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The c-fos gene was first described as a proto-oncogene responsible for the induction of bone tumors. A few decades ago,
activation of the protein product c-fos was reported in the brain after seizures and other noxious stimuli. Since then,
multiple studies have used c-fos as a brain activity marker. Although it has been attributed to neurons, growing evidence
demonstrates that c-fos expression in the brain may also include glial cells. Unlike neurons, whose expression changes
used to be associated with depolarization, glial cells seem to express the c-fos proto-oncogene under the influence of
proliferation, differentiation, growth, inflammation, repair, damage, plasticity, and other conditions. This glial cell may
provide additional information related to the brain microenvironment that is difficult to obtain from the isolated neuron
paradigm. Thus, detection techniques are improved in order to better differentiate the phenotypes expressing c-fos in the
brain and to elucidate the specific roles of c-fos expression in glial cells.
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| 1. c-fos in the Brain

At the end of the past century, some immediate early gene (IEG) were associated with stimuli—transcription activity in the
brain. The most commonly used reporter for this phenomenon was the c-fos gene, whose expression in neurons was
described to be transient 1. As a marker of cellular activity, c-fos was subsequently used to identify brain regions
implicated in stimuli processing 22! or relationships between two or more brain areas . Similar to electrophysiology, it
was used to measure neuronal activity but also provided information about morphology and cell type both in vivo EIEIZIE]
and in vitro @29 The most commonly used methods to reveal c-fos changes became immunohistochemistry and Western
blotting (in situ hybridization). In addition, c-fos expression was also employed in transgenic models (i.e., fos-LacZ) to
inactivate some genes in a quantitative manner LUI213114] More recently, optogenetic models used c-fos to mark and
manipulate specific brain nuclei 2.

Former studies investigating the expression of c-fos in neuroblastic cells supported the use of this marker to evidence
changes in brain activity. Neuroblastic cultures demonstrated that nerve growth factor (NGF) 14, phosphatidic acid 28],
epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), insulin, and
potassium chloride (KCI) could induce the expression of c-fos in these cells 7. Following experiments characterized the
main cell pathways able to activate c-fos in neural cells BUI8I7 |t was demonstrated that growth factors, interferons,
interleukins, calcium release, and G-protein ligands could initiate phosphorylation cascades, affecting c-fos expression.
The phosphorylation proteins Jak 1-2, tyrosine kinase 2 (Tyk2), calmodulin kinases (CaMks), and protein kinase A (PKA)
were described as key components of these pathways. The second messengers cAMP, GTP, and Ca?* were evidenced
as main mediators. Signaling complexes such as ras-raf, MEK-MAPK, or cAMP Response Element-Binding proteins
(CREB) were also recognized in the c-fos signaling map. The list of transcription regulators affecting c-fos expression
included the serum response element (SRE), cAMP response element (CRE), SIF-inducible element (SIE), interferon
stimulation response element (ISRE), and IFN-y-activated site (GAS) [L811191[201[21]

c-fos was initially used in brain research to measure the neural activity after seizures. In this area, it allowed researchers,
for example, to map the neuronal pathways involved in different models/intensities of the seizure [22(23124]: tg estimate the
effect of antiepileptic drugs 22 or to analyze new-born cells and asymmetries after seizures 28127, ¢-fos has also been
consolidated as a reliable marker for cell activation derived from learning 28 and memory [248%, The use of c-fos
expression permitted researchers to predict cognitive worsening in Alzheimer’s disease and other conditions BHB2 The
relevance of sleep for memory acquisition and synaptic plasticity was also investigated by measuring c-fos during REM
sleep B3l Furthermore, c-fos was crucial to elucidating the role of the amygdala, thalamus, and hypothalamus in
conditioned fear processing 4 and the epigenetic regulation of neuroplasticity 22, and cognition €,

Studies of psychiatric disorders and their therapeutics also benefited from the use of c-fos. Fos, Fos-B, Jun, and Egrl
were reported to be upregulated in patients suffering from schizophrenia B4, The antidepressant effect of optogenetic



stimulation in the medial prefrontal cortex (mPFC) was assessed by mapping c-fos expression 28 and some
antipsychotic drug effects in the brain were located through fos expression B9 Stress studies, on the other hand,
demonstrated activity changes in the frontal cortex and many limbic structures BUE2I43] that may predict susceptibility 44!
or resilience to stress 421, Moreover, it has been suggested that c-fos/Fos-B could be reliable markers for investigating the
adaptive capabilities of the brain under stress conditions B84 |n addition, the study of endocrine responses
demonstrated that suckling can modify the c-fos expression in the cerebral cortex 48 and that metabolic dysfunction
produced by diabetes activates c-fos in the bed nucleus of stria terminalis (BNST) 2. Research on circadian cycles and
their alterations also evidenced c-fos changes in the suprachiasmatic nuclei (SCN), the main pacemaker in mammals &%
B4, Hypothalamic changes in c-fos levels may be used to measure altered circadian rhythmicity 52 intraspecific
alternative chronotypes 53!, or differences between diurnal and nocturnal animals 2453],

Models inducing brain injury evidenced that c-fos increases 3 h after damage but also 3 days later. Thus, c-fos can
accompany the immediate neuroprotective effects after brain edema, but also the delayed apoptosis in later stages of the
lesion 8. On the other hand, models inducing pain in the brain confirmed c-fos’s ability to map the brain areas involved in
nociception 27381 and allowed researchers to elucidate the role of periaqueductal gray and adenylate-cyclase-activating
polypeptide-38 (PACAP-38) 2 in nociception €Y. |n addition, fos immunoreactivity permitted researchers to describe a
non-canonical auditory nociceptive system evidencing that cochlear nuclei could be active in deaf mice exposed to
noxious levels of noise (120 dB) B, Thus, it is clear that c-fos has a crucial role in signal transduction across the brain,
but studies have prioritized neuronal cells. As mentioned before, c-fos could potentially be expressed in every cell type,
and that could include the non-neuronal residents of the brain, the glial cells.

| 2. c-fos in Astrocytes

Initial studies investigating c-fos in this population explored implications in proliferation/maturation. Former in vitro
experiments evaluated whether the mitogenic agents EGF, FGF, tetradecanoyl phorbol acetate (TPA), dbcAMP, or
forskolin were able to induce c-fos in astrocytes. They found that these agents strongly induce c-fos and that major
expression rates should be expected from 20 to 45 min after treatment (2, In vitro stimulation of neurotransmitter systems
also induced c-fos in astrocytes. Carbachol (cholinergic agonist), norepinephrine (NE), isoproterenol (ISO; B-adrenergic
agonist), and phenylephrine (PHE; a-adrenergic agonist) were used to demonstrate that stimulation of c-fos through
cholinergic or adrenergic pathways can modulate secondary genes or induce phenotypic changes 631, The role of c-fos in
astrocyte proliferation and differentiation was also explored by using mitogens (EGF, bFGF, db-cAMP, TPA) or
depolarizing conditions (elevations in Ca?* uptake or high concentrations of K*). Results showing that mitogens but not
depolarization enhanced the expression indicate that c-fos could be specifically involved in astrocyte
proliferation/differentiation 4!, Additionally, serotonin induces c-fos in astrocytes through its receptor 5SHT,gR, which in
turn enhances calcium release, metalloproteinases, and EGF release €3], The use of endothelins to stimulate astrocytes
corroborated that c-fos might be implicated in NGF expression during brain development €8, Later in the 1990s, it was
evidenced that the calcitonin-gene-related peptide (CGRP), a molecule produced by damage, was able to induce dose—
response expression of c-fos in astrocytes. Since forskolin (an adenylate cyclase activator) reduced its effect, it was
supposed cAMP had a role in the induction of c-fos associated with transformation and reparation of the injured brain €1,

Immune system mediators are also implicated in the glial expression of IEGs. c-fos and c-jun have been reported to be
increased in astrocytes exposed to IFN-y in a dose—response manner 22, The IFN-y-induced expression of c-fos in
astrocytes regulates the complement factor H, whose abnormal levels instead induce neuronal loss in pathologies such as
Alzheimer's disease [68. Other cytokines (TNF-a, IL-1B, and IFN-y) and lipopolysaccharides (LPS) involved in
inflammation modulate the expression of c-fos in astrocytes. LPS, LPS+ IL-1[3, and IFN-y induce c-fos in these cells. TNF-
a, on the other hand, may enhance the LPS-induced increases in c-fos 691 | PS induction of c-fos involves the p38 MAPK
pathway, which activates Elkl, CREB/ATF-1, and later the SRE or CRE promoter 9. Astrocytes infected with the
adenovirus Ad.pGal expressed both c-fos and the apoptotic marker caspase-3, suggesting that c-fos can also indicate
apoptosis 4. Moreover, experimental autoimmune encephalitis allowed researchers to characterize a subpopulation of c-
fos-expressing astrocytes named ieastrocytes. In this experimental model, the reporter system TetTag/green fluorescent
protein was used to reveal the historical activity of c-fos in astrocytes. Promising results suggest astrocyte c-fos activity is
a biomarker for autoimmune encephalitis 2.,

Experimental models of damage also evidenced the activity of c-fos in astrocytes. In vitro models of heat shock and
scratch wound showed not only that astrocytes express c-fos, but also that quercetin can inhibit the hypertrophy induced
by scratches. That suggests that reactive astrogliosis could be associated with c-fos expression 2], Experimental ocular
hypertension models also demonstrated c-fos expression in astroglia. Monkeys with experimental glaucoma and astrocyte
cultures of human glaucomatous optic nervous were found to overexpress c-fos 141 Ischemia was also reported to induce



quick and transient expression of the c-fos gene in cultured astrocytes. Those experiments exhibited that astrocytes
rapidly increase the expression of c-fos after 30 min, reach a maximal expression level after 60 min, and diminish their
expression levels after 2 h 74, Chemical hypoxia, in turn, reverted the enhancing effect of ATP on the expression of c-fos
[75]1, Mimicking excitotoxicity, it was found that glutamate stimulation of astrocytes can rapidly increase the expression of c-
fos since peak levels were reached 1 h after exposure 78l Glutamate enhancements of c-fos could be mediated by
mMGIURS5 and calcium dynamics since the addition of BAPTA (a calcium chelator) inhibits this enhancement (.

Other conditions have been demonstrated to induce c-fos in astrocytes. Angiotensin Il (Angll), for instance, can
differentially regulate IEGs with lower increases in c-jun in contrast to c-fos. For some researchers, Angll dysregulation
could lead to pathological responses through modulation of astrocytic c-fos expression 8. The antidepressant fluoxetine
was also evidenced to show a dual response varying with the effect of the dose; higher doses (5, 10 uM) enhance c-fos
expression through ERK1/2, while lower doses (0.5, 1 uM) inhibit astrocyte expression of c-fos by the Akt pathway 2.
Conditions such as stress exposure or cognitive assessments have also evidenced c-fos induction in this population. It
has been reported, for example, that learning activates c-fos in hippocampal astrocytes B and that restraint stress
increases GFAP/c-fos+ in exposed subjects (81,

| 3. c-fos in Oligodendrocytes

Although astrocytes represent the vast majority of experiments investigating c-fos in glial cells, oligodendrocytes have
also been the target of some experiments. Like astrocytes, growth factors (bFGF, EGF, PDGF, and IGF-1) were reported
to stimulate proliferation or maturation in OPCs, also known as NG2-glia. It was then reported that PKC and c-fos were
required for this effect since blocking with H-7 (a PKC inactivator) resulted in inhibited proliferation [283] The idea of c-fos
as a promoter of proliferation/maturation of oligodendroglia became strengthened when experiments demonstrated that
maturation of NG2 cells was preceded by c-fos expression 4. Moreover, reports showed that c-fos-expressing
oligodendrocytes exhibited a dose-dependent decrease in proliferation B2l Oligodendrocyte proliferation can also be
induced by carbachol, a cholinergic analogous that acts as a growth factor and also activates PKC and c-fos 88,
Norepinephrine, on the other hand, was also proved to exert a c-fos proliferative effect on oligodendrocytes. Calcium
dependence of this process was suggested since sensitive G proteins, inositol phosphate 3 kinase (IP3K), and PKC were
also activated [87,

Some pathologic conditions also affect the expression of c-fos in oligodendroglia. It was demonstrated that
oligodendrocytes can express c-fos under glutamate stimulation too. Maximal expression levels were reported 60 min
after exposure, and returns to basal levels were observed 6 h later. Glutamate experiments demonstrated that c-fos
induction is mediated by AMPA-R and KA-R but not NMDA-R since specific antagonist CNQX and DNQX inhibited the
effect, but MK-801 (NMDA-specific antagonist) failed to inhibit c-fos expression. Hypoxic conditions are also able to
induce c-fos in oligodendrocytes. Hypoxia models demonstrated that oligodendrocytes express c-fos as an event
preceding myelin loss, axonal damage, and apoptotic death 8], There is also evidence that c-fos expression is stimulated
by the hallucinogen d-LSD in vivo, an action possibly linked to the modulation of neuronal impulses or growth factor
production B2, Finally, it was reported that c-fos expression diminished with maturation in oligodendrocytes, but ethanol
consumption retarded this decrease as well as the myelin basic protein (MBP) production 29,

| 4. c-fos in Microglia

Given the mesodermal immune origin of microglia, it is highly expected that c-fos modulates some actions in this lineage.
Even so, less research has explored this, with some pieces of evidence indicating that c-fos can be expressed by the
immune residents of the brain. For instance, there are experiments showing that excitotoxic glutamate stimulation,
through any of its ionotropic receptors or group | of metabotropic receptors, is able to induce c-fos expression and
microglial activation 2. In addition, it was reported that stimulation with kainic acid (KA) increases the expression of
MHCII and class Il transactivator (CIITA) in microglia, but coincidently, both are inhibited by pretreatment with triptolide,
which actually decreases the phosphorylation of c-fos and c-jun and the consequent formation of AP1 221,

Proinflammatory effects have been proposed for the expression of c-fos in microglia. It is known that microglial NOD-like
receptor 3 (NLRP3) is associated with neuroinflammation and is also a therapeutic target in Alzheimer’s disease. Thus,
the anti-inflammatory effects of dexmedetomidine inhibit NLRP3-derived inflammasome, modulating the c-fos upregulated
expression 231, As in other glial types, there is also evidence showing that LPS can induce the expression of c-fos in
microglia and the consequent inflammation in the brain 24, Additionally, studies of paraquat, an herbicide that is
associated with a higher incidence of Parkinson’s disease, have evidenced that this substance can induce c-fos



expression, as well as HSP60 and TLR4, which then increases the proinflammatory cytokine production and accelerates

inflammatory responses 21,
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