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Abstract 

The application of artificial intelligence through the brain computer interface (BCI) is proving to be 

one of the great advances in neuroscience today. The development of surface electrodes over the 

cortex, and very fine electrodes that can be stereotactically implanted in the brain have moved the 

science forward to the extent that the paralyzed can play chess, and the blind can read letters. 

However, introduction of foreign bodies into deeper parts of the central nervous system results in 

foreign body reaction, scarring, apoptosis, and decreased signaling. Implanted electrodes activate 

microglia, causing release of inflammatory factors, recruitment of systemic inflammatory cells to the 

site of injury and ultimately glial scarring and encapsulation of the electrode. Recordings historically 

fail between 6 months to 1 year, the longest BCI in use has been 7years. This article offers a 

biomolecular strategy provided by angiogenic cell precursors (ACP) and nerve cell precursors (NCP), 

either intrathecally or intra-arterially. Together through downstream activation of neurotrophic 

factors, they exert a salutary immunomodulatory suppression of inflammation, anti-apoptosis, 

healing, homeostasis, angiogenesis, differentiation, synaptogenesis, neuritogenesis and learning-

associated plasticity. This combination of cells is anticipated to sustain and promote learning across 

the BCI. 
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Research and Development of Brain-Computer Interfaces (BCI)s has flourished in the past 

several years, offering hope to individuals suffering from a myriad of conditions including paralysis, 

ALS, blindness and Parkinson’s. BCI implants from several companies have allowed paralyzed 

patients to control robotic arms, write emails, and play chess with their thoughts. A non-verbal man 

with ALS recovered his voice with a Neuralink implant, and a Prima implant gave blind individuals 

“artificial vision”, allowing them to perceive letters and shapes. BCI convert electrical signals from 

the brain into computer code which can be used for applications such as moving and clicking a mouse 

cursor. Non-invasive modalities are disadvantaged by weaker brain signals which require expensive 

amplification hardware and sophisticated signal processing techniques [1]. 

Invasive BCI have better signal quality. However, electrodes implanted into the brain cause 

inflammation, scarring and loss of neurons. There is an increased risk of infection and rejection of the 

implant as a foreign entity [1,2]. Perpetual inflammation following implantation can damage 

surrounding tissues, affect function and cause failure of the implant. Recordings historically fail 

between 6 months to 1 year; the longest BCI in use has been 7 years [3]. A more pervasive problem is 

that implanted electrodes cause glial scarring and encapsulation of the electrode. This is the result of 

activation of the microglia, which constitute 10% of brain cells- and the subsequent release of 

inflammatory factors and recruitment of systemic inflammatory cells to the site of injury [4]. The 

scarring is exacerbated by migration of meningeal fibroblasts along the electrodes [5]. These cells and 
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activated glia eventually encapsulate the electrode with scar tissue and interfere or prevent signal 

transmission [6]. 

While the alacrity and skill of electrode placement, and the quality of electrode are significant 

positive variables affecting the quality of the electrode brain interface, the immune response and 

triggering of programmed cell death- apoptosis- are presently the limiting factors to long term 

success of BCIs. Robotic placement of the implants, and micro-scaling of the electrodes will minimize 

these risks. However, as deeper electrodes are contrived, surface area over the electrodes will 

necessarily increase, and ultimately result in some degree of inflammation, scarring, apoptosis and 

decreased signal transmission. 

Adult neurons, moreover, have limited capacity for regeneration. Neurons do not undergo cell 

division, a feature that prohibits cell regeneration, and regeneration of the cellular processes is 

impeded by a central nervous system environment that generally impedes meaningful axonal and 

dendritic regenerative outgrowth [7]. 

Autologous Angiogenic Precursor Cells and Nerve Cell Precursors Offer a 

Biomolecular Solution to Inflammation, Scarring and Apoptosis 

The biomolecular solution to the challenges and consequences of implanted foreign bodies 

would appear to be the creation of a cellular milieu from which the robust expression of cytokines 

and growth factors mitigate the scarring process, enhance migration of cells to the injured site, and 

promote cell survival. The particular combination of angiogenic cell precursors (ACP) and nerve cell 

precursors (NCP) serve to limit inflammation and apoptosis, and may additionally foster 

synaptogenesis, neuritogenesis, and ultimately enhance machine learning through long term 

potentiation (LTP) and memory consolidation. 

ACP Attract NK Cells; NK Cells Modulate Scarring 

The expression of interleukin-8 (IL-8 or CXCL8) by ACP attract natural killer (NK) cells [8–10] 

(Figure 1). As part of the innate lymphoid cell (ILC) population, NK cells suppress inflammation 

through receptor-ligand interactions and cytokine secretion. NK cytokine release alters Th subtypes, 

lysing auto-aggressive T cells, and accelerating maturation of monocytes and dendritic cells [11,12]. 

NK cells express IFNγ-a potent immunomodulating influencer - and other mediators which create 

an anti-inflammatory chemokine environment that inhibits the assembly of inflammatory cells, and 

limits both fibrosis and apoptosis [13,14]. NK cells serve in the first line of defense against 

intracellular pathogens through expression of type I interferons- IFN-α, IFN-β, and IFN-γ- which 

enhance the expression of major histocompatibility complex molecules of antigen -presenting cells, 

and initiate an anti-viral inflammatory cascade, preventing viral replication by detecting and 

destroying the infected resident cells [15,16]. NK cells are protective against pathogens - such as 

coxsackievirus B (CBV) and cytomegalovirus - causing meningitis, encephalitis, seizures and 

myelitis. 

CXCR1/2 receptors are expressed on NK cells, myeloid-derived epithelial cells and other cell 

types [17]. The CXCR1 and CXCR2 receptors on NK cells are highly specific to the ligand chemokine 

CXCL8 [18,19]. CXCL8 is the most potent human neutrophil-attracting chemokine, playing a 

dominant role in response to infection and tissue injury, the activity of which depends upon 

interaction with human CXC chemokine receptors CXCR1 and CXCR2 [20]. ACP induce high levels 

of expression of CXCL8 [8–10], which exhibits specific chemokine activity for NK cells. Moreover, 

CXCL8 exhibits a systemic effect that extends to remote populations of NK cells. 
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Figure 1. Created in BioRender. Tuchman, K. (2025) https://BioRender.com/6rfoaiv，Natural killer (NK) cells recruited 

by angiogenic cell precursors (ACP)s suppress inflammation through release of anti-inflammatory cytokines, 

dendritic cell and monocyte maturation and lysis of auto-aggressive T-cells. 

NF-κB Inhibits Apoptosis and Regulates Cell Survival 

Nuclear Factor kappa B (NF-κB) is activated by the downstream effects of CXCL8 and may be 

proinflammatory or conversely exert an anti-apoptotic effect, depending on cell type and 

pathological state. Under the influence of NF-κB, microglia and glial cells in trauma produce 

excitotoxins, nitric oxide species(NOS), neurotoxic reactive oxygen species (ROS) and 

proinflammatory cytotoxins [21], and can induce apoptosis in response to certain death-inducing 

signals, depending upon the type and duration of stimulus. Alternatively, NF-κB proteins can 

promote the expression of anti-apoptotic genes. 

In nerve cell populations the NF-κB influence is usually protective [22]. In neurons, NF-κB 

induce genetic coding for anti-apoptotic proteins, neurotrophic factors, antioxidant enzymes, and 

calcium-regulating proteins. NF-κB thus generally functions to inhibit the apoptotic cascade; 

conversely, blocking NF-κB results in apoptosis. For instance, the inhibition of NF-κB in macrophages 

results in release of Cytochrome C, an activator of the pro-apoptotic caspases [23–27]. These anti-

apoptotic effects are especially demonstrated in sympathetic and sensory neurons, encompassing 

sequestration of ROS, and enhanced neurite growth [28–40]. Activation of the NF-κB–MnSOD 

pathway confers reduction of oxidative stress by mitochondrial sequestration of free radicals [41]. 

Neuronal target genes encoding for neuronal survival include neuronal apoptosis inhibitory protein 

(NAIP), calcium calmodulin kinase II δ, (CaMKII δ), brain derived neurotrophic factor (BDNF), μ-

opioid receptors, neural cell adhesion molecule (NCAM), manganese superoxide dismutase 

(MnSOD), Bcl-2, and calbindin D28k [42]. Cultures of rat hippocampal cells and sympathetic neurons 

subjected to excitotoxic, or metabolic stress demonstrated increased survival, attributed to the 

neuroprotective effects of upregulated NF-κB and induction of MnSOD [43]. NF-κB also induces 

expression of cellular inhibitors of apoptosis (cIAPs), Bcl-2s, TRAF1/TRAF2, and may decrease 

expression of apoptosis-promoting cytokines such as TNFα and FAS ligand (FASL) [44–48]. 

Neural Progenitor Cells (NCP) 

Neural progenitor cells or neural cell precursors (NCP) are generated from autologous 

peripheral blood by culturing the cells in medium supplemented with autologous serum, followed 

by activation in a defined medium containing specific differentiation-inducing factors. The cells 

acquire a neural phenotype characterized by development of neuroglial morphology with neurite-

like extensions and expression of neural markers (Nestin, Beta-tubulin III, O4 and glial fibrillary 
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acidic protein (GFAP), secrete neurotrophic factors including brain-derived neurotrophic factor 

(BDNF), nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF), Macrophage 

Colony Stimulating Factor (M-CSF) and Stem Cell factor (SCF). Robust expression of neurotrophic 

factors: BDNF, GDNF, SCF and M-CSF is neuroprotective, promoting myelin formation, enhancing 

axon survival through interaction with the tyrosine kinases, p75 Neurotrophic factor, and NF-κB [49]. 

Preliminary results indicate that NCPs migrate to the place of injury and engraft in vivo in animal 

models of stroke and laser injury to the retina. 

Nerve Growth Factor Induces NF-κB 

NCP express high levels of NGF. NGF induction of NF-κB is essential to the normal 

development, function, and maintenance of cells in the nervous system. Activation of NF-κB by NGF 

is well characterized, mediating its effects through activation of p75 NTR or by tyrosine receptor 

kinase A (TrkA). NGF binding to TrkA generates signals leading to neuronal cell survival, 

differentiation and neurite process formation. Neurotrophic factors NGF, BDNF, NT-3, NT-4/5, and 

NT-6 promote neuron survival and differentiation by binding to TrkA, TrkB, and TrkC, which in turn 

upregulate the ERK/MAPKs. p75NTR expression in the presence of a neurotrophin may lead to 

programmed cell death through the caspase and a JNK pathways. However, when p75NTR is 

expressed together with the TrkA receptor, it facilitates neurotrophic function by increasing the 

affinity of NGF binding to the TrkA receptor [50,51], and the aggregate of NF-κB signal generated 

from both receptors exerts neuroprotective effects [35]. 

NSC May Mitigate the Pathophysiological Effects of CNS Injury Through 

Modulation of Expression of the N-Methyl D-Aspartate (NMDA) Receptors 

N-Methyl-d-Aspartate (NMDA) –type receptors are ligand-gated ion channels which mediate 

excitatory transmission. Comprised of a diverse array of tetrameric receptor complexes that exhibit 

regional specificity, NMDA receptors exhibit distinct physiological roles across different neuronal 

cell types and brain regions. Sequence variants of NMDA receptors are associated with autistic 

spectrum disorder, developmental delay and intellectual disability, epilepsy, alterations of muscle, 

language problems, and other phenotypic manifestations [52]. NMDA receptors are pathologically 

upregulated in central nervous system injury, variably resulting in neural supersensitization, 

behavioral change, epilepsy or apoptosis. Glutamate binding to NMDA in the setting of CNS injury 

results in Ca2+ influx and direct excitotoxicity, release of apoptosis inducing factor (AIF) and cell 

death. NCP downregulate NMDA receptors, decreasing excitotoxicity and central sensitization [53]. 

The downregulation of NMDA receptors may be of importance in subjects with traumatic brain 

injury or post-traumatic stress disorder. 

The CXCR4 /CXCL12 Axis Promotes ACP and NCP Migration Toward Areas of 

Hypoxic Injury and Stress 

Chemokine CXCL12, also known as Stromal derived factor 1(SDF-1), is released in areas of CNS 

injury. CXCL12 is up-regulated in neurons and glial cells following injury, and induces migration 

and activation of hematopoietic progenitor cells (HPC)s and endothelial cells bearing a CXCR4 

receptor [20]. ACP highly express the CXCR4 receptor, and migrate toward higher concentrations of 

CXCL12, repopulating injured CNS tissue [54]. Chemokine CXCL12 gene therapy has also been 

shown to promote angiogenesis, neurogenesis, and remyelination, attracting endothelial progenitor 

cells (EPCs), neural progenitor cells, and oligodendrocyte progenitor cells (OPCs) to the injured sites 

of the brain [55]. ACP secrete tissue regeneration factors such as CXCL8, vascular endothelial growth 

factor (VEGF) and angiogenin, promoting angiogenesis and tissue repair and preventing 

inflammation and apoptosis. CXCL8 recruits peripheral, perivascular CD34+ cells, which promote 

robust angiogenesis [10] (Figure 2). ACP-01 (Hemostemix Corp.) is a heterogenous population of cell 

types, including a large subpopulation of CD34+ cells. 
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NCP highly express the CXCR4 receptor, and migrate toward higher concentrations of CXCL12, 

repopulating injured CNS tissue [54]. NCP are specifically programmed to differentiate into neurons, 

astrocytes and oligodendrocytes, and have demonstrated meaningful repair of injured brain. 

Exogenous stem cell transplantation has been shown to accelerate immature neuronal development 

in damaged brain regions [56], and to engraft, differentiate into oligodendrocytes, and contribute to 

re-myelination of damaged axonal functions, facilitating recovery after spinal cord injury [57,58]. 

 

Figure 2. Created in BioRender. Tuchman, K. (2025) https://BioRender.com/w2cthsg，ngiogenic cell precursors 

(ACP)s potentiate healing through secretion of tissue regeneration factors such as the chemokine interleukin-8 

(CXCL8), vascular endothelial growth factor (VEGF) and angiogenin. CXCL8 recruits peripheral CD34+ 

precursor cells, further supporting angiogenesis. 

ACP Expression of IL-8 (CXCL8) Activates NF-κB – The “Learning Molecule”. 

NF-κB Is Essential to Synaptogenesis, Neuritogenesis, and Learning 

CXCL8 is highly expressed by ACP [10] and causes downstream translocation of cytosolic NF-

κB to the nucleus, a process of seminal importance in all processes of neural plasticity required for 

long-term memory (LTM) storage. NF-κB is ubiquitous in the cytosol of neurons in the cortex, 

amygdala and hippocampus. Constitutively present in neurite projections, and essential for synaptic 

plasticity, NF-κB proteins alone are not sufficient to induce neurite process formation [35], but 

nevertheless play a central role in neurite outgrowth, plasticity and neural cell longevity. In the 

process of memory formation, NF-κB is activated by synaptic activity, and acts as a messenger from 

synapse to nucleus [59,60]. 

Kandel laid the underpinnings of the molecular basis of the storage of learned information and 

memory consolidation, a process involving hippocampus-dependent molecular processes, which 

includes gene transcription [61]. Synaptic plasticity is the primary cellular mechanism for storage of 

LTM in the nervous system. Long-lasting neuronal plasticity and LTM require specific gene 

transcription and the de novo synthesis of m-RNA and protein [59]. Synaptic plasticity is regulated 

by the dynamic balance of excitatory and inhibitory neurotransmissions. Stimulus driven post-

synaptic glutamate results in progressive postsynaptic depolarization. Opposing the excitability is 

the release of GABA by inhibitory GABAergic neurons, which affect hyperpolarization of the 

postsynaptic neuron. Stimulus-coupled changes in synaptic plasticity are required for the storage, 

retrieval, and removal of memory formation, the product of modification of synaptic substrate and 

new proteins, as regulated by excitatory and inhibitory neurotransmitters and specific transcription 

kinases [62]. 
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Various families of transcription factors have been explored in the context of forming memory: 

Cyclic AMP response Element Binding Protein (CREB), Activating Protein 1 transcription factor (AP-

1), CCAAT/Enhancing Binding Protein (C/EBP), and Early Growth Response transcription factor 

(EGR). However, NF-κB responsive genes play a critical role in learning and memory and are 

essential to all learning-associated neuronal plasticity, long term potentiation (LTP) and long-term 

depression (LTD), remodulation of dendritic spine and formation of new synapses (synaptogenesis), 

and outgrowth of axons and dendrites (neuritogenesis) [63–77]. Murine models of genetic disruption 

of NF-κB have demonstrated that NF-κB transcription factor is critical for synaptic transmission, LTP 

and induction of LTD. Pretreatment with NF-κB DNA element decoy interferes with the induction of 

both LTP and LTD [72]. 

Synaptic activity regulates NF-κB subcellular distribution, DNA binding activity, and 

transcription [66]. The list of signals activating NF-κB includes the excitatory neurotransmitter 

glutamate, depolarization, CXCL8, NGF, proinflammatory cytokines interleukin-1 and TNFα, 

kainate, amyloid β peptide, brain injury, and oxidative stress [31,78–80]. LTP induced by high 

frequency stimulation (HFS) or low-frequency stimulation (LFS) of hippocampal slices appears to 

increase mRNA of p50 and p65, and to decrease mRNA of the inhibitory subunit IkB. Increased active 

form of NF-κB is observed in hippocampal granular and pyramidal cells after LFS and HFS [72]. 

Transcription factor NF-κB, in its role of recruiting histone acetyltransferases (HAT)s and 

Histone deacetylase (HDAC) enzymes at the regulatory regions of target genes, plays a pivotal role 

in consolidation and persistence of object recognition memory [81]. The strength of a memory is 

related to the level of motivation and training, and the epigenetic mechanisms by which its gene 

expression is subjected. The NF-κB/Rel family helps to modulate the contested terrain of inhibitory 

interneuron function versus excitatory neuronal function through its effect on GAD65. Loss of 

neuronal NF-κB results in hyperexcitability and enhanced LTP [62]. Histone acetylation by HATs 

makes DNA accessible to the apparatus of transcription; and histone acetylation, methylation or 

phosphorylation are involved in long-term plasticity and memory consolidation [81,82]. Inhibition of 

NF-κB prevents memory consolidation [83]. 

The genes induced by NF-κB in the context of neuroplasticity and memory can be categorized 

into several fundamental groups, including cell signaling, cell adhesion, growth, cellular trafficking, 

neurotransmission, redox signaling, and transcription/ translation [59]. NF-κB epigenetically 

regulates memory consolidation by targeting the transcription factor early growth response-1 (EGR-

1) (a.k.a. Zif268, also known as Ngfi-A, Krox 24, Tis 8, and Zenk 2d). NF-κB regulates the Zif268 

promoter [84,85]. NF-κB upregulates EGR-1 at the promoter region in the hippocampus, resulting in 

increased acetylation of histone H3 [59]. 

CaMKII, an abundant synaptic signaling molecule essential for memory formation and 

metaplasticity, is only induced during consolidation of a persistent form of memory. CaMKII has 

four isoforms, of which the delta isoform is regulated by NF-κB after strong training [86]. In 

particular, the p65 monomer of NF-κB regulates histone acetylation during strong memory 

consolidation, achieving high levels of H3 acetylation in the NF-κB regulatory region of CaMKIIδ 

promoter region. Inhibition of NF-κB dependent histone acetylation impairs persistent memory, and 

HDAC inhibition renders memory more persistent. Moreover, weak memories due to weak training, 

which is unable to generate sufficient gene transcription, can be enhanced by HDAC inhibitors, and 

transformed into a stronger memory [81]. 

NF-κB family members are preformed proteins, the activation and activity of which are 

regulated to large extent by post-translational modification, as opposed to induction of their 

synthesis. Acetylation regulates the p65 subunits, p105, and p100 of NF-κB, but there is also 

regulation from S-nitrosylation, oxidation, nitration, and alkylation, and O-GlcNAcetylation [87,88]. 

NF-κB activation is site specific; acetylation at one site (Lys-310) enhances transcriptional activity of 

p65, where acetylation at Lys-122 and 123 inhibits P65 DNA binding and transcriptional activity [59]. 
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Canonical and Non-Canonical Activation of NF-κB Factors 

The NF-κB signaling pathway regulates transcription in the hippocampus during memory 

reconsolidation. NF-κB resides ubiquitously in the cytosol as an inactive form of three protein 

subunits, a transcription factor dimer and an inhibitory subunit, IκB. In neurons, the most common 

combination of subunit is p65 (also referred to as RelA), P50 and IκBα. However, other protein 

monomers (RelB, cRel, and p52) form homodimers or heterodimers which affect genetic transcription 

in response to specific stimuli [89]. 

Tightly regulated by either the canonical- NEMO (NF-κB Essential Modulator) dependent 

pathway - or the non-canonical, NEMO-independent pathway, the transcriptionally active NF-κB 

dimers are the levers of control for various programs of genetic expression, thus controlling broad 

gene expression programs. [90]. In the canonical mechanism of NF-κB activation, phosphorylation of 

the inhibitory IκB subunit by IκB Kinases (IKK) results in ubiquitination and proteasomal 

degradation of the IκB subunit, and release of the active form of NF-κB factor dimer to translocate to 

the nucleus (Figure 3). In the non-canonical control mechanism, IKKα directly modifies chromatin 

structure by the phosphorylation of histone H3, triggering acetylation of histone H3 by interacting 

with the CREB Binding Protein (CBP) [85,91]. 

NF-κB subunit composition- which may include p65, RelB, c-Rel, p50 or p52- depends upon the 

developmental state, location and other factors, such that there is significant compositional variation 

[92,93]. p65(RelA) is a product of the canonical pathway. 

 

Figure 3. Created in BioRender. Tuchman, K. (2025) https://BioRender.com/u2icrk5，Interleukin-8 (CXCL8) is 

expressed by angiogenic cell precursors (ACP)s and activates the canonical NF-κB pathway, resulting in gene 

transcription and protein synthesis necessary for memory formation and consolidation. 

NF-κB Signaling Pathway Regulates Transcription in Memory Re-Consolidation 

The period of memory recall is one in which memories are susceptible to alteration and requires 

a process of reconsolidation after retrieval [94,95]. To enable memory reconsolidation, IKKα activity 

is necessary to regulate gene transcription and chromatin structure in hippocampus. Retrieval of 

contextual conditioned fear memories activates the NF-κB pathway via IKKα, and subsequent up-

regulation in hippocampal NF-κB signaling activity increases histone H3 phosphorylation and 

acetylation. And as anticipated, IKK inhibition blocks regulation of both chromatin structure and NF-

κB DNA binding during memory reconsolidation; this inhibition of the NF-κB signaling cascade at 

the level of the IKKα protein kinase blocks contextual conditioned fear memory reconsolidation and 
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histone H3 posttranslational modifications in the hippocampus after memory retrieval. Conversely, 

elevating histone acetylation rescues this memory deficit in the face of IKK blockade [85,96–98]. 
The importance of NF-κB has been demonstrated in both invertebrate and vertebrate species. 

Inhibition of NF-κB in the hippocampus disrupts memory [91]. In the crab Chasmagnathus, 

habituation of the escape response elicited by a fear stimulus is paralleled by increased activated form 

of an NF-κB homolog in brain nuclei and in isolated synapses [63,99]. On the other hand, blocking 

NF-κB activation with IKK complex inhibitor prevents formation of escape memory, [100] and 

blocking NF-κB after memory recall results in amnesia [95]. In murine models, intrahippocampal 

injections of NF-κB decoy disrupts the reconsolidation of memory [83]. NF-κB is needed for radial 

maze mastery [101]. Intra-amygdala administration of NF-κB decoy disrupts the fear-potentiated 

startle response [102]. Inhibition of NF-κB function by overexpression of IkB in the mouse forebrain 

is associated with decreased mRNA of the catalytic subunit of protein kinase A (PKA), decreased 

CREB phosphorylation and decreased spatial memory [72]. 

Information Storage Is a Function of Synaptogenesis 

The transcription factor NF-κB is centrally involved in the upregulation of dendritic spines and 

synaptic density. NF-κB is necessary in the regulation of signals which induce neurite outgrowth 

during synaptic plasticity and memory. NF-κB influences the morphology and complexity of the 

dendritic arbors through regulation of NCAM, amyloid precursor protein (APP), Tenascin-C, and β1 

integrin [59]. Moreover, the p65 subunit of NF-κB is enriched in dendritic spines, where it regulates 

density, size and function of dendritic spines and excitatory synapses, and provides feedback to 

control spine density and spine morphology. During the learning process, plasticity is manifest by a 

substantial increase in NF-κB over basal level in a number of dendritic spines and excitatory synapses 

[103] p65-mediated regulation of spine density absolutely depends on the ability of p65 to bind DNA, 

and to activate transcription of target genes. Altered strength and connectivity of synapses and 

dendritic spine morphology underlies neural plasticity [104–107]. Structural plasticity also involves 

change of dendrite head size. p65 increases dendrite head size. Larger spine heads and larger 

synapses correlate with increased numbers of AMPA receptors and increased AMPA receptor-

mediated currents. Conversely, loss of NF-κB function leads to a decrease in dendritic spine density, 

and diminished spine head size [108,109]. 

NF-κB also regulates BDNF, which is important in energy metabolism, neuronal differentiation, 

survival, growth, neurogenesis, and synaptic plasticity and memory. In astrocytes and neurons, 

upregulated BDNF is profoundly manifested in terms of memory consolidation, cellular growth, 

differentiation, and neurogenesis [110]. 

Thus, the high levels of CXCR8 expressed by ACP activate NF-κB, and this effect is of profound 

importance to the potential for learning and memory storage. 

NSC Favor the Non-Inflammatory M2 Phenotype, Resulting in Less 

Inflammation and Less Scarring 

The grafting of human NSCs intracerebrally attenuates microglial/macrophage activation, 

favoring transition of the macrophage toward the M2 anti-inflammatory phenotype. Adoption of the 

M2 phenotype promotes axonal regrowth in the setting of traumatic injury [111]. Ubiquitously 

distributed throughout the CNS, microglia depending on their activation status can be pro-

inflammatory and cytotoxic -the M1 “classical” phenotype- or conversely the neuroprotective, M2 

“alternative” phenotype. Oxidative stress, low-grade inflammation, injury and neurotoxin exposure 

result in microglial priming to the inflammatory and harmful macrophage M1 phenotype. Pathogenic 

particles from damaged cells trigger release of pro-inflammatory cytokines IL-1β, TNF-α, IL-6, 

nitrous oxide, ROS, and reactive nitrogen species (RNS) reciprocally amplifying microglial activation, 

and resulting in neuron vulnerability and neuronal death [112–114]. This inflammatory response may 

be amplified through recruitment of additional cells by pro-inflammatory cytokines- TNF-α, IL-1β, 
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IL-16 and IL-18 [115,116]. The M1 and M2 phenotypes represent a continuum, and microglia may 

move from one state to the other [117]. In contradistinction to the pro-inflammatory M1 phenotype 

that utilizes anaerobic glycolysis, the M2 macrophages have an intact tricarboxylic acid (TCA) cycle, 

expressing anti-inflammatory mediators, clearing apoptotic cells, promoting tissue repair, and 

driving angiogenesis. NSC signal preferential adoption of the M2 phenotype, thus promoting 

neuroprotection and tissue healing, and decreasing deleterious inflammatory changes and scarring 

in areas of central nervous system injury (Figure 4) [118,119]. Though neuroinflammation serves as a 

defense mechanism to protect the brain by removing or inhibiting diverse pathogens, sustained 

inflammation inhibits regeneration [120]. NSC thus dampen the inflammatory changes that occur in 

the first 24 hours after injury and lessen scarring by promoting the adoption of the M2 phenotype of 

microglia and macrophages. M2 microglia aid phagocytosis of cell debris and misfolded proteins, 

promote extracellular matrix reconstruction and tissue repair, and support neuron survival by release 

of neurotrophic factors [115]. The M2 phenotypical macrophages release anti-inflammatory 

cytokines- IL-4, IL-10, IL-13, transforming growth factor (TGF)-β), insulin-like growth factor-1 (IGF-

1), fibroblast growth factor (FGF), colony stimulating factor (CSF)1, and neurotrophic growth factors 

(NGF)s- BDNF, neurotrophins and GDNF, inducing a condition of neuroprotectivity [121]. 

While microglia originate from infiltrated yolk sac progenitor cells during early embryonic 

development, and are maintained independently by self-proliferation, they are also maintained in 

number by circulating monocytes under disease conditions [122]. Within 24 hours of stroke, 

monocytes from the peripheral circulation adhere to damaged endothelium of the BBB and infiltrate 

the CNS to replenish the macrophage count [123]. 

CXCL12 is also known to foster adoption of the non-inflammatory (M2) phenotype of 

monocytes, to increase survival of axons around syringomyelic cavities after spinal cord injury, to 

decrease apoptosis, and increase nerve repair and improved analgesic effect [124,125]. 

 

Figure 4. Created in BioRender. Tuchman, K. (2025) https://BioRender.com/36j1vy7，Neural progenitor cells 

(NCP) have CXCR4 receptors, and migrate towards CXCL12 released by injured tissue. NCP promote the M2 

(neuroprotective) macrophage phenotype, which release anti-inflammatory factors. The NCP differentiate into 

neuronal , glial or oligodendrocytic cells. 

Conclusions 

The application of artificial intelligence through the brain computer interface is proving to be 

one of the great advances in neuroscience today. However, the introduction of foreign bodies into 

deeper parts of the central nervous system will ultimately result in foreign body reaction, scarring, 

apoptosis, and decreased signaling. One probable solution to these significant obstacles is the 
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biomolecular strategy provided by the delivery of ACP and NCP, either intrathecally or intra-

arterially, and the important consequences of which may be improved cell survival, angiogenesis, 

decreased inflammation and scarring, and improved learning and memory storage. 
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