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Abstract: Brain plasticity is at the basis of many cognitive functions, including learning and
memory. It includes several mechanisms of synaptic and extrasynaptic changes, neurogen-
esis, and the formation and elimination of synapses. The plasticity of synaptic transmission
involves the expression of immediate early genes (IEGs) that regulate neuronal activity,
thereby supporting learning and memory. In addition, IEGs are involved in the regulation
of brain cells” metabolism, proliferation, and survival, in the establishment of multicellular
ensembles, and, presumably, in cell competition in the tissue. In this review, we analyze
the current understanding of the role of IEGs (c-Fos, c-Myc, Arg3.1/Arc) in controlling
brain plasticity in physiological and pathological conditions, including brain aging and
neurodegeneration. This work might inspire new gene therapy strategies targeting IEGs to
regulate synaptic plasticity, and potentially prevent or mitigate neurodegenerative diseases.

Keywords: neuroplasticity; cell competition; immediate early genes; Arg3.1/Arc; c-Myc;
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1. Introduction

One of the attributes of the functional activity of the central nervous system (CNS)
is neuroplasticity. This quality determines the ability of the nervous system to adapt to
changes in the environment. Thus, in response to stimuli of different origin, numerous
changes in the structural and functional parameters of the brain are initiated, including the
establishment and elimination of synapses, the remodeling of brain neuronal circuits, the
promotion of neurogenesis, the angiogenesis and programmed cell death, the activation of
glial cells, changes in dendritic or axonal architecture, the myelination of axons, and the
adjustment of local microcirculation to the current needs of active brain regions [1,2].

All these events are under the control of (i) neurotransmitters, neuropeptides, glio-
transmitters, hormones, growth factors, cytokines, alarmins, metabolites (glucose, lac-
tate, ketone bodies, fatty acids, etc.) released from activated cells or transported from
the blood; (ii) cell-to-cell communication and cell-to-extracellular matrix communication;
(iii) the release of membrane microvesicles and exosomes from activated or damaged cells;
(iv) environmental stimuli affecting cell behavior (Figure 1) [3,4]. As a result, the sensing
and processing of any short-term stimulus causes long-term changes in the integral ac-
tivity of the brain, being responsible for long-term effects in cognition, emotions, social
behaviors, and the brain-mediated regulation of the functional activity of peripheral tissues
and organs.

Cells 2025, 14, 143

https:/ /doi.org/10.3390/ cells14020143


https://doi.org/10.3390/cells14020143
https://doi.org/10.3390/cells14020143
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-3650-6121
https://orcid.org/0000-0001-5742-8356
https://orcid.org/0000-0002-1284-6711
https://orcid.org/0000-0003-3367-5373
https://orcid.org/0000-0002-2704-6282
https://doi.org/10.3390/cells14020143
https://www.mdpi.com/article/10.3390/cells14020143?type=check_update&version=2

Cells 2025, 14, 143

2 of 38

Neurotransmitters, neuropentides, growth
factors, cytokines, metaholites

Cell-to-cell and cell-to-extracellular
matrix communication

Microglia

\
Astrocyte

Neuron

(o
°

establishment and elimination of synapses
remodeling of brain neuronal circuits
®promotion of neurogenesis, angiogenesis
®programmed cell death

®activation of glial cells

®changes in dendritic or axonal architecture
®myelination of axons

. . . . .
\_ adjustment of local microcirculation )

Release of membrane

microvesicles and exosomes

Environmental stimuli
affecting cells behavior

Figure 1. Changes in the structural and functional parameters of the brain occurring through the
mechanisms of brain plasticity.

It is known that an important functional component of nervous system cells is the
expression of immediate early genes (IEGs) that induce plastic changes in the neuronal
synapses [5,6]. To date, a large number of IEGs have been identified, and their cellular
functions vary considerably [7]. Thus, the activation of these genes is thought to be one of
the major evolutionarily conserved components of the neuronal response to injury [8]. IEGs
also control the synthesis of regulatory proteins involved in the mechanism of memory
consolidation [9]. They participate in many cellular functions, including cell proliferation
and differentiation processes [10]. In addition, the overexpression of some IEGs (e.g., c-Fos
and zif/268) is involved in the development of neuronal cell apoptosis in neurodegenerative
diseases [11].

Brain plasticity is always associated with significant changes in the number and activ-
ity of synapses. A prolonged boost of synaptic activity is known as long-term potentiation
(LTP), as opposed to long-term depression (LTD), which is a decrease in synaptic trans-
mission strength after a period of neuronal activity. It is generally accepted that LTP and
LTD play an important role in memory encoding and learning. There are two stages of LTP:
(1) early LTP lasts from 1 to 2 h and is characterized by the expression of IEGs and post-
translational modifications of already existing synaptic proteins; (2) late LTP lasts for several
hours or even days and is characterized by significant changes in the postsynaptic density
(PSD), dendritic spine enlargement, and the establishment of new synapses required for
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memory consolidation. Late LTP requires the expression of new genes and proteins, and
the same process occurs in each round of further memory reconsolidation [12]. LTD is
caused by decreased transmission efficacy and is characterized by the elimination of weak
synapses and downregulation of AMPA glutamate receptors to support the most effective
synaptic plasticity state, thereby contributing to the establishment of memory engrams.
The restriction of LTP by LTD in dendritic subcompartments drives this mechanism [12].
As was reported in recent studies [13], LTD should not be considered a process that alters
memory, since synapse elimination in dendritic spines during LTD is necessary to produce
a memory that represents all details correctly and does not overlap with information noise.

All mechanisms of synaptic plasticity are coupled with short-term and long-term
changes in the protein complexes located in pre- and postsynaptic membranes. The estab-
lishment and activation of multiprotein platforms provides a substrate for maintaining
the activity of an information-perceiving neuron. One of these complexes is the AMPAR
glutamate receptor, which is a hetero-tetramer forming a ligand-dependent channel. It
allows for Na* to enter the postsynaptic neuron, resulting in depolarization [14]. NMDAR
glutamate receptors are both chemo- and voltage-sensitive and have a slow activation
profile and long-lasting activity. These receptors allow for Ca?* to enter the cell and are
involved in LTP development [15,16]. Metabotropic glutamate receptors, mGluRs, also take
part in LTP induction, most likely through an alternative, NMDAR-independent pathway
which requires the expression of one IEG—Arc/Arg3.1 [17].

The expression of different glutamate receptor subtypes largely determines the type
of response to the action of an excitatory stimuli. In neurons with high NMDAR and low
AMPAR expression, the activation of “silent” synapses requires AMPAR externalization
through the SNARE (soluble NSF attachment receptor)-controlled exocytosis of vesicles
supported by the activity of synaptotagmin 1/7 [18] or complexin [19]. Clathrin-dependent
AMPARs endocytosis mediated by Arc/Arg3.1 or PICK1 (protein interacting with C-
kinase 1) leads to LTD induction and LTP suppression [20]. It should be noted that the
activity of complexin, which binds to a complex of SNARE proteins, is only relevant
to exocytosis during the induction of LTP but is not involved in the baseline synaptic
activity [19]. The knockout of the Arc/Arg3.1 gene disrupts mGluR-mediated LTD but not
NMDA-mediated LTD [17]. It is important to note that mutations in genes encoding SNARE
proteins are often associated with a variety of neurological disorders (“SNAREopathies”),
including epilepsy, intellectual disability, and neurodevelopmental conditions such as
autism spectrum disorders [21,22].

The coordinated and synchronous activation of pre- and postsynaptic neurons is
crucial for proper synaptic transmission. For LTP, it is obligatory that both presynaptic and
postsynaptic neurons are simultaneously active. It is then that the glutamate-dependent
activation of postsynaptic NMDARs becomes possible, thereby resulting in significant
cytosolic Ca?* increases and the induction of LTP. In contrast, the repeated activation
of presynaptic neurons deprived of the concomitant activity of postsynaptic neurons or
lacking a significant increase in cytosolic Ca®* levels results in LTD [20].

Effective synaptic transmission requires the establishment of a multiprotein plat-
form in the receiving neuron, known as a postsynaptic density (PSD). This is a complex
multi-layered compartment where critical protein—protein interactions modulate synaptic
transmission. Proteins are organized there to ensure the efficient downstream transmission
of a signal. The PSD structure differs in its excitatory and inhibitory synapses. The surface
layer contains transmembrane proteins such as NMDARs and AMPARs or GABA and
glycine receptors. The cytoplasmic layer contains a variety of proteins that interact with
the cytoskeleton and produce dynamic changes in the dendritic spine profile. Scaffold pro-
teins are abundantly present within the entire PSD. They regulate signaling pathways and
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recruit other proteins (e.g.,, NMDARs and AMPARs) into the PSD complex [23]. Scaffold
proteins like PSD95 or filamin A are located at different distances from the postsynaptic
membrane, and their distribution, post-translational modifications, and protein—protein
interactions are sensitive to the actual synaptic activity. PSD structural integrity and re-
modeling is controlled by the actin cytoskeleton: dendritic spines are affected by Ca?*- and
NMDA-dependent dynamic changes in the actin microarchitecture [24,25].

As we have mentioned above, the development of LTP and LTD is coupled with the
expression of various genes in neurons, and some of them belong to the group of IEGs [26].
Among the IEGs, c-Fos, Arc/Arg3.1, NPAS4, Egrl and Nr4al, c-Myc, etc., are induced as
early as possible in LTP and their expression occurs independently of de novo protein syn-
thesis. Another subgroup includes the “second wave” genes (BDNF, Homerl, Nrn1, Rgs2,
etc.), which have a slower expression profile [26,27]. The expression of c-Fos, Homerla,
and Arg3.1/Arc genes is triggered by either LTP and LTD [28,29]. Currently, IEGs are
considered “signatures” of memory engrams: for instance, hippocampus-mediated learn-
ing results in the fast induction of IEGs expression in cortical and hippocampal neurons.
Protein products of IEGs expression trigger plasticity-associated changes in neurons. Thus,
IEGs often serve as neuronal activity markers, allowing for the detection of engram cells
that are believed to hold the memory in the brain [17]. It was experimentally confirmed
that the targeted activation of c-Fos-expressing cells (e.g., with opto- or chemogenetic ap-
proaches) makes it possible to modify mechanisms involved in memory encoding, storage,
and recall [13,30], whereas the inhibition of c-Fos expression in neurons results in LTP and
LTD suppression [31].

The activity of other IEGs of the “first wave”, such as Zif268/Egrl and NPAS4, also
determines the strength of newly encoded memories [31], the activation and deactivation of
hippocampal neuronal subpopulations [32], the development of altered synaptic plasticity
in stressful conditions [33], the efficacy of activity-dependent DNA repair in neurons [34],
the establishment of excitation-to-inhibition balance in activated neuronal circuits [35],
the regulation of neuronal proteasomal machinery [36], and the induction of experience-
triggered neurogenesis [37]. IEGs of the “second wave” contribute to specific changes in
activated neuronal cells, including the modulation of G-protein signaling by RGS2 [38],
support of PSD establishment, remodeling and relocation by Homer1 and BDNF [39,40], the
facilitation of LTD by BDNF [41], and the internalization of AMPA receptors by Homer1 [42].
It should be taken into consideration that the activation of different IEGs may be achieved
by various stimuli (membrane depolarization or the action of growth factors), with various
dynamics and functional outcomes [42]. However, among all the IEGs, some are particularly
interesting because of the relatively high stimulus threshold for the induction of their
expression (c-Fos) [43], their ability to be secreted and transferred between activated
neurons (Arg3.1/Arc) [44], or their potent regulatory activity in developing neuronal cells
(c-Myc) [45].

Progress in studying the activity-dependent transcriptional changes in neuronal cells
has led to the development of new approaches to deciphering the molecular mechanisms
of learning, memory [46], and the functional mapping of brain cells [47].

The evidence suggests that, in various normal and transformed cells, the proteins
encoded by IEGs may have a huge number of other biological effects [48,49]. For example,
the expression of IEGs affects cells growth and proliferation, cell-to-cell signaling, the
transport of metabolites, energy production, DNA repair, and cell cycle progression [50].
In the brain, synaptic plasticity may trigger some long-lasting events, affecting the fate
of cells involved in synaptic plasticity. Indeed, an increase in the expression of IEGs (c-
Fos, Arg3,1/Arc) in stimulated hippocampal neurons was found in the cells with most
prominent changes induced by learning; this is critical for memory consolidation [51]. Such
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changes may include the appearance of new dendritic spines [52], the dynamic remodeling
of PSD associated with an altered pattern of protein phosphorylation [53], the suppression
of apoptosis and increased neuronal survival [54], and extensive synaptic pruning by
apoptosis-like mechanisms in neurons [55]. Thus, it is tempting to speculate that such
plastic changes in the brain, induced by learning or memory encoding, could be coupled
with the induction of mechanisms resembling the phenomenon of cell competition, where
suboptimal cells are removed in favor of cells with higher “fitness” [56].

However, the logics of engram establishment and maintenance—in which neuronal
fate is adjusted to increase the efficiency of neural circuits [56]—suggest that neuronal
cell competition might be predominantly linked to synaptic competition, or competition
between proliferating neuronal progenitors whose development in neurogenic niches is
driven by learning [57]. Recent experimental findings, obtained in vivo with c-Fos as
a marker of recently activated neurons, support this idea: activity-dependent synaptic
plasticity results in the selection of neurons for memory encoding, and the selection process
is competitive rather than autonomous of cells [58].

The main goal of this review is to summarize the data on the possible role of
some IEGs—c-Fos and Arg3.1/Arc, which are differently induced in active postsynap-
tic neurons, and c-Myc, whose expression mainly drives the long-lasting mechanisms of
brain plasticity—in the regulation of intercellular communication and cell competition in
(patho)physiological conditions, including brain aging and neurodegeneration.

2. c-Fos, Arg3.1/Arc, and c-Myc as Potent Regulators of Brain Plasticity
2.1. c-Fos Gene

The c-Fos gene was initially discovered as a cellular homolog of the oncogene v-Fos
and was later found to affect stimulus-transcription coupling in neurons [59]. The Fos
gene family consists of four members: FOS, FOSB, FOSL1, and FOSL2 [60]. These genes
encode leucine zipper proteins that can dimerize with JUN family proteins to form the AP-1
transcription factor complex. Thus, FOS proteins have been linked to regulators of cell
proliferation, differentiation, and transformation. In some cases, FOS gene expression is
also associated with apoptotic cell death. FOS is expressed in a Ca?*- and CREB-dependent
manner in recently activated neurons that also serve as engram cells to encode long-term
memories [61,62]. In dissociated mouse dorsal root ganglion neurons, differences in c-Fos
activation did not correlate with a peak in intracellular Ca?*, but in the case of effective
stimulation, a higher increase in intracellular Ca?* concentrations was required for the
stimulus-dependent expression of the IEGs [63].

c-Fos expression rapidly and transiently increases during the depolarization of neu-
rons; then, the c-Fos protein heterodimerizes with members of the JUN family of proteins
(c-Jun, JunB, and JunD). As a result, the transcription factor activator protein 1 (AP-1) is
formed to transform short-term stimuli into a long-term neuronal response [64]. c-Fos forms
a tight but non-covalently bound complex with the transcription factor JUN/AP-1 [65]. In
the heterodimer, the major sites of FOS and JUN/AP-1 appear to interact with symmetrical
DNA half-sites. Upon TGF-beta activation, a multimeric SMAD3/SMAD4/JUN/FOS com-
plex forms at the AP1/SMAD binding site to regulate TGF-beta-mediated signaling [66].
This serves a critical function in the regulation of cell development for skeletal formation
and maintenance. Later, these protein complexes are degraded via the activity of the
ubiquitin—proteasome system [67].

Transcription factor CREB controls the transcription of genes with a CRE site (including
c-Fos). Long-term synaptic plasticity is associated with neurons that activate the CREB/c-
Fos system via an NMDAR-dependent mechanism [68]. The rapid dynamics of c-Fos
transcription patterns were demonstrated after various kinds of brain stimulation [69,70].
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For instance, in the hippocampus, c-Fos expression was elevated 10-fold within 20 min
after stimulation (in a similar manner as Arg3.1/Arc expression) [49]. In the visual cortex,
the expression of c-Fos peaked 24 min after stimulation and disappeared after 240 min [71].
The optogenetic stimulation of glutamatergic neurons in the prefrontal cortex resulted
in elevated c-Fos expression not only in this brain region but also in the functionally
connected ones, including the hippocampus and perirhinal cortex, 30 min after light
delivery in vivo [72].

c-Fos expression is differentially regulated in active neurons. For instance, after
inhibitory avoidance training, c-Fos in the hippocampus was evident within 1 hr and
the longer-term post-training period (24 h), maintaining traces of the memory [73]. The
functional pERK-dependent coupling and cycling of c-Fos and CREB expression are charac-
teristic of engram neurons that store the information via olfactory stimuli [61,74].

The AFosB transcription factor, another member of Fos family that dimerizes with
JUN to form the AP-1 complex and may further accumulate due to its high stability,
is therefore responsible for the development of sensitization to chronic drug exposure,
affecting numerous intracellular mechanisms controlled by cyclin-dependent kinases and
NEF-kB [75]. Since FosB and its splice variant, AfosB, have delayed activation and persist
longer than c-Fos, they might be considered markers of chronic neuronal activation [75,76].

Recent data confirm that c-Fos expression in the postnatal developing mouse brain
serves as a marker of maturity in the neuronal circuitry in the hippocampus and some
other brain regions during wakefulness. There is a basal level of c-Fos expression in the
absence of sensory stimulation or the application of specific behavioral tasks [77].

c-Fos expression is not exclusive to neurons: actively proliferating brain cells (mi-
croglia, astrocytes, and oligodendrocytes) utilize it for activation in proinflammatory
conditions [78].

Thus, c-Fos is considered to be an important factor of brain homeostasis [79,80] and is a
marker of the stimulus-dependent transcriptional activation of neurons, as was excellently
reviewed in [42,46,81,82]. The altered expression of c-Fos is linked to the aberrant excitabil-
ity of neurons. When c-Fos expression was suppressed in the hippocampus of knockout
mice, more severe seizures caused by kainic acid, an increase in the excitability of neurons,
and the death of neural cells were observed [80]. Mice lacking c-Fos expression in the
brain show normal behavior and impairments in the hippocampus-dependent spatial and
associative learning tasks, as well as reduced LTP in hippocampal CA3-CA1 synapses [83].

2.2. Arg3.1/Arc Gene

The Arg3.1/ Arc gene (Activity-Regulated Cytoskeleton-associated protein, Arg3.1 and
KIAAQ278) was discovered while searching for IEGs that responded to neuronal activity in
cortical and hippocampal glutamatergic neurons [84]. The gene product, the Arg3.1/Arc
protein (45 kDa) [85], is considered to be an obligatory participant in the molecular ma-
chinery necessary for learning and memory: the suppression of Arg3.1/Arc expression
leads to impairments in long-term, but not short-term, memory [86]. The Arg3.1/Arc
protein is highly conserved in mammals, birds, reptiles, and amphibians, but is absent in
fish [87,88]. Arg3.1/ Arc encodes proteins which allow for the functional “tuning” of the
activated neuron through some of the following mechanisms [86,87]: the regulation of actin
dynamics, which is important for the consolidation of long-term potentiation; the endocy-
tosis of AMPA receptors, which promotes the conversion of early long-term potentiation to
late potentiation; chromatin remodeling, which is important for epigenetic regulation; the
stimulation of the proteolytic degradation of APPs (amyloid precursor protein) and Notch1
proteins, which modulates the expression genes due to the appearance of intracellular
fragments of these proteins in cells; interactions with the postsynaptic density protein
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PSD95. In neuronal cells, the activation of NMDARs, mGluRs, TrkB, and mAChRs triggers
the activity of numerous protein kinases, including ERK, PKA, and PKC, which, in turn,
activate the transcription of the Arg3.1/Arc gene [89]. The phosphorylation of TCF, which
binds to several regions of the SRE sequence in the Arg3.1/Arc promoter, significantly
increases the transcription of Arg3.1/Arc gene [4]. In general, neuronal stimuli cause the
rapid (within 5 min) transcription of the Arg3.1/Arc gene and translocation (within 30
min) of its mRNA from the nucleus to the cytoplasm [90]. Then, Arg3.1/Arc mRNA is
translated in the soma and activated dendrites, and its translation is downregulated via
the FMRP protein. In addition, mGluRs stimulation triggers the rapid translation of pre-
existing Arg3.1/Arc mRNAs in dendrites [91,92]. The polysomal translation of Arg3.1/Arc
mRNA generates a burst of protein synthesis that accompanies an increase in the AMPARs
endocytosis. Then, the newly synthesized protein is rapidly localized close to the active
synapses and promotes mGluR-mediated LTD [93].

Arc/Agr3.1 expression in neurons is induced within a few minutes and continues
through the first 2-4 h of LTP, along with changes in AMPARs expression and actin cy-
toskeleton remodeling [94]. Upon LTP induction, a fivefold increase in AMPARSs exocytosis
occurs in dendritic spines [95] whose structural plasticity is under the control of Arc/Arg3.1-
mediated mechanisms [96,97]. It is generally accepted that Arg3.1/Arc translation coor-
dinates mGluR-driven LTD induction, at least in experience-driven brain plasticity [98].
The activation of mGluR-expressing neurons in the CA1 region of mouse hippocampus
in vivo leads to LTD induction coupled with an increase in Arg3.1/Arc expression, its
accumulation in dendrites, the downregulation of AMPARs expression, and the weakening
of excitatory synapses [98]. Arc-stimulated AMPARs endocytosis is particularly associated
with dendritic spine remodeling (an increase in the number of thin, but not mushroom-
shaped, spines) that prevents spontaneous aberrant neuronal activity [96]. This process
seems to be involved in the so-called “heterosynaptic plasticity” and mutual interference of
active and inactive synapses via differential Arg3.1/Arc expression or, more probably, via
intercellular Arg3.1/Arc transfer [99,100].

The mechanism of Arc-driven synaptic control is not yet fully understood, although
there is strong evidence that it affects LTP through regulating the dynamics of actin cy-
toskeleton [101] or clathrin-mediated AMPARs endocytosis [102,103]. However, elevated
levels of Arg3.1/Arc proteins are needed for both LTP and LTD and the reason for this
might be the regulation of PSD phase separation [104]. The rapid Arg3.1/Arc expression
observed after LTP and LTD induction interrupts the interaction with PSD95 and promotes
PSD remodeling, while Arg3.1/Arc degradation is required to establish a new stable state
in the PSD platform [104].

However, the abnormal persistence of the Arg3.1/Arc protein due to the inhibition
of its proteasomal degradation in neurons alters their Arc-driven signaling pathways and
enhances the mGluR-induced LTD associated with learning impairments [105]. Using
Arg3.1/Arc knockout mice, Kyrke-Smith, M. et al. showed that Arg3.1/Arc is not required
to maintain hippocampal LTP and may instead act in heterosynaptic plasticity and epi-
genetic processes [106]. However, recent studies have shown that persistent Arg3.1/Arc
expression regulates long-term potentiation magnitude and metaplasticity in the CA1 of
the hippocampus in ArcKR mice [107]. The latter is possible since interactions between
Arg3.1/Arc and Tip60 histone acetyltransferase lead to increased H4K12 acetylation and
promote the expression of a number of genes [108]. It is noteworthy that the reduced activ-
ity of Tip60 leads to alterations in the expression of genes encoding for proteins active in
inflammation, cell cycle control, and learning [109]. In the nucleus, the Arg3.1/ Arc protein
interacts with the BSpIVES5 (beta-spectrin IV) protein. The association between Arg3.1/ Arc
and BSpIVES5 leads to the appearance of nuclear bodies (PML-NB) in the hippocampal
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neurons in vitro. Since PML-NB are macromolecular domains that are capable of regulating
gene transcription [110], Arg3.1/Arc may serve as a transcriptional regulator [111].

In sum, the key characteristics of Arg3.1/Arc’s effects in activated neurons are shown
in Figure 2.
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Figure 2. Interactions with various cellular proteins mediate Arg3.1/Arc functions in the nucleus
(top) and synapses (down) associated with LTP and LTD. Note: (a) The interaction between Arc and
histone acetyltransferase Tip60 leads to an increase in the acetylation of histone H4K12 and promotes
the expression of a number of genes. In addition, in the nucleus, the Arc protein interacts with the
beta-spectrin IV isoform, which leads to an increase in nuclear cells characteristic of promyelocytic
leukemia (PML-NB), which are capable of regulating the transcription of GluAl genes. (b) Arc
regulates synaptic activity through enhancing clathrin-mediated endocytosis AMPAR. The Arc
complex with dynamin positively regulates the gamma-secretase-mediated cleavage of Notch1 in
neurons and leads to an increase in the production of intracellular fragments—NICD. The activity-
dependent generation of 3-amyloid and AICD requires the expression of Arc, which, together with
the presenilin protein (PS1), allows for the localization of y-secretase in dendritic endosomes for the
proteolysis of ARP.
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2.3. ¢-Myc Gene

The c-Myc gene, like c-Fos, was initially described as a protooncogene [112]. Its
increased expression in various cells is combined with a lack of response to physiological
signals, leading to cell transformation and tumor development [113]. Therefore, most of
the data on c-Myc are linked to its role in the development of tumors [114,115], but there is
accumulating evidence of its role in normal cell growth and proliferation, survival, and
metabolism, as well as in vascular permeability control and vessel remodeling [116,117].
According to recent data, c-Myc is a regulator of immunological memory and immune
tolerance [118].

Three exons of the c-Myc oncogene encode a protein sequence of 439 amino acids with
several conserved sites that are similar in all members of the family (c-Myc, I-Myc, and
n-Myc) [119], which act as transcription factors [120]. The Max protein (Myc-associated
factor X) accompanies Myc during dimerization, and they bind to DNA with non-absolute
specificity [121]. Myc-Max dimers form the basis for the binding of other transcription
factors, such as Miz-1 (Msx-interacting zinc enzyme) and Skp2 (protein 2 associated with
S-phase kinase) [122]. Together with related factors, Myc attracts other transcription
regulators, creating a transcription platform with great potential for control [123].

The Myc protein belongs to the category of enhancers, which have many regulatory
and amplification factors and control gene transcription through three-dimensional physical
interactions with gene promoters, regardless of their position and orientation relative to
their site at the beginning of transcription [115,124].

Extracellular signal-regulated kinase (ERK)-mediated phosphorylation increases the
stability of c-Myc in a similar manner to c-Fos or Egrl phosphorylation mediated by ERK;
therefore, it was suggested that c-Fos, Egrl, and c-Myc may serve as ERK sensors in
activated cells [79,125]. It should be noted that the ERK signaling cascade is involved in the
regulation of PSD multiprotein machinery in postsynaptic neurons [126],

In contrast to c-Fos or Arg3.1/Arc, c-Myc expression is not directly linked to synaptic
activity but might be important for long-lasting changes in the metabolism and viability of cells.
In the developing and adult brain, the expression of c-Myc controls events that are more related
to cell proliferation (e.g., in neurogenesis) and metabolism control [127,128], whereas the
altered expression of this gene can provoke the mechanisms of brain aging [129,130]. Thus,
unlike actively proliferating cells of the body, the overexpression of c-Myc in neurons leads
to the death of neuronal cells and the subsequent development of a neurodegenerative
phenotype [129,131]. At the same time, the expression of c-Myc has a positive effect
following stroke and traumatic damage [132,133].

Thus, c-Myc expression has a multidirectional effect in neuronal cells at different stages
of differentiation and in different phases of the cell cycle, which is especially important for
neurogenesis in the embryonic and postnatal periods, as well as for the proliferation and
activation of glial cells. The overexpression of c-Myc induces mitochondrial remodeling,
increases proliferation, and reduces the number of neural stem cells in the GO phase,
whereas the knockdown of c-Myc causes cell cycle arrest and increases the number of cells
in the GO phase of the cell cycle [134,135]. A significant effect of c-Myc in neural stem cells
is the coordination of metabolism (due to changes in mitochondrial dynamics) and the cell
cycle [136].

Since stressful factors, e.g., beta-amyloid oligomers, also induce cell cycle re-entry [137],
and the early induction of c-Myc in amyloid-affected cells results in their death, c-Myc, as
one of the IEGs, might not directly contribute to the activation of neurons in physiological
conditions, but could regulate the elimination of damaged postmitotic neurons. c-Myc-
immunopositive neurons and hyperphosphorylated c-Myc in neurons and glial cells have
been detected in the loci of brain ischemia and neuroinflammation [131,138]. The elevated
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expression of c-Myc in dorsal root ganglion neurons prevents axonal degeneration in
models of spinal cord injury, presumably due to the c-Myc-driven transcription of numerous
regeneration-associated genes [139]. Moreover, since the expression of c-Myc in mammalian
cells is regulated by external stimuli, e.g., growth factors or cell cycle transitions, in activated
cells, the elevated expression of c-Myc might be considered a sign of IEG activation [136].

3. IEGs and Establishment of Multicellular Ensembles in the Brain
3.1. c-Fos Gene

The transition from a short-term response to long-lasting changes in the brain is the
key characteristic of brain plasticity. Therefore, the establishment of well-coordinated
multicellular neuronal ensembles might be considered a real goal of the complex events
underlying synaptic activity. Recently, it was confirmed that new cells in the recall engram
in the hippocampus are not added randomly during maturation but differ according to
their connections [140].

Some studies suggest that the high c-Fos expression in stimulated neurons makes
them active in a well-coordinated manner, which is important for the stable, long-lasting
plasticity in the hippocampus [141]. Neuronal ensembles may simultaneously express
various IEGs (c-Fos, Arc, and Nr4al) while encoding to coordinate the activity of cells
that are integrated into the memory trace [71,142]. However, it should be noted that c-Fos
expression in the hippocampus under conditions of multi-day training might be rather
unstable, and increases in the precision of spatial memory do not produce more stable
patterns of expression. The optogenetic inhibition of hippocampal neurons that initially
express c-Fos after stimulation can affect later memory performance [143].

The idea that c-Fos is involved in the coordination of multicellular ensembles is
evidenced by the fact that data on the expression of this IEG show that it is expressed not
only by neurons, but also by glial cells (astrocytes, oligodendrocytes, and microglia) [78]. It
has also been reported that learning activates c-Fos in hippocampal astrocytes [144].

In mice performing hippocampus-dependent spatial learning tasks, neurons with
high c-Fos expression were found in ensembles of cells with highly correlated activity
and better spatial selectivity and stability compared with nearby c-Fos-negative cells [141].
The suppression of c-Fos and Arc3.1/Arc expression in engram cells resulted in a loss of
memory retrieval, thereby supporting the idea that the re-expression of IEGs in engram
cells is required for the reconsolidation of memory and stability of neuronal ensembles [42].

In addition to increasing the expression of c-Fos by the hippocampal neurons during
memory formation, there is evidence of the increased expression of c-Fos in neurons
in other areas of the brain when exposed to learning stimuli. Thus, c-Fos expression
is increased in activated neurons of the parietal cortex in the process of acquiring and
extracting memories associated with fear in mice [145]. At the same time, it was shown
that c-Fos expression increases after multimodal stress in neurons of the paraventricular
nucleus of the hypothalamus [146]. Also, an immunohistochemical mapping of brain slices
of mice exposed to a new and familiar environment revealed a significant increase in neural
activity involving c-Fos expression in the dentate gyrus, which led to increased exploratory
behavior [147].

Recent studies support the idea that the neurons within an engram may have different
levels of IEGs, particularly c-Fos expression: c-Fos+ and c-Fos- neurons may control the
hippocampal memory index and spatial components of the memory trace, respectively [148].
Thus, a c-Fos-mediated variable functionality of engram cells in encoding the information
has been suggested [148,149]. In mice that completed a spatial navigation task, the higher
expression of c-Fos was a feature of neurons with more stable tuning over a period of days
than those without c-Fos expression; therefore, c-Fos+ neurons contribute to hippocampus-
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dependent spatial learning [141,150]. This functional selection might be partially supported
by the predominant expression of different IEGs [148]. Indeed, in the mouse dentate
gyrus, c-Fos-dependent neuronal ensembles support memory generalization, whereas
Npas4-dependent neuronal ensembles promote memory discrimination. Thus, functionally
distinct neurons controlled by different IEG expression levels might exist within a memory
engram [151].

The above data show that c-Fos may act as a modulator of the coordinated activity
of neurons and accessory cells in learning and memory. Figure 3 shows the possible
role of c-Fos in the establishment of multicellular ensembles in brain tissue undergoing
plastic changes.

§
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Figure 3. The expression of c-Fos increases with the depolarization of neurons, after which the
protein heterodimerizes with proteins of the JUN family and forms a protein activator of transcription
factor 1 (AP-1), which converts short-term stimuli into a long-term response. c-Fos also controls the
metabolism and synthesis of lipids in connection with EPR. c-Fos expression is found in glial cells
(astrocytes, oligodendrocytes, and microglia). Cognitive learning stimuli activate c-Fos expression in
hippocampal astrocytes. Activated cortical neurons express c-Fos during the formation of associative
memory, and neurons of the hypothalamus and caudate nucleus express c-Fos after exposure to
multimodal stress.

3.2. Arg3.1/Arc Gene

The activity of Arg3.1/Arc might be connected with the ability to maintain the stable
intercellular communications underlying the establishment of engrams or the integration
of newly generated neurons into pre-existing neuronal circuits. What is the possible
mechanism of Arg3.1/Arc action within multicellular neuronal ensembles?
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Under the conditions of LTP induction in vitro, Arc-positive neurons are likely to be
closely located to each other, and Arc expression is high in neurons with strongly modulated
correlated activity. Thus, it was suggested that the expression of Arc and c-Fos provides
a combinatorial code for distinguishing the subpopulations of neurons that demonstrate
different types of activity-dependent plasticity [152].

Phylogenetic sequence analysis reveals that Arg3.1/ Arc originates from the Ty3/gypsy
family of retrotransposons that are present in the animal, plant, and fungal king-
doms [19,153]. The Arg3.1/Arc gene has structural elements similar to viral Gag (retro-
transposon family): its mRNA contains an IRES (internal ribosome entry site) sequence,
which ensures cap-independent translation, and the Arg3.1/Arc gene-promoter is adjacent
to the SARE sequence (synaptic activity-responsive element) [154,155]. The mechanism
of the intercellular transfer of Arg3.1/Arc mRNA within the virus-like protein capsids
formed by the Arg3.1/Arc protein itself, discovered several years ago, made it possible,
for the first time, to draw an analogy between the mechanisms of cell activation and viral
invasion [3,4]. Since it is known that neurons that fire together remain integrated within
the neural network (fire together, wire together), the transfer of the mRNA of this gene to
other neurons, with subsequent translation into them, may mean that the presence of an
IRES in the structure of the mRNA allows for translation even under conditions of cellular
stress [156].

Thus, the Arg3.1/ Arc protein is able to self-oligomerize and form virus-like capsids
that encapsulate RNA, thereby suggesting that Arg3.1/Arc can transmit information across
the synapse due to the mechanism of Arg3.1/Arc mRNA translocation between neurons or
other cells [153,157]. The drosophila Arcl protein forms capsid-like structures that bind
to a specific retrovirus-like region in the 3’ UTR of its own transcript. This Arcl-Arcl
mRNA complex is loaded into extracellular particles and transferred from neurons to
myocytes [157]. Arc capsids contain 5-8 nm spikes protruding from the capsid that are
possibly necessary for fusion with the membrane of a recipient cell [158].

Interactions with various proteins and the post-translational modifications of Arg3.1/Arc
are highly dynamic and, as discussed above, are controlled by neuronal activity [159-162].
These events are crucial for the formation of capsids. Interactions with NMDARSs initiate the
formation of the Arg3.1/Arc capsid by inhibiting protein oligomerization via direct binding
to the C-domain [163]. The phosphorylation of Arg3.1/Arc at serine 260 via CaMKIIx
regulates its oligomerization into virion-like capsids [93]. Palmitoylation at the N-terminal
domain contributes to the fixation of Arg3.1/Arc in the neuronal membrane due to its direct
insertion into the hydrophobic core of the lipid bilayer [164]. Arg3.1/Arc does not form a
capsid when the purified protein is devoid of nucleic acid, suggesting that the nucleic acid
itself is the primer for capsid formation. Specific binding sites in the mRNA, encoded in the
3’ UTR and/or 5’ UTR, allow for more copies of Arg3.1/Arc to be in close contact, thereby
causing capsid formation [157]. It might be hypothesized that the virus-like properties of
Arg3.1/ Arc compete with its ability to bind to postsynaptic density proteins or to induce
the endocytosis of AMPARs.

Purified Arg3.1/Arc capsids are also capable of delivering RNA to neurons: virus-like
particles with encapsulated Arg3.1/Arc mRNA are released from neurons, e.g., in the form
of extracellular vesicles [165]. Presumably, Arg3.1/Arc promotes both the endocytosis
and release of extracellular vesicles due to its ability to bind to phospholipids and induce
changes at the membrane—cytoskeleton contact points [165]. It is possible that Arg3.1/Arc
requires envelope proteins of human endogenous retroviruses for its attachment and entry
into recipient cells [166].

It is interesting that in addition to their own mRNA, Arg3.1/Arc capsids can carry
small nucleic acids, less than 300 nucleotides in length, including some tRNAs, rRNAs, and
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microRNAs. Since neurons express a high number of miRNAs, Arc-mediated transfer be-
tween neurons, or neurons and glia, can affect many events in activated brain regions [167].
It was proposed that some partner proteins that regulate the synaptic activity and function
of neurons, including PSD95, TARPy2, and CaMKI], are transferred to neighboring neurons
via delivery within the Arg3.1/Arc capsids.

It is possible that TRIM5x (Rhesus protein serving as a restriction factor that affects cap-
sids” disassembly) and Staufen (mRNA-binding protein required for the synapse-targeted
delivery of mRNA in neurons with LTP, as well as a regulator of Gag oligomerization
and RNA encapsidation in retrovirus-infected cells) are involved in the control of the
Arg3.1/ Arc life cycle in recipient cells [4]. The monosomal or polysomal translation of large
ribonucleoproteins containing Arg3.1/Arc mRNA has been detected in mGluR-stimulated
neurons to generate steady-state or burst levels of Arg3.1/Arc proteins in spines and to
decrease synapses’ sensitivity [168].

Since the main delivery cargo is mRNA, it is possible that this is immediately translated
in the cytoplasm due to the presence of IRES [169]. The presence of IRES allows for the cap-
independent translation of eukaryotic and viral mRNA. IRES are responsible for landing
ribosomes on both capped and non-capped transcripts in cases where cap-dependent
translation initiation is inhibited (e.g., during stress, at a certain stage of the cell cycle,
or during apoptosis), which ensures the continuous synthesis of the necessary proteins.
For instance, c-Myc, APAF1, and Bcl-2 mRNAs are expressed at low levels under normal
conditions, but in stressful situations, their expression is significantly increased due to
IRES-dependent translation [154]. Viral IRESs differ from cellular IRESs in highly ordered
secondary or tertiary structures, and IRES-supported translation requires special translation
factors known as ITAF (IRES trans-acting factors), which help the RNA adopt the correct
conformation, ensuring that it is suitable for binding to the 40S subunit of the ribosome.
Due to the lack of assembly of the pre-initiator protein complex and several IRES, viruses
are reproduced faster [155]. Presumably, a high rate of translation of viral mRNA and
Arg3.1/Arc mRNA in recipient cells is necessary to prevent their interaction with TLR7
and TLRS proteins on the surface of cell endosomes, which aim to recognize exogenous
single-stranded RNAs and to promote immune response [170].

Non-neuronal cells in the brain might also receive Arg3.1/Arc from activated neurons:
experiments with shRNA-Arc confirmed that an increase in the level of Arg3.1/Arc in
astrocytes is not associated with its endogenous production but occurs due to uptake by
glial cells [159]. In mixed culture, at high levels of Arg3.1/Arc expression caused by a
combination of pharmacological agents simulating LTP (4 BF cocktail containing a mixture
of 4-aminopyridine, bicuculline, and forskolin), the transfer of the Arg3.1/Arc protein from
neurons to astrocytes was evident [160,161]. Thus, the cell-to-cell transport of Arg3.1/Arc
mRNA might play a role in cell-to-cell communication, but the real contribution of this
mechanism to the control of synaptic activity, memory consolidation, experience-driven
neurogenesis, and the activation of glial cells remains unclear.

Figure 4 summarizes some data on the intercellular transfer of Arg3.1/Arc in the brain.
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Figure 4. Intercellular Arg3.1/Arc transfer: key targets of action in the recipient cell. Intracellular
mRNA transfer leads to its translation at target sites in dendrites, which leads to a high concentration
of Arc, supporting capsid assembly at these sites and the encapsulation of Arc mRNA localized in
dendrites, which can then be transported as part of the extracellular particles to neighboring neurons,
astrocytes, and microglia.

4. Brain Plasticity as a Phenomenon of Cell Competition: Is There Any
Role for IEGs?

Cell competition is a phenomenon that has become a research focus in recent decades.
It closely relates to collective cell behavior, representing a mutually coordinated type
of intercellular communication. During this process, some cells “recognize” others that
are different in their genetic, metabolic, adhesive, or other characteristics, and try to
eliminate them in order to maintain a well-balanced population in vivo or in vitro [171].
Levi-Montalcini R. and Hamburger V. were among the first to study cellular competition,
showing competition among spinal ganglia neurons for growth factors [172,173]. Cell
competition is based on the existence of at least two big subpopulations of cells within the
tissue: “winners” (optimal cells with an advantage in their proliferation and development)
and “losers” (viable but suboptimal cells). For instance, in Drosophila melanogaster, Rp+/+
cells induce caspase-dependent apoptosis in the neighboring Rp+/— cells [174]. c-Myc-
overexpressing cells always acquire the “winner” phenotype, and they induce apoptosis or
autophagy in the “losers” [174]. Proliferating cells with the “loser” phenotype may also be
pushed to terminal differentiation, whereas, for all cell types, forced senescence could be
considered another way to be defeated in the cell competition [174]. In many species, the
Flower gene is transcribed in a specific isoform and the protein that is most expressed on
the cell membrane marks the cell as either a “winner” or a “loser”.

In various organisms and cells, numerous intracellular signaling pathways are mod-
ified in cells undergoing cell competition [174]. In general, the “winner” phenotype is
associated with the higher expression of c-Myc, JAK-STAT, Wnt, p53, Topo I, BMP, and
MAPK. Moreover, c-Myc-overexpressing cells are often considered super-competitors,
whereas the “loser’ phenotype is seen in cells with a lower expression of c-Myc, BMP,
p53, JAK-STAT, and ERK [171,175-178]. For instance, the c-Jun N-terminal kinase (JNK) is
required to induce apoptosis in loser cells [179]. The protein azot is upregulated in loser
cells subjected to elimination due to the presence of c-Myc-overexpressing cells in the
tissue [179]. Higher ERK activity prevents cell death due to the development of transient
resistance to apoptosis [180]. At the same time, the regulation of cellular competition under
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the influence of some IEGs can be controlled at the post-translational level: for example,
the activity of ERK is determined by its phosphorylation [181].
In the brain, cell competition has specific characteristics:

(i). Due to the high level of brain plasticity, cell competition might have different mech-
anisms and outcomes in the developing, mature, and aging brain, as well as in the
damaged brain and under stimulated /non-stimulated conditions.

(ii). There is a basis for the competitive behavior of synapses that are intrinsically different
in their strength and contribution to the development of LTP and LTD, particularly
in learning and memory encoding or consolidation. Molecular mechanisms may be
involved, which could lead to the selection of subpopulations of cells encoding and
storing information [88,182].

(iii). Stem and progenitor cells in neurogenic niches might have higher dependence on the
cell competition mechanisms compared to mature neurons.

(iv). In pathological conditions, e.g., neurodegeneration, the removal of mature neurons
damaged by the accumulation of aberrantly folded proteins might also be provided
by a mechanism of cell competition [183].

(v). Microglia undergo cell competition under conditions of inflammation and polariza-
tion [184].

In sum, the c-Myc protein serves as a key player in the regulation of cell competition
in different types of tissues. It should be noted that a significant portion of studies on the
role of this protein in the regulation of cell competition machinery were carried out in
cells of non-brain origin, mainly in epithelial cells, fibroblasts, stem cells, and tumor cells.
However, given that c-Myc expression is recorded almost equally in neurons showing the
expression of c-Fos [185], we could presumably afford to draw some parallels between cells
of neuronal and non-neuronal lineages in terms of their c-Myc-mediated behavior under
the conditions of cell competition.

4.1. Cell Competition and Neurogenesis

It is believed that the mechanism of cell competition is most intensively manifested
during neurogenesis and is a fundamental component of nervous system development.
Cell competition plays a role in regulating neural cell numbers, canceling developmental
errors or noise, and tissue remodeling processes [186]. The most obvious example of cell
competition is neurogenesis in the embryonic brain or in postnatal neurogenic niches. Cell
competition may serve as a quality control mechanism in the developing brain [187-189],
and the same might be true for the limited neurogenesis in the adult brain, where a new
learning performance affects the balance of apoptosis and neurogenesis within neurogenic
niches and determines learning outcomes [190-192]. Thus, one may assume that experience-
driven synaptic activity, the establishment of new neuronal or astroglial networks, and
the stimulation of neurogenesis could be linked to the activation of cell competition in
the brain.

Is there any role for the brain plasticity-activated expression of IEGs in this mechanism?
The role of c-Myc in the control of adult neurogenesis and the accumulating data on the
contribution of neurogenesis to learning and memory [193] suggests that the c-Myc-driven
proliferation of neural stem and progenitor cells, as well as the regulation of the apoptosis
of newly formed cells within neurogenic niches might be important for brain plasticity.

The establishment of neuronal ensembles with signs of hyperexcitation (e.g., loci of
seizures, the development of glutamate excitotoxicity) may result in the apoptosis and
enhanced proliferation of cells in neurogenic niches—SGZ and SVZ [194,195]. Thus, it could
stimulate cell competition between newly formed progenitors and immature neuronal cells.
At the same time, the phenomenon of Arg3.1/Arc expression in young neurons at the
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early postmitotic stage in neurogenesis has been observed: these cells are not sensitive to
the synaptically induced expression of IEGs, but demonstrate the constitutive expression
of Arg3.1/Arc (not other IEGs, e.g., c-Fos, Zif268, or Homerla) [88]. Thus, it is assumed
that young Arg3.1/Arc+ neurons represent a subpopulation with higher viability and
a better ability to integrate into the pre-existing neural networks required for memory
consolidation [94]. If so, the expression of Arg3.1/Arc at the earliest stages of neurogenesis
could mark the subpopulation of “winners” in the SGZ, whose viability is not very affected
by the presence of hyperexcited neurons in the hippocampus.

Even the synthesis and degradation of the c-Fos protein is part of cell homeosta-
sis, but its overexpression leads to increased cell proliferation [67]. This might help to
explain the function of c-Fos as a regulator of brain cell development: c-Fos staining is
a reliable and sensitive biomarker of hippocampal-enthorinal network maturation [77].
c-Fos knockout animals demonstrate numerous developmental abnormalities and growth
retardation [196,197]. The expression of AFosB positively affected the proliferation of
neuronal progenitor cells in a rat model of brain ischemia, thereby contributing to neu-
roprotection [198]. In many other tissues, the expression of c-Fos is associated with cell
proliferation, differentiation, migration, and apoptosis [67]. Since IEGs are the targets
for ERK-mediated phosphorylation [79,199] and ERKSs are involved in the mechanisms of
cell competition in various tissues [200], the phosphorylation of IEGs in brain cells might
contribute to cell competition. Indeed, c-Fos, as well as another IEG, c-Myc, may act as
intracellular ERK-signaling sensors [79]. During embryonic neurogenesis in mice, the
expression of c-Myc in neuronal progenitor cells is required for their proliferation and
neuronal differentiation [201]. This activity of c-Myc is not only evident in the embryonic
brain: in neurogenic niches of the adult brain, Myc expression drives neurogenesis and
oligodendrogenesis [202] via controlling mitochondrial remodeling and cell cycle transition
in neural stem cells [203]. However, the results of Wang et al. showed that c-Myc blocked
the differentiation of neuronal progenitor cells into neurons [136].

4.2. Cell Competition and Brain Metabolism

Another mechanism of IEGs’ contribution to cell competition in the brain might be
linked to their regulatory activity on the cellular metabolism. Brain plasticity is always
coupled with significant changes in brain cells’ metabolism. One of the first examples
regarding this could be considered the difference in the effect of nerve growth factor on the
metabolic activity of different neurons [204]. It has been shown that activated neurons that
mainly depend on mitochondrial activity for ATP production are needed in the additional
influx of glycolytically produced lactate from astrocytes within the tripartite synapses [189].
At the same time, in neurogenic niches, neural stem cell recruitment requires a switch
from glycolysis to mitochondrial respiration to allow for the efficient differentiation and
migration of newly formed neuronal cells [191].

Numerous metabolic changes have been attributed to the phenomenon of cell com-
petition and the elimination of cells from the population. According to Chambers et al.,
“winners” should demonstrate elevated protein synthesis and glycolysis, whereas the
suppression of mitochondrial oxidative phosphorylation (OXPHQOS) results in the apop-
tosis of “losers” [192]. The inactivation of mitochondrial respiration might be linked to
the KNL-dependent phosphorylation of PDH, which decreases the ability of “loser” cells
to convert pyruvate into acetyl-CoA [205]. This metabolic reprogramming is switched
on in hypoxia-exposed cells using an HIF-1-dependent mechanism [206]. Switching the
cell metabolism from OXPHOS to glycolysis requires significant changes in mitochondrial
dynamics, notably the induction of excessive mitochondrial fission and fragmentation [207].
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In physiological conditions, the activity of GSK3[3, whose participation in synaptic
plasticity is achieved via insulin receptor signaling, is suppressed, but in neurodegeneration,
the progression of cerebral insulin resistance results in abnormally elevated activity of
the enzyme in neuronal cells [208]. Cell competition was confirmed to be related to
different metabolic activities of interacting cells following an initial study [209], which
demonstrated alterations in the competitiveness of cells with disturbed insulin receptor-
triggered signaling pathways in flies due to the abnormal activity of the IRS protein.
More recent studies suggest that insulin resistance and hyperinsulinemia suppress cell
competition in the epithelium, thereby promoting the excessive proliferation of polarity-
deficient cells that would normally be eliminated by surrounding wide-type cells [210].
Whether a similar mechanism might be activated in neurodegeneration is an open question.

PDH is a key enzyme linking glycolytic activity and mitochondrial respiration; its
phosphorylation by PDK results in the inhibition of pyruvate’s conversion into acetyl-CoA,
whereas an abnormally high phosphorylation of PDH is seen in insulin resistance [211].
c-Jun N-terminal kinase (JNK) phosphorylation and its translocation to mitochondria
in neurons is associated with PDH phosphorylation, and this mechanism is accelerated
during aging [212]. A recent study revealed that the phosphorylation of PDH is inversely
correlated with the intensity of potential firing in neurons, and pPDH can be used, together
with IEGs (like c-Fos), as negative and positive markers of experience-driven neuronal
activity, respectively [213].

How are such events connected to metabolic alterations in competing cells? In cortical
neurons, the JNK-mediated suppression of PDH activity leads to elevated lactate levels and
concomitant NAD+ regeneration to support glycolysis [214]. This mechanism is reasonable
for actively proliferating cells since the regeneration of NAD+ due to the LDH-mediated
conversion of pyruvate into lactate would support glycolytic flux and the biosynthesis of
nucleotides and amino acids. Moreover, well-known regulators of cell competition, such as
Ras and c-Myc, may positively affect the JNK cascade [215]. However, some authors [205]
suggested that loser cells produce lactate to support the viability of the winners. Actually,
this mechanism seems to be very close to the Warburg’s effect and reverse Warburg’s effect
seen in tumor cells and the tumor microenvironment [216] and to the neuron-astrocyte
metabolic coupling, which is important for brain plasticity [217]. The overexpression
of c-Myc results (Figure 5) in increased glycolysis and alters mitochondrial morphology
due to the elevated mitochondrial fragmentation [218]. However, in some cells, c-Myc
may stimulate mitochondrial biogenesis and mitochondrial activity, as well as the PDH-
mediated production of acetyl-CoA, and suppress JNK-mediated apoptosis [219-222]. Thus,
mammalian cells with high c-Myc expression should demonstrate preferable mitochondrial
generation of ATP.

c-Myc overexpression leads to the depletion of ATP levels and activation of AMPK,
which is required for mitochondrial biogenesis and OXPHOS, but their cooperative activity
is more complicated: it was proposed that they could work together to maintain a positive
balance of ATP and AMP and to allow for effective proliferation through coordinating the
efficacy of OXPHOS and glycolysis [223]. In embryonic tissues, the elimination of less fit
cells is associated with the inhibition of mTOR signaling in a p53-dependent manner [224].
In non-proliferating tissues in postnatal ontogenesis, the elimination of cells via the cell
competition mechanism requires cellular hypertrophy to repair the tissue [225]. For in-
stance, cellular hypertrophy is driven by mTOR machinery in skeletal muscle cells [226],
cardiac cells [227], and neurons [228]. Even acute mTOR inhibition may induce insulin
resistance and lower glucose utilization in muscle cells [229]. The activity of mTOR is under
the negative control of AMPK which detects the levels of ATP and AMP, drives mitochon-
drial activation, and suppresses glycolysis in cells [230]. Thus, one may suggest that, in
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the context of cell competition, the “winners” should have higher Myc-driven OXPHOS
activity, but the secondary activation of AMPK caused by the excessive production of ROS

in mitochondria may stimulate the establishment of the Warburg effect needed for cell
survival [223].

Apoptosis

O

Figure 5. The overexpression of c-Myc results in increased glycolysis, alters mitochondrial morphol-
ogy (mitochondrial fragmentation), stimulates mitochondrial biogenesis and mitochondrial activity,
as well as the PDH-mediated production of acetyl-CoA, and suppresses JNK-mediated apoptosis.
c-Myc overexpression leads to the depletion of ATP levels and activation of AMPK. c-Myc and AMPK
could work together to maintain a positive balance of ATP and AMP and to allow for effective
proliferation through coordinating the efficacy of OXPHOS and glycolysis.

mTOR inhibitors may improve the lifespan in vivo and suppress the aging program,
presumably acting via mTORC1 (which is regulated mainly by insulin, ATP, phosphatidic
acid, and amino acids, and is normally responsible for the activation of glycolysis, the
pentose phosphate pathway, the biosynthesis of fatty acids and cholesterol, ribosomal
protein synthesis, cell growth, and the suppression of autophagy), whereas the inhibition
of mTORC?2 (which is normally linked to the insulin and IGF signaling cascade driving cell
survival, cytoskeletal remodeling, and cell migration) is related to alterations in glucose and
lipid metabolism, as well as to a negative effect on lifespan [231-233]. More importantly,
mTORCI1 provides the negative feedback regulation of IRS via serine phosphorylation,
whereas mTORC2 acts as a tyrosine kinase for IR and IGFR, as well as being an inducer
of IRS-1 degradation [233]. Thus, under physiological conditions, mMTORC1 signaling is
important for preventing the excessive action of insulin and mTORC2, but under conditions
of insulin resistance, hyperinsulinemia, and obesity, chronic mTORC1 overactivity may
further attenuate insulin and mTORC?2 signaling and trigger the establishment of circulus
vitiosus [234]. It should be noted that the effects of mTOR machinery activation might
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depend on the cell type, e.g., a low-protein diet suppresses mMTORC1 signaling in prolifer-
ating cancer cells but increases mTORC1 signaling in tumor-associated non-proliferating
macrophages, and as a result, tumor cells are efficiently eliminated from the tissue [235].

The data obtained by Rawat et al. show the protective effects of enhanced c-Fos expres-
sion in cortical neurons due to homocysteine toxicity, while its knockdown caused the death
of healthy neurons [236]. This suggests that c-Fos is necessary for the survival of neurons
and an increase in its expression has a neuroprotective effect [237]. Since c-Fos expression
is driven by numerous physiological and pathological stimuli, including neurotransmitters,
cytokines, growth factors, stress signals, and proinflammatory molecules, its expression
might have different outcomes in different cells: for example, it may stabilize LTP in neu-
rons, respond to noxious, stressful, or proinflammatory signals in glial cells, and cause
metabolic changes in various types of cells. The latter effect is confirmed by the finding
of an association between the c-Fos protein and the endoplasmic reticulum; it was found
to control the lipid metabolism and stimulate the activity of lipid synthesizing enzymes
(e.g., CDP-diacylglycerolsynthase-1, phosphatidylinositol-4-kinase type II ) in neuronal
cells [49]. In other cell types (e.g., chondrocytes), c-Fos regulates energy production by
balancing the pyruvate flux and anaerobic glycolysis and the tricarboxylic acid cycle in
response to proinflammatory stimuli [48].

4.3. Cell Competition and Synaptic Plasticity

The phenomenon of synaptic competition might be linked to the competitive behavior
of different synapses in a neuron because of their intrinsically different strengths or the
limited number of plasticity-related products like BDNEF, Arc3.1/Arc, PKM(, PSD proteins,
etc., as well as transcription factors promoting their expression [238]. Alterations in these
mechanisms might result in the deregulation of LTP and LTD, an excitation-to-inhibition
imbalance, and the appearance of neurons with abnormally enhanced excitability, as
observed in the initial stages of Alzheimer’s type neurodegeneration [239].

When LTP is almost “saturated”, further learning is impossible [240]; this is controlled
by the induction of LTD. Synaptic activity may initiate apoptotic cascades, resulting in the
cleavage of ionotropic glutamate-receptor subunits [190], and, presumably, the death of
neurons with a weaker ability to support LTP and LTD. Additionally, synapses may have
various patterns of activation leading to NMDA receptor signaling and the development
of LTP or LTD, and such variability depends on the activity of GSK3«/GSK3{3: an active
enzyme is required for the induction of LTD [241,242] and structural plasticity of dendritic
spines [242]. Moreover, Arg3.1/Arc was identified as a substrate for GSK3-mediated
phosphorylation, which is required for the degradation of Arg3.1/Arc proteins [163]. At
the same time, inhibitors of GSK3f in neuroblastoma cells reduce c-Myc expression and
promote apoptosis [243].

The intrinsic excitability of neurons is known to be modulated by synaptic activ-
ity [244]. Intrinsic plasticity, in turn, depends on the activity of synaptic receptors (NMDAR,
mGluR, AMPAR) [245-247]. Furthermore, the NMDAR-dependent induction of synaptic
plasticity is associated with c-Fos activation [73]. It is also known that NMDAR and mGluR
stimulation activates Arg3.1/Arc transcription in neurons (via ERK, PKA, and PKC protein
kinases), which is associated with the increased endocytosis of AMPARs [91,92]. Thus, IEGs
may be involved in the mechanism of regulation of internal plasticity and the excitability
of neurons.

In neurons, only those axons that contain clusters of mTOR respond to the mTOR-
dependent signal and transmit the trophic signal back to the presynaptic cell body, causing
the response necessary for long-term plasticity [235]. Therefore, it is likely that synaptic
plasticity is a possible variant of the competitive behavior of neurons: an increase in the
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expression of mTOR in axons leads to an increase in the metabolic response of the entire
neuron, which is necessary for long-term plasticity. This is confirmed by in silico models
for a privileged subgroup of synapses defined by the mTOR cluster in the mechanisms of
synaptic plasticity in the establishment of long-term memory [248,249]. Thus, the competi-
tive behavior of activated neurons may be linked to the “competition” between strong and
weak synapses driven by the difference in the expression of some IEGs, particularly c-Fos,
Arg3.1/Arc, and c-Myc.

In addition to neurochemical signaling and presynaptic stimulation, changes in the
level of coherence between pre- and postsynaptic activity (spike-timing-dependent plastic-
ity (STDP)) are involved in the process of LTP and LTD formation [250]. This pathway is
considered to be more physiological for the induction of synaptic plasticity [251,252]. It
could be hypothesized that IEGs are also involved in this mechanism. Thus, the commonly
accepted model of STDP induction suggests that LTP is triggered by an increase in calcium
influx through unblocked synaptic NMDARs [251,253]. An in vitro model also found that
STDP alters synaptic the strength of electrosensory neurons via NMDARs [254], which is
associated with the activation of c-Fos and Arg3.1/Arc [73,91,92].

5. Aberrant Arg3.1/Arc, c-Fos, and c-Myc Expression and Cell
Competition in Brain Aging and Neurodegenerative Diseases

Aberrant cell competition in either stem cells or mature cells in the tissue is now
recognized as a significant contributor to aging [255,256] and neurodegeneration as a
type of advanced aging [257]. Aging is a major risk factor for the development of most
neurodegenerative diseases and is accompanied by a decline in cognitive function in a
significant part of the population. A characteristic sign of such changes is the loss of explicit
memory against the background of the preservation of implicit memory. Natural cognitive
brain dysfunction, characteristic of older people, has certain similarities with the changes
observed in neurodegenerative diseases, but the latter are characterized by the phenomenon
of accelerated aging. During the long-term latent stage of neurodegeneration, due to the
mechanisms of neuroplasticity, metabolic plasticity, and neural network rearrangements,
clinical symptoms of brain damage may be absent for a long time [258].

Aging and chronic neurodegeneration are characterized in the brain by the loss of neu-
ronal maturity, which is associated with changes in the expression profile and excitability of
cells [259]. This phenomenon is triggered by the inflammation and hyperexcitation of cells
and may even be associated with cell re-entry into the cell cycle. Most likely, the subsequent
fate of such cells depends on the extent to which they are able to maintain viability (not so
much in the neurogenic niche, but in brain tissue that does not have a microenvironment
specialized for stem/progenitor cells) and effectively form connections with other neurons.
Another mechanism that is attributed to aging is altered cell competition [256,260].

A growing body of research highlights the interplay between IEGs, such as c-Fos,
and cell competition —both of which are crucial for maintaining tissue integrity and
cellular fitness during aging. Deciphering these mechanisms will provide new avenues
for therapeutic interventions that may not only extend the lifespan but also improve the
healthspan, the period of life free from disease [260,261].

During aging, the deregulation of IEGs is linked to both normal aging processes
and age-related diseases [262]. For instance, recent studies revealed a role of c-Jun in the
regulation of short-range interactions among neurons, resulting in abnormal cell fitness
and cell competition in Alzheimer’s type neurodegeneration [263]. In Alzheimer’s disease,
increased c-Fos expression was observed in surviving hippocampal neurons, potentially
indicating a compensatory mechanism or reflecting the degeneration of affected neurons.
Animal models of AD have shown that external stressors, such as exposure to noise,
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exacerbate neurodegeneration by promoting changes like tau hyperphosphorylation and
amyloid-beta accumulation [264]. These pathological processes are associated with elevated
c-Fos expression, suggesting that this gene plays a role in the brain’s stress response
mechanisms during disease progression [265]. The expression of IEGs and cell competition
are interconnected in their roles maintaining tissue and cellular fitness during aging [56,256].
Both mechanisms are involved in the brain’s response to inflammaging, influencing the fate
of neurons and other cell types. As c-Fos and other IEGs regulate synaptic plasticity and
stress responses, their deregulation can impair cell competition, leading to the accumulation
of damaged or senescent cells that contribute to disease progression [56].

In addition, c-Fos expression in response to neuronal injury or environmental stress has
been investigated in various models, such as rodents and zebrafish, further emphasizing
its role in cell survival, synaptic plasticity, and neurodegenerative diseases [266]. However,
as organisms age, the regulation of c-Fos becomes impaired, with reduced expression
in certain brain regions [264]. This decline is linked to reduced brain function and may
contribute to the increased vulnerability of aged neurons to stress and damage [266].

Elevated c-Fos levels in neurons during neurodegenerative diseases like Alzheimer’s
may be linked to a failure in cell competition, where the brain becomes less efficient at elim-
inating weaker neurons [184]. This decline in cell competition could accelerate cognitive
decline by allowing for the accumulation of less fit cells, exacerbating neurodegeneration.
Conversely, enhancing cell competition could support the survival of cells with higher
fitness and improve tissue integrity, potentially offering therapeutic benefits in age-related
diseases [56].

In the immune system, cell competition also plays a role in regulating microglial
turnover in the brain. Microglia, the brain’s resident immune cells, maintain themselves
through self-renewal, and their survival is influenced by factors like interleukin-34 and
the colony-stimulating factor-1 receptor (CSF1IRA). Age-related reductions in CSFIRA
expression diminish the competitiveness of certain microglia populations, leading to their
decline with age. This suggests that modulating cell competition in microglia could help
sustain brain health during aging [184].

As organisms age, long-lived cells like neurons and glia also accumulate damage. In
Drosophila, neurons and glial cells undergo polyploidization—a process in which cells
acquire multiple copies of their genome, which helps protect them from DNA damage
and oxidative stress. There is polyploidy in neuronal cells, which occurs due to their re-
entry into the cell cycle [267]. Despite the potential protective role of neuronal polyploidy;,
studies have revealed a link between the resumption of the cell cycle in neurons and
neurodegeneration [268]. In addition, exogenous DNA damage and oxidative stress can
cause even higher levels of polyploidy in cells that are protected from cell death [268].
Interestingly, a link has been found between activation of the mTOR signaling pathway and
signs of polyploidy [269]. If, in postmitotic neurons, c-Myc provokes re-entry into the cell
cycle, which causes endoreplication without mitosis and the appearance of polyploid cells
in the postnatal brain [270], then the formation of polyploid neurons can be considered an
attempt to survive cell competition under conditions of cellular stress. Indeed, the ectopic
expression of c-Myc in neurons causes cell cycle re-entry and neurodegeneration [129,271].

Polyploid cells demonstrate increased resistance to damage-induced cell death com-
pared to diploid cells, particularly in brain regions such as the optic lobes. This suggests
that polyploidization may serve as an adaptive response to preserve neuronal and glial
function during aging [266]. However, polyploidy is a double-edged sword in the ner-
vous system. While it can offer protection against damage, abnormal cell cycle re-entry
in neurons has been linked to neurodegeneration. Neurons that re-enter the cell cycle
under pathological conditions often die, contributing to diseases like Alzheimer’s [268].
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c-Myc has been implicated in this process, as it is upregulated in response to neurotoxic
agents, such as amyloid-beta, leading to neurodegeneration through cell cycle re-entry. In
Parkinson’s disease, c-Myc deregulation has also been linked to mitochondrial dysfunction
and neuronal death, further illustrating its role in neurodegenerative processes [124,272].
An aberrant expression of c-Myc was found in the brain of individuals with AD [273].

The potential role of Arg3.1/Arc in AD is indicated by two key findings: (i) single-
nucleotide polymorphisms in the 3’ UTR of Arg3.1/Arc are associated with an increased
susceptibility to AD [274]; (ii) Arg3.1/Arc protein levels in the medial frontal cortex are
elevated in patients with AD vs. age-matched healthy persons [177]. A study using a
transgenic Drosophila model of tauopathy linked ArcD1 accumulation in the nucleus
to tau-induced mRNA overexpression and mRNA quality control impairment [275,276].
Arcl intranuclear accumulation in transgenic flies can suppress GluAl transcription by
increasing the number of PML nuclear bodies, leading to an increase in H4K12 acetylation
via Arcl-Tip60 interaction. This Arc-mediated chromatin modification is associated with the
increased transcription of anti-inflammatory genes and other IEGs known to be involved in
the pathogenesis of AD [277]. With age, especially in patients with AD, a dramatic increase
in Arg3.1/Arc interactions with filamin A (FLNA), instead of PSD95, is observed, resulting
in a dominant presence of Arg3.1/Arc in FLNA signaling complexes, a critical scaffold
protein, modulating a variety of receptors and signaling molecules. This change in binding
behavior patterns indicates a regulatory shift as the pathological condition progresses,
which may be largely related to synaptic disturbances in AD and aging. An altered FLNA
conformation is closely associated with amyloid plaque and tau tangle formation in AD
and may also cause Arg3.1/Arc accumulation in FLNA-dependent signaling pathways,
including «7nAChR, TLR4, and IR [278,279].

Like c-Fos, in addition to the known control functions of LTP and LTD, Arc regulates
some other mechanisms that are important for cellular survival and, possibly, cell compe-
tition in the brain tissue. In activated neurons, Arc/Agr3.1 promotes LTP development
through regulating dynamic changes in the actin cytoskeleton and the endocytosis of vesi-
cles containing glutamate receptors (AMPAR). In addition, it induces secondary epigenetic
changes and the proteolytic degradation of Notchl (Notch homolog protein 1) or APP,
affects the expression of the PSD protein complex, and transfers its own mRNA in Arc-
capsid to neighboring cells [3,4,70]. Arg3.1/Arc controls the signaling mechanism initiated
by proteolysis of the Notch protein, whose ligands are proteins of the Delta and Jagged
families [280]. The Arg3.1/Arc complex with dynamin positively regulates the y-secretase-
mediated cleavage of Notchl in neurons and leads to an increase in the production of the
intracellular fragment—NICD (Notch intracellular domain). It is known that Notch sig-
naling regulates many events in neuroplasticity; notably, the decrease in Notch expression
suppresses LTP and increases LTD in the synapses of hippocampal neurons [281]. Thus, it
is likely that Notch signaling is involved in the mechanisms of the Arc-mediated modula-
tion of synaptic transmission. APP proteolysis is important for numerous physiological
processes (neurogenesis, synapse stabilization, and cerebral angiogenesis), but is altered in
the case of Alzheimer’s type neurodegeneration [282]. The products of y-secretase activity
at APP include not only extracellular 3-amyloid peptides, but also AICD (APP intracellular
domain). The latter, which is associated with the Fe65 adapter protein, is protected from
cytosolic degradation and migrates to the cell nucleus to form a complex with histone
acetyltransferase Tip60 [283]. Such events are associated with the activation of neurons; the
activity-dependent generation of 3-amyloid and AICD requires the expression of Arc. Then,
Arg3.1/ Arc interact with the subunit of y-secretase, the protein presenilin (PS1), which
ensures the localization of y-secretase in dendritic endosomes for APP proteolysis: in the
postsynaptic neuron, APP is internalized as part of the endosomes, where it is processed.
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The suppression of Arg3.1/Arc’s interaction with y-secretase prevents the generation of
-amyloid in an activity-dependent mode [284]. Therefore, it is not surprising that, in
some animal models of AD, it is possible to detect the Arc-mediated hyperproduction
of 3-amyloid, which is preceded by the inactivation of GSK3« /3, the activation of Wnt
signaling, the accumulation of Arg3.1, and the progression of neuroinflammation [285].

Less is known regarding the role of aberrant Arg3.1/Arc expression in the pathogen-
esis of Parkinson’s disease (PD). Arg3.1/Arc knockout mice demonstrate dopaminergic
dysfunction, similarly to the phenotype of PD [286]. Cellular x-synuclein fate may be
determined through Arg3.1/Arc’s protein-regulatory effect on lipid raft function in neuron
membranes [164]; this suggests a role of aberrant Arg3.1/Arc expression in PD progression.

Obvious changes in Arg3.1/ Arc expression were registered in elderly patients with
cognitive deficits. A direct relationship was found between Arg3.1/Arc expression aberra-
tions in the hippocampus and age-related altered cognitive state associated with epigenetic
regulation disturbances [287]. However, the intricate relationship between Arc dynamics
and cognitive aging remains complex and, at times, elusive [288]. As a member of the IEG
family, Arg3.1/Arc is integral to the processes that underpin memory consolidation and
synaptic plasticity. As the brain ages, the expression of Arg3.1/Arc and other related IEGs,
such as Egrl/Zif268 and Npas4, significantly declines, particularly in the dentate gyrus
of the hippocampus—a brain region essential for memory formation, neurogenesis, and
spatial navigation [289].

This age-related reduction in IEG expression is closely linked to the cognitive impair-
ments observed in older individuals. It is suggested that these changes might be driven
more by alterations in DNA methylation than merely a decrease in neuronal activity. The
downregulation of IEGs, including Arg3.1/ Arc, is believed to contribute to the deficits in
synaptic plasticity seen in aging, potentially leading to delayed spatial memory formation
and a marked reduction in adult neurogenesis [290,291]

Despite the clear association between altered Arc expression and cognitive decline, the
precise molecular mechanisms by which Arg3.1/Arc contributes to aging-related cognitive
impairments are not fully understood. A study of genetic variations in Arg3.1/Arc found
only nominal correlations with cognitive performance in middle-aged adults [291]. This
suggests that the common genetic variants in Arg3.1/Arc may not significantly account for
the variability in cognitive abilities among individuals.

It should also be noted that epigenetic regulation mechanisms play an important role
in the regulation of IEG expression. For example, the increased acetylation of histone
HA4KS8 in exon 1 of the CB1R gene causes neonatal neurodegeneration through inhibiting
CREB phosphorylation and decreasing Arc expression [292]. HDAC-mediated histone
deacetylation was also shown to impair the gene expression of several synaptic plasticity
genes, such as brain-derived neurotrophic factor, c-Fos, Egrl, and Arc [293]. At the same
time, Subbanna et al. found that the suppression of DNA methylation impairs the acti-
vation of extracellular kinase ERK1/2 and decreases Arc expression, as well as causing
neurodegeneration in newborn mice and behavioral abnormalities in adult mice [294]. In
addition, the role of non-coding RNAs in the epigenetic regulation of IEG expression is
evident. As such, increased levels of miR-132/miR-212 and miR-134 are associated with a
persistent decrease in the expression of synaptic plasticity genes Arc, c-Fos, and CREB, and
are seen in neurocognitive disorders [295].

The synaptic tagging and capture (STC) model, which is fundamental to our un-
derstanding of synaptic plasticity, further highlights Arc’s importance. The STC model
explains how memories are consolidated through LTP through tagging activated synapses,
which subsequently capture the plasticity-related products necessary for transforming
short-term memories into long-term ones. Aging disrupts STC-related processes, making
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it more challenging to form new memories, as the aged hippocampus exhibits altered
plasticity, with enhanced LTD and reduced LTP [296]. While substantial evidence supports
the critical role of Arg3.1/Arc in cognitive aging, many questions remain regarding the
underlying molecular mechanisms. The interplay between Arc and other synaptic plasticity
processes continues to be a pivotal area of research, which is crucial for understanding and
potentially mitigating age-related memory impairments. Further studies are needed to
unravel these complex interactions, which could pave the way for targeted interventions
aimed at preserving cognitive function in aging populations.

6. Conclusions and Future Prospects

Brain plasticity implies the combination of numerous events linked to short-term
and long-term changes in the expression pattern and metabolism of neuronal and non-
neuronal cells, collective cell behavior, the excitability of neurons, the development of new
young neurons and death of old or damaged ones, and the establishment of multicellular
networks at short and long distances from each other within the brain tissue. Some, if not
all, of these mechanisms are driven by the coordinated expression of IEGs that encode
transcription factors, affecting the expression of a secondary set of genes in activated
neurons and thereby serving as markers of neuronal activity, but also acting as multitask
cellular proteins involved in the complex regulation of cell metabolism, proliferation,
differentiation, competition, and viability.

Taking into consideration the idea of cell competition, which explains many events
underlying collective cell behavior within tissues, one may assume that brain plasticity
might be directly linked to this phenomenon, partially driven by IEGs in activated cells. In
general, the most competitive neurons should have the following characteristics: (i) a bal-
anced LTP and LTD in response to (patho)physiological stimuli; (ii) the correct remodeling
of synapses facilitating effective synaptic transmission; (iii) an adaptive mode of cellular
metabolism (metabolic reprogramming or metabolic plasticity), particularly in the context
of switching between different means of ATP production (glycolysis and mitochondrial OX-
PHOS) and corresponding changes in mitochondrial dynamics; (iv) the ability to maintain
the expression of key regulatory genes, including IEGs, even under stressful conditions
(hypoxia, shortage of nutrients, reductive or oxidative stress, accumulation of improperly
folded or aggregated proteins, aberrant cell cycle re-entry, inflammation, etc.); (v) the ability
to integrate into pre-existing neuronal networks or to establish and maintain new ones;
(vii) the ability to escape physiological cell elimination and keep the changes induced by
neuronal activity for a long time. In addition, the timely replenishment of a neuronal
pool, resulting in the appearance of young, highly excitable, and viable neurons that are
able to establish new interneuronal connections, should accompany the mechanisms of
brain plasticity.

As we have discussed above, the balanced expression of c-Fos and Arg3.1/ Arc in stim-
ulated neurons (e.g., in learning) drives the establishment of LTP and LTD and excitation-to-
inhibition balance, supports the establishment of PSD and competitive elimination of weak
synapses, enhances the strength of synaptic connections between activated neurons, and
prevents the development of hyperexcitation in neuronal cells, which might be destructive
to the establishment of engrams. Thus, a lack of this mechanism would result in the appear-
ance of hyperexcited neuron loci with frequent cell cycle re-entry and/or cell death [137],
followed by the stimulation of neurogenesis in an ERK-dependent manner [297,298]. Then,
c-Myc-mediated pathways could be activated in the neural stem and neuronal progenitor,
leading to the adjustment of their metabolism to the energy requirements for cell recruit-
ment, proliferation, and differentiation. At the same time, the expression of Arg3.1/Arc in
young, recently generated, immature neurons would support their viability and integration
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into the pre-existing neuronal circuits [94,299]. As a result, IEGs-driven competition might
be important at the synaptic level in experience-activated neurogenesis, as well as in the
elimination of aberrantly functioning cells. However, such mechanisms require further
experimental assessment and clarification.

In sum, almost all these characteristics, which couple the phenomena of experience-
induced brain plasticity and cell competition, might be effectively controlled by IEGs,
particularly c-Fos, Arg3.1/Arc, and c-Myc (Table 1). Moreover, IEG-driven changes in
neuronal and/or glial cell phenotype might result not only in the establishment of stable and
effective cell-to-cell communication, but also in improvements in fitness state to increase
the survival of cells that will later contribute to long-term brain plasticity.

Table 1. Characteristics that are under the control of IEG-encoded proteins in neuronal cells.

Parameters

Confirmed Regulatory Activity of IEG-Encoded Proteins in
Neuronal Cells

Balance of LTP and LTD, effective

synaptic remodeling

c-Fos: LTP stabilization via CREB/c-Fos system
Arg3.1/Arc: LTP and LTD balanced via endocytosis of AMPARs;
interaction with PSD95

Metabolic reprogramming in

activated cells

e c-Fos: stimulation of neuronal lipid synthesis
Arg3.1/Arc: activation of GSK3f3

e c-Myc: regulation of glycolysis, mitochondrial dynamics
(fragmentation and biogenesis), mitochondrial OXPHOS, AMPK,
mTOR activity, and glucose utilization

o c-Fos, Arg3.1/Arc, c-Myc: presence of internal ribosome entry sites

Key genes expression in cellular stress (IRES) in the gene enabling cap-independent transcription in stressful

conditions; positive regulation of the expression of numerous genes

Cell integration into
multicellular networks

e  c-Fos: stimulation of neuronal networks’ formation (e.g.,
engram cells)
e  Arg3.1/Arc: intercellular propagation via virus-like capsids

Viability of activated cells vs.
non-activated or damaged cells

c-Fos: support of mature neuronal survival
Arg3.1/Arc: supports newborn neuronal survival, higher expression
under conditions of chaperone-inducing stress resulting in reduced
survival of affected cells (elimination of damaged cells)

e c-Myc: support of cell fitness, regulation of apoptosis, induction of
cell cycle re-entry and neuronal loss, regulation of AMPK- and
mTOR-coupled signaling pathways

Effective replenishment of cells

e c-Fos: stimulation of embryonic neurogenesis, induction of lipids’
biosynthesis for membrane biogenesis, coordination of ERK signaling

e  Arg3.1/Arc: stimulation of BDNF expression, regulation of Notch
and APP signaling, stimulation of postnatal neurogenesis

e c-Myc: stimulation of neurogenesis, NSCs recruitment and
proliferation, suppression of NPCs’ differentiation

The physiological aging and advanced aging of the brain during neurodegeneration
are always associated with abnormal brain plasticity and loss of quality control, resulting
in the inappropriate elimination of damaged /suboptimal cells, and are characterized by
the deregulated expression of IEGs. Therefore, deciphering the molecular mechanisms
underlying the IEGs-mediated control of cell competition in the brain might be beneficial
for the development of novel strategies to suppress progressive neuronal loss and cognitive
decline in aging and neurodegeneration.
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«7nAChR  Alpha-7 nicotinic receptor

AD Alzheimer’s disease

AICD intracellular domain of amyloid precursor protein
AMPAR alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptor
AP-1 transcription factor activator protein 1

APP Amyloid Precursor Protein

Arc activity-regulated cytoskeleton-associated protein
CREB CRE-binding protein

csflra colony-stimulating factor-1 receptor

ERK extracellular regulated kinase

FLNA filamin A

FMRP fragile X mental retardation

GluAl glutamate ionotropic receptor

GSK3 glycogen synthase kinase 3

IEGs immediate early genes

IRES Internal Ribosome Entry Site

LTD long-term depression

LTP long-term potentiation

mAChR muscarinic acetylcholine receptor

mGIluR metabotropic glutamate receptor

NICD Notch intracellular domain

NMDAR  N-methyl-D-aspartate receptor

Notchl Notch homologue protein

PICK1 protein interacting with C-kinase 1

PKA protein kinase A activated by cyclic adenosine monophosphate
PKC protein kinase C activated by diacylglycerol

PML promyelocytic leukemia protein

PS1 presenilin 1

PSD postsynaptic density

RNA ribonucleic acid

SNARE soluble NSF attachment receptor

Tip60 60 kDa Tat-interactive protein

TCF ternary complex factor

TLR toll-like receptor

TrkB tyrosine kinase B.

TRIMb5«x Rhesus protein serving as a restriction factor which affects capsids’ disassembly
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