pre-pulse inhibition, and hyperactivity.

Transplantation of interneurons may facilitate host preceding neurons that can excite, inhibit, or stop the action of other neurons. Combined with an artificial activation on transplanted cells and transplant area, the connection between transplanted neurons and host neurons of high plasticity via synaptic formation may improve neuro-transmission, maintain balances between these cells and between excitatory and inhibitory signals, and help the individual function normally (i.e., cognition, learning and memory, etc.). For example, including a seizure treatment against excitation versus inhibition imbalance would be useful for treating neuropsychiatric disorders by means of decreasing excitation or increasing inhibition. Transplanted stem cell-derived neurons with high plasticity are more likely to form neuronal connections where they are needed most. Moreover, they provide intercellular communication/support and cell replacement. Encouragingly, inhibitory interneurons from the medial ganglionic eminences were transplanted into the brains of animals with epileptic seizures, and the animals showed increased inhibition and reduced seizures. There have been many important questions asked (refer to www.epilepsy.com) including but not limited to: How long would the effect of stem cells last? What side effects may happen? Could other problems that may occur in people with epilepsy (such as depression or anxiety) be helped by stem cells?

In a mouse ischemic stroke model, there was a significant decrease in myelination measured in the cortical tissue at several weeks following the ischemia. Mouse NPC transplantation increased the MBP level and the levels of synaptic proteins including synapsin-1 and PSD-95 in the peri-infarct regions (6). An elevation of intracellular Ca2+ initiated in the transplanted cells via a non-invasive intranasal drug-delivering route was able to further activate the differentiated cells, causing them to have even higher levels of Ca2+-dependent synaptic proteins. In a rat model of cranial irradiation-induced cognitive deficits, intrahippocampal transplantation of human NSC provided long-lasting cognitive restoration (51).

It may be concluded that modulating the Ca2+-dependent and activity-dependent synaptic plasticity has the potential to rescue abnormal neural/synaptic circuits in combination with a cellular therapy against progressed neuropsychiatric disorders and cognitive impairments. Enforced neuronal activity is also expected to promote oligodendrogenesis from OPC and adaptive myelination in the brain. Activity-dependent cell stimulation therapy may further enhance the cell-cell interactions and communications.



Pluripotent Stem Cell-Derived Cell Therapy

There have been some great improvements in pluripotent stem cell-derived cell therapies. Cell applications have been used in recent preclinical studies for a certain group of patients or genetic models with mental disorders, for example, using inhibitory eNpHR3.0 optogenetic channel engineered mouse ESC differentiated cells for a schizophrenia model of the rat (52) and mouse ESC differentiated cells for post-TBI cognitive deficits in mice (53).

Regardless of the cell type, stem cells after transplantation promote their autocrine and paracrine protections, allowing cell-cell interactions and adaptive responses to the host environment as well as enriching the regenerative niches (54). Homing is one of the issues that are critically important for functional integration following transplantation (55, 56). Growth factors, chemokine, and extracellular matrix receptors that benefit homing and integration include but are not limited to the interleukin (IL)-8, monocyte chemo attractant protein 3 (MCP-3), stem cell factor (SCF), and stromal cell derived factor 1 (SDF-1).

Genetic stability. Studies have shown that human iPSC lines share numerous similarities in DNA damage response (DDR) with human ESC lines. The similarities can include G2/M cell cycle arrest, efficient double-strand break (DSB) repair, activation of checkpoint signaling such as p-ATM at Ser1981, p-CHEK2 at Thr68, p-NBS1 at Ser343, and p-TP53 at Ser15, and high levels of cell cycle arrest and DDR-related markers, including p-H3 at Ser10, RAD51, and γ-H2AX following exposure to γ-irradiation (57). Moreover, DDR pathways are widely involved during the cellular reprogramming processes in chromatin structure rearrangement and genetic/epigenetic regulations. Development for high-quality stable cell lines is being investigated. DDR and DNA repair response pathways can significantly contribute to the formation of variant and mutant sites during reprogramming and pluripotency maintenance at different stages of passage planning. When cells with SNV and detrimental mutations become differentiated, the quality of the cells and the phenotypes of differentiation/maturation are both affected. A standard operating procedure (SOP) with sets of step-by-step instructions must be developed to detect genetically unstable cells and cancer stem cells at every stage and before transplantation. To further eliminate the risk of tumorigenesis of transplanted cells giving rise to precancerous cells (although rare and cell source-dependent), quality control has been introduced based on the genetic properties of donor cells. One strategy can be planned during the iPSC banking combined with the applications of whole-genome sequencing. There have been some technological advances and corroboration proposals from human studies that allow the continuous monitoring of the exogenous cells and prevention of tumor formation. PET seems to be among the appropriate approaches for long-term in vivo cell tracking. The urgent safety concerns and future scientific needs also require the continuous control of transplanted cells. There may be several methods, at least for applied studies. For example, suicidal gene knock-in cells are ready for the elimination of potentially tumorigenic cells following transplantation.

Another concern is to reduce transplant rejection. The concern is that the cells, after transplantation, might trigger delayed transplant rejection. Universal donor cells or hypoimmunogenic cells, a promising solution, come from pluripotent PSC and differentiate into various cell types that are ready for being tested against a vast number of chronic and genetic diseases (58).



Intranasal Delivery of Stem Cells

Intranasal administration has been considered as an efficient and non-invasive medication route to the brain or even for systemic administration to the CNS (59). The cells delivered within the nasal cavity have demonstrated the ability to migrate towards different brain regions, including the brainstem regions, cerebellum, cortex, hippocampus, olfactory bulb, and striatum, and even to the spinal cord (60). Moreover, the intranasal delivery of cells to targeted regions is less likely to generate ectopic tissue compared to systematic injections.

One of the well-tested migrating and regenerative mechanisms is SDF-1α/C-X-C chemokine receptor type 4 (CXCR4) axis involvement following intranasal delivery. SDF-1α (also named CXCL12) is produced by distinct types of adult cells and many tumor cells as a proliferation inducer, a cell death and survival regulator, and an angiogenic factor (61). Neural cells in the injury regions showed higher levels of SDF-1α. One of the best-known functions of the SDF-1α/CXCR4 axis is the regulation of progenitor cell (such as EPC and NPC) trafficking during development and after injury, cell chemotaxis, and homing into injury sites. Endothelial and smooth muscular expressions of CXCR4 contribute to the angiogenesis and regrowth of vessels into injury sites. CXCR4 and MMP-2 have been promoted under Wnt-5a activation in migrating OPC, neuronal outgrowth and some invasive tumor cells.

There are some other systematic effects of the chemokinetic and chemotactic SDF-1α/CXCR4 axis, which include:

	Maintenance of HSC quiescence and hematopoiesis in the bone marrow as well as embryonic myelopoiesis in the liver and the bone marrow.

	CXCR4-deficient mice exhibiting impaired limb innervation, myogenesis, and neuromuscular development.

	Impaired vascular endothelium and blood vessel formation, for example, in renal vasculature, showing ballooning glomerular tuft and disorganized patterning.



As a manipulation method of improving neuronal cell therapy, SDF-1α-overexpressed mouse iPSC-NPC cells had increased presynaptic proteins such as synapsin-1 and SNAP25. SDF-1 also promoted migration, differentiation, and maturation of oligodendrocytes through regulating CXCR4-positive OPC. In other cell types, an overexpression of SDF-1α could promote MSC osteogenic differentiation and osteogenesis via upregulated ALP, OCN, Runx2, and p-Smadl/5 and osteoblastic angiogenesis, evident from increased CD31-positive cells and density (62). Increased migration of MSC was mediated by SDF-1 upregulation and was downregulated by CXCR4 antagonist AMD3100 (C28H54N8 8HCl) treatment. The SDF-1α-secreting MSC and exosomes extracted from the cultured SDF-1α-secreting MSC reduced many pro-inflammatory factors and increased SDF-1α and VEGF (63). In the spinal cord, SDF-1α-engineered MSC further stimulates axonal growth.

Ischemic conditioning and hypoxic adaptation were beneficial for cellular protection against severe ischemia through upregulating cell survival/anti-apoptotic genes and metabolic reprogramming processes (64, 65). Hypoxic preconditioning of stem cells in vitro/ex vivo dramatically activated HIF-1α downstream and regulated NF-κB signaling. There were enriched anti-inflammatory/anti-oxidative and regeneration-promotive factors in hypoxia-preconditioned cells and the microenvironment. Therefore, it has been proposed that preconditioning stem cell therapy should be translated to cell clinics (12, 59, 66). In addition, increased migrating and homing capacity were demonstrated in hypoxia-primed stem cells through mechanisms involving CXCR4 upregulation, which further corroborate that the cells introduced via nose-to-brain methods are delivered into the host brain (67). There have been some significant concerns: How efficiently will the transplanted stem cell bypass the blood-brain barrier to reach different brain function areas? How long can the transplanted stem cell survive, and what is the ultimate destination of the transplanted stem cell? Considering that the transplanted stem cell takes therapeutic effect through autocrine or paracrine, what is its advantage or benefit compared to a virus-vector engineered benign factor delivery system? Considering that the transplanted stem cell goes through differentiation into different neuronal/glial cell types to replace the damaged endogenous nerve cell, can the transplanted stem cell integrate into the endogenous nervous system?

Intracranial injections of iPSC-NPC into the post-traumatic rat brain, an example of stem cell translational therapy, showed alleviated neuropsychiatric and cognitive defects (68). The cells could be detected with fluorescent pre-labeling at two weeks after the intracranial delivery. The transplantation procedure had to be skillfully performed. In the MCAO ischemic rat model, ESCs were injected into multiple locations and relatively evenly distributed around the ischemic core across the scarring tissue. Cells are generally unable to survive long and are barely able form functional units if their delivery is inside the dead injury core/macrophagic cell clusters, though there has been recent evidence showing long-term surviving vessel and functional cells in the injury core (69, 70), indicating that transplanted cells might have a chance to integrate within the core. We believe that intranasal delivery of cells can overcome the barriers, where the cells are recruited towards the formation of regeneration areas instead of migrating into the harsh microenvironment.

Intranasal delivery of stem cells has been demonstrated to increase retention and improve neurological/psychiatric outcomes. It is expected to facilitate cell homing toward the CNS and to avoid some potential side effects caused by other methods such as intravascular administration. Since there are intranasally delivered peptides, small molecules, viruses, plasmid, and bacterial phages that demonstrate successive entry into the brain, we also expect treatment via the intranasal delivery of cells to the CNS to be adopted for translation to the clinic. It may benefit Parkinson's disease, malignant gliomas, and stroke, as well as SMI. In combination with hypoxic pretreatment, BMSC have been shown to increase CXCR4 and MMP-2/9 and to reach the ischemic cortex and be deposited outside of blood vessels as early as 1.5 hours after administration. Several clinical trials are ongoing for treating neurological diseases with the intranasal delivery of cells.



Study of Psychiatry via Brain Imaging

Brain imaging or neuroimaging may provide substantive evidence of brain structural, functional, and neurochemical alterations in neuropsychiatric disorders. It utilizes various techniques (such as fMRI, CT, PET, MEG, and EEG) to directly or indirectly image the structure, cellular function, or pharmacology of the nerves and neuronal network. It is therefore expected that neuroimaging observations can be consistent with the pathological biomarkers (such as hypermethylation/hypomethylation of specific DNA regions) or progression changes in numerous neurodevelopmental and neurodegenerative models such as FXS and MDD. Diffusion MRI and fMRI, which non-invasively measure WM structural changes and neural activities, respectively, have been proven to be sensitive to pathophysiological interpretation of neurological and psychiatric problems (71–74). Several lines of evidence from psychotic disorders have suggested that there is neural activity misintegration across different brain regions and circuit disruption/dysregulation. Evaluation of potential treatments can be performed to target, e.g., integration of neural activity revealed in the large-scale grey matter (GM) neuronal networks or circuits (75) and abnormalities in the WM integrity and structure (76).

Diffusion MRI based on water molecular diffusion, referring to the random translational (Brownian) motion of molecules, can be examined in vivo using diffusion tensor imaging (DTI). The MRI signal decay when diffusion gradients are applied reflects the displacement distribution of water molecules. Because diffusion of water molecules is restricted by tissue components such as cell membranes or macromolecules, diffusion MRI provides unique information about the internal structure of brain tissue. In such experiments, a diffusion tensor is calculated, and this consists of the three eigenvectors of diffusion arbitrarily labeled λ1, λ2, and λ3 from largest to smallest. Diffusion MRI has already been widely applied in the diagnosis and treatment of numerous brain disorders, most importantly in ischemic stroke, where a fall in apparent diffusion coefficient [ADC; a.k.a. mean diffusivity (MD) = (λ1 + λ2 + λ3)/3] of water molecules is seen within hours of the ischemic event. In the WM, water molecular diffusion takes place along the fiber orientation direction [λ//or axial diffusivity (AD) = λ1] to a much greater extent than perpendicular to it [λ⊥ or radial diffusivity (RD) = (λ2 + λ3)/2]. This process can be measured using DTI, where fractional anisotropy (FA—derived from λ1, λ2, and λ3) reflects the coherence of diffusion. DTI can be used to demonstrate WM abnormalities from a variety of neurological and psychiatric diseases such as multiple sclerosis (characterized by the destruction of myelin sheath) and schizophrenia. Interestingly, FA reductions are actually not as commonly interpreted to reflect a loss of WM integrity; the exact nature of this loss seems barely determinable by DTI. Abnormality signals could arise from intra- or extracellular water and an exchange between the intra- and extracellular water compartments, making it difficult to deduce the biological source. Reduced FA is likely to reflect demyelination, fiber crossing, axonal swelling, or atrophy.

The primary form of fMRI uses the blood-oxygen-level dependent (BOLD) contrast. This technique relies on the fact that cerebral blood flow and neuronal activation are somewhat coupled together. When activated within an area of the brain, blood flow to that region may also increase and be activity-dependent, which then increases the ratio of oxygenated hemoglobin (Hb) and deoxygenated hemoglobin (dHb), since the dHb is more magnetic (paramagnetic) than Hb, which is virtually resistant to magnetism (diamagnetic). Therefore, the change of the ratio leads to an improved BOLD-fMRI signal. This improvement can be mapped to show neurons that are active at the same time (77). The observed fMRI alterations are not regionally specific but are more pronounced in the association cortex (prefrontal, parietal, and temporal) and subcortical (limbic, striatal) brain regions (78). The default mode network (DMN) is of particular interest in the fMRI studies of neuropsychiatry (75). The DMN is a set of brain areas that are preferentially active in the absence of goal-directed activity and deactivate during the performance of sensorimotor or cognitive tasks (79). The DMN areas, including the lateral parietal cortex, posterior cingulate cortex, precuneus, medial prefrontal cortex, and hippocampus, show synchronous fMRI activity patterns. Because these brain areas are implicated in “internally focused tasks”, the DMN is hypothesized to serve ongoing, or default, functions of the brain such as self-referential mental activity and autobiographic memory retrieval. Multiple fMRI studies have shown abnormal DMN activities in schizophrenia, BD, depression, and some others (78). We expect that it can be used for the evaluation of stem cell therapy, which holds the potential of cell replacement, forming connections with host neurons in these areas, and facilitating neurotransmission and normal functions in relevant networks.

WM abnormalities are critical to the conceptualization of neuropsychiatric disorders as dysconnection (abnormal connection) syndromes (76). DTI studies have provided strong evidence that WM integrity has great functional significance. For example, DTI measures are correlated with fMRI activities in healthy controls. Compared with controls, late-onset depression patients showed decreased FA and increased RD between the DMN and the cingulo-opercular network, as well as the thalamus, and decreased FA and RD of the fiber tracts were both significantly correlated with cognitive performance (80). In schizophrenia, FA reductions have been associated with specific clinical presentations such as passivity phenomena, auditory hallucinations, or positive symptoms more generally, cognitive functioning including working memory, episodic memory, executive function, verbal learning, and visuomotor performance (81). This body of literature suggests that WM integrity is highly relevant to specific domains of brain function and dysfunction. It may be possible that FA reductions and WM abnormalities following stem cell transplantation are improved.



Summary

Promotion of oligodendrogenesis and myelination can lead to functional benefits and regeneration to combat abnormal neurodevelopment and neurodegeneration of SMI. Modulation of stem cells and physiological Ca2+-dependent/activated proteins will be tested in future pre-clinical models and translational studies. Wnt signaling may be critical regulators of these mechanisms in psychiatry and stem cell transplantation therapy for regeneration and repair. Intranasal delivery of hypoxic preconditioned stem cells may be the most appropriate method for psychotic disorders. Neuroimaging is useful in the pathophysiological study of SMI and the evaluation for treatments based on changes in neural activities and WM integrity. Higher-resolution precise imaging may further allow the development of stem cell treatment targeting specific brain regions.
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