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Altered cognition and inefficient learning and memory are hallmarks of brain aging resulting from many small
changes in the structure and function of neurons. One such change is a decrease in excitatory synaptic trans-
mission mediated by glutamate and its binding to the AMPA and NMDA subtypes of glutamate receptors. Why
there is decreased glutamatergic transmission in aging is not well understood. Interestingly, in aged excitatory
neurons, abnormal calcium homeostasis and energy production are reliably observed. These processes have also
been shown to modulate the transport and delivery of glutamate receptors to synapses. Most of these channels are
translated in the cell body and must be transported to synapses by molecular motors and then transferred to the
synaptic surface for proper function. Despite there being little to no research on how aging impacts these transport
processes, a detailed understanding of the mechanisms regulating long-distance and local transport of these
channels is coming together. Here, we review recent research on how synaptic content, specifically of glutamate
receptors and voltage-gated calcium channels, is normally regulated by calcium and energy production. In
addition, we discuss how that regulation may change in the aged nervous system. These advances begin to detail a
mechanistic explanation in which an interplay between calcium signaling and metabolism are impacted by and,
in-turn, regulate the strength of excitatory synapses.
1. Introduction

Physiological aging of the brain results in diminished cognitive
abilities including poorer memory formation and motor coordination.
Interestingly, little is known about the underlying mechanisms of phys-
iological aging that cause altered neuronal function. This may be due to
research on aging being complicated by large variations in cellular and
molecular changes between neuronal types, brain regions, and in-
dividuals arising from environmental differences (Mattson and Arumu-
gam, 2018; Müller et al., 2018). However, it is clear that altered activity
of the brain’s excitatory neurocircuitry, namely those controlled by
glutamate, are heavily correlated with age-associated impairments in
cognition, learning and memory (Nikoletopoulou and Tavernarakis,
2012). Here, we will highlight recent findings that support a central role
for reactive oxygen species (ROS), normal byproducts of cellular respi-
ration, and calcium signaling in the regulation of glutamatergic trans-
mission and provide insight on how these roles may be altered in the
aged brain. Given the focused scope of this review we will not discuss the
molecular details of the reduction-oxidation (redox) mechanisms, but the
cited references contain information on how redox modifications alter
(F.J. Hoerndli).
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2. Normal regulation of excitatory synaptic transmission by
calcium

Calcium coordinates and regulates many processes important for
neuronal excitation as well as synaptic plasticity. Thus, tight regulation of
cytoplasmic resting calcium concentration is critical for neuronal func-
tion. Upon influx, calcium is buffered by uptake into mitochondria and
the endoplasmic reticulum (Fig. 1). Remaining calcium is readily pum-
ped into extracellular space by the plasma membrane calcium-ATPase
(PMCA) to lower cytoplasmic calcium back to basal levels (~100 nM;
Fig. 1). Neuronal activity brings cytoplasmic calcium to 100 times this
concentration which initiates signaling pathways that regulate function,
localization and expression of proteins that contribute to neuronal exci-
tation (Nikoletopoulou and Tavernarakis, 2012).

In the presynaptic terminal, calcium initiates release of
neurotransmitter-filled vesicles via the SNARE complex (reviewed in
Nikoletopoulou and Tavernarakis, 2012). However, new findings
describe additional roles for presynaptic calcium signaling. For example,
il 2021
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Fig. 1. Calcium and ROS homeostasis at
glutamatergic synapses.
Left. Calcium enters the cytoplasm by
activity-dependent opening of voltage-gated
calcium channels (VGCCs), AMPA and
NMDA receptors which can induce release of
calcium stored in the endoplasmic reticulum
(ER) via ryanodine receptors (RyR). Calcium
is removed from the cytoplasm by efflux
through plasma membrane calcium-ATPases
(PMCA), uptake into ER via the sarcoendo-
plasmic reticulum calcium-ATPase (SERCA)
and buffering by mitochondria (green
compartment) via voltage-dependent anion
channels (VDAC). Calcium shuttling into the
mitochondrial matrix by the mitochondrial
calcium uniporter (MCU) positively regulates
the production of adenosine triphosphate
(ATP).
Right. Most ATP is produced by the electron
transport chain (ETC), but reactive oxygen
species (ROS), specifically superoxide (O2

�),
are also produced. ROS is also produced by
NADPH oxidase (NADPH Ox.). The ROS
produced by these sources is rapidly broken
down by antioxidant enzymes including su-
peroxide dismutase (SOD), catalases (CAT)
and glutathione peroxidase (GPx).

Fig. 2. Calcium signaling modulates synaptic
excitability by regulating glutamate receptor
and mitochondrial localization.
I. Mitochondrial transport to presynaptic sites is
regulated by calcium influx and the calcium-
sensitive mitochondrial trafficking protein Miro-1.
More specifically, Miro-1 tethers mitochondria to
the Kinesin-1 complex. The calcium sensing EF
hands of Miro-1 initiate stopping of mitochondrial
transport when high calcium levels are encoun-
tered to cause depositing of mitochondria at acti-
vated presynaptic terminals (Vaccaro et al., 2017).
II. Presynaptic mitochondria buffer calcium and
attenuate presynaptic calcium signaling (Vaccaro
et al., 2017).
III. In the cell body, calcium influx from
voltage-gated calcium channels (VGCCs) triggers a
signaling cascade involving calcium/cal
modulin-dependent protein kinase II (CaMKII)
that initiates the loading of vesicles containing
AMPA receptors onto the molecular motor
Kinesin-1 for microtubule-based export out of the
cell body (Hoerndli et al., 2015). Similarly, the
transport of NMDA receptors via Kinesin-2 is
dependent on CaMKII activation, but it remains
unclear if it is due to calcium from VGCCs specif-
ically (Hirokawa and Tanaka, 2015).
IV. AMPA receptor delivery to postsynaptic sites is
positively regulated by calcium influx (Doser et al.,
2020; Hangen et al., 2018; Hoerndli et al., 2015).
V. Calcium influx from VGCCs positively correlates
with the rate of AMPA receptor exocytosis to the
postsynaptic membrane (Doser et al., 2020). NMDA
receptor exocytosis rates are also increased by cal-
cium influx; however, the calcium signal specific to
this mechanism arises from Wnt5a (Wnt; teal
ligand in bottom right synapse) activation of tyro-
sine kinase-like orphan receptors (RoR2; green re-
ceptor at the plasma membrane of bottom right
synapse) triggering calcium release from intracel-
lular stores (McQuate et al., 2017).
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mitochondria transport into presynaptic terminals was also found to be
under calcium regulation via the calcium-sensing mitochondrial traf-
ficking protein, Miro1 (Fig. 2 I; Vaccaro et al., 2017). Interestingly, the
presence of mitochondria in presynaptic terminals can modulate calcium
levels and resultant neurotransmitter release (Fig. 2 II; Vaccaro et al.,
2017). Together, these findings reveal a novel mechanism in which
presynaptic activation regulates mitochondrial localization to cause ho-
meostatic changes in presynaptic calcium signaling and transmission.

Across the synaptic cleft, calcium also regulates postsynaptic proteins
to modulate the strength of glutamatergic transmission (Rao and Fink-
beiner, 2007). Recent advances on this topic involve how calcium
signaling regulates the transport of the two major types of ionotropic
glutamate receptors (iGluRs; Fig. 2 III-V; Doser et al., 2020; Hangen et al.,
2018; Hoerndli et al., 2015; McQuate et al., 2017). iGluRs are primarily
translated in the cell body and must undergo long-distance transport to
postsynaptic sites. Although this process is vital for synaptic expression of
iGluRs, and therefore synaptic strength, surprisingly little is known about
what it requires or how it is regulated.

The first type of iGluRs is the α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptor, which is responsible for rapid
depolarization of postsynaptic sites upon presynaptic release of gluta-
mate. Until recently, factors required for AMPA receptor transport
remained incomplete. Our research coinciding with other findings has
revealed that transport via the molecular motor Kinesin-1 as well as
synaptic delivery and exocytosis of AMPA receptors to synapses is
regulated by calcium signaling initiated by voltage-gated calcium chan-
nel (VGCCs) activation (Fig. 2 III-V; Doser et al., 2020; Hangen et al.,
2018; Hoerndli et al., 2015). The second type of iGluRs is the N-meth-
yl-D-aspartate (NMDA) receptor whose activation requires glutamate
binding and postsynaptic depolarization. Due to a greater calcium
conductance than calcium-permeable AMPA receptors, NMDA receptors
are thought to be responsible for initiating several calcium signaling
cascades such as those underlying synaptic strengthening (Rao and
Finkbeiner, 2007). Long-distance transport of NMDA receptors via
Kinesin-2 also depends on calcium signaling, specifically involving acti-
vation of calcium/calmodulin-dependent protein kinase II (CaMKII)
(Fig. 2 III; Hirokawa and Tanaka, 2015). More recently, local trafficking
of NMDA receptors at synapses was shown to be regulated by activation
of a specific glycoprotein-associated pathway that causes calcium release
from intracellular stores (Fig. 2 V; McQuate et al., 2017). These findings
demonstrate how localized calcium signaling can differentially regulate
synaptic expression of the iGluR subtypes. More specifically, it shows that
rapid calcium influx through VGCCs triggers exocytosis of AMPA re-
ceptors whereas elevated calcium due to Wnt5a/RoR2 activation occurs
more slowly to specifically initiate exocytosis of NMDA receptors.
Additionally, this research has aided our understanding of how excit-
atory neurotransmission is regulated normally, which is required to grasp
the mechanisms underlying weakened synaptic strength and inefficient
plasticity in aged neurons (Rizzo et al., 2015).

3. Abnormal regulation of excitatory synaptic transmission by
calcium in aging

The cognitive decline and diminished memory capabilities that are a
hallmark of normal aging is correlated with shrunken cell bodies, synapse
loss and changes in synaptic content of neurotransmitter receptors with
the magnitude of these changes differing depending on neuronal type
and brain region (Rizzo et al., 2015). The physiological changes that
accompany these structural changes are less characterized. However,
age-related dysregulation of calcium homeostasis, especially in gluta-
matergic neurons, is well-documented (Nikoletopoulou and Tavernar-
akis, 2012). More specifically, in aged neurons, there are elevated resting
calcium levels and prolonged calcium signaling. This may be due to
decreased calcium uptake into intracellular stores and diminished ac-
tivity of the PMCA, which are localized both pre- and postsynaptically
(Nikoletopoulou and Tavernarakis, 2012). Another age-related change in
3

presynaptic function is increased expression of vesicular glutamate
transporters resulting in increased release of glutamate, the primary
excitatory neurotransmitter (M�enard et al., 2015). This is thought to be a
compensatory change for an age-related decrease in postsynaptic iGluRs
(Kumar et al., 2019; M�enard et al., 2015). Currently, it is unclear why
there are fewer iGluRs at aged synapses, but the integrated role of cal-
cium in the regulation of iGluRs (Fig. 2) suggests that altered calcium
signaling could be central to the change in iGluR content and function in
aging.

Unfortunately, few recent advancements have been made that pertain
to iGluR regulation in normal aging. However, it has been consistently
observed over the last 20 years that aged glutamatergic synapses also
have more VGCCs both pre- and postsynaptically (Nikoletopoulou and
Tavernarakis, 2012). These changes in synaptic content of iGluRs and
VGCCs are correlated with increased presynaptic calcium influx and
excitatory postsynaptic potentials in response to presynaptic stimulation
(Pereda et al., 2019). The impact of these changes on synaptic plasticity is
less clear-cut. There are mixed findings on whether induction of
long-term potentiation (LTP), a form of synaptic strengthening, is
changed at aged synapses. However, critical analysis of the literature
suggests that there are age-related LTP deficits when the induction pro-
tocol elicits perithreshold stimulation. Alternatively, when induction of
LTP results from suprathreshold stimulation, age-related deficits are
rarely observed (Cuestas Torres and Cardenas, 2020). Assessing these
findings in relation to their stimulation protocol point toward an
increased threshold for induction of LTP in aging which corroborates
other studies that directly address LTP threshold (Barnes, 2003; Cuestas
Torres and Cardenas, 2020; Pereda et al., 2019). This change in LTP
threshold results from elevated calcium-induced calcium release from
intracellular stores due to increased VGCC surface expression which ac-
tivates a hyperpolarizing current that prevents the repeated depolariza-
tion necessary for NMDA receptor activation (Foster, 2007).
Additionally, it is clear that there are often fewer NMDA receptors at aged
synapses that can contribute to LTP induction (Foster, 2007). However,
there has been little to no research directly assessing if the transport of
iGluRs to synapses is diminished with normal aging. Research aimed at
assessing why iGluR content and function at synapses is altered in aging
will be pivotal for understanding why transmission and plasticity is
inefficient at aged excitatory synapses.

Interestingly, the age-related increase in intracellular calcium is
amplified by the impact of elevated calcium on mitochondrial function.
Calcium uptake into mitochondria upregulates oxidative phosphoryla-
tion (OXPHOS; Fig. 1) resulting in increased production of reactive ox-
ygen species (ROS) (Hidalgo and Arias-Cavieres, 2016). Accumulating
evidence supports a physiological role for ROS signaling in the regulation
of transmission and plasticity as discussed in the following section (Doser
et al., 2020; Hidalgo and Arias-Cavieres, 2016). Understanding these
physiological roles would shed light on the impacts of the abnormally
high production and decreased scavenging of ROS found in the aged
brain.

4. ROS signaling at excitatory synapses during physiological
states and aging

Physiological ROS signaling is involved in the development, differ-
entiation and axon formation of neurons. In mature neurons, the rate of
ROS production is higher due to the metabolic demands of neuronal
activation, intracellular signaling and homeostatic processes. The pres-
ence of many antioxidant enzymes maintains low, physiological ROS
concentrations (Fig. 1). At these concentrations, numerous signaling
roles for ROS in neurons have been recognized over the last couple de-
cades. For instance, at excitatory synapses, LTP is hindered by abnor-
mally low as well as high ROS levels further supporting specific,
concentration-dependent signaling roles for ROS (Hidalgo and
Arias-Cavieres, 2016). The ROS-dependent mechanisms underlying LTP
remain largely unidentified. However, it was recently demonstrated that
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the ROS signaling required for LTP is induced by activity-dependent
mitochondrial ROS production (Fu et al., 2017).

Redox modifications of proteins central to synaptic function and
plasticity, such as calmodulin and CaMKII (Bayer and Schulman, 2019;
Robison et al., 2007), were thought to underly regulation of synaptic
transmission by ROS. However, the downstream impacts of these redox
modifications remained unidentified until recently. For instance, recent
research has begun to outline mechanisms in which physiological ROS
signaling regulates the transport of mitochondria (Debattisti et al., 2017)
and AMPA receptors to synapses (Fig. 3; Doser et al., 2020). These
findings add to our fundamental understanding of howmitochondria and
iGluR localization is regulated, but they are also insightful for aging since
many lines of evidence point toward increased ROS production, mostly
by mitochondria, as a major cause of neuronal aging. The oxidative stress
due to elevated ROS leads to a long list of impairments and dysregulation
(Mattson and Arumugam, 2018; Stefanatos and Sanz, 2018). At the
glutamatergic synapse, few age-associated changes in the regulation of
synaptic transmission by ROS have been described. To our knowledge,
the only recently research on this topic is that NMDA receptor hypo-
function in the aged brain is due to an altered redox state of CaMKII
(Guidi et al., 2015; Kumar et al., 2019).

5. Regulation of excitatory synaptic transmission by a calcium-
ROS interplay

Most of what is known about ROS signaling in mature neurons relates
to its bidirectional regulation of calcium handling including cytoplasmic
influx, buffering and release from intracellular stores (G€orlach et al.,
2015; Hidalgo and Arias-Cavieres, 2016). An interplay between ROS and
calcium initially gained attention due to its role in the progression of
neurodegenerative disorders and inflammation. Then, interrelated hy-
potheses formed which postulated that neuronal dysfunction and
degeneration were caused by disruption in calcium homeostasis due to
increased mitochondrial ROS or vice versa (Nikoletopoulou and Tav-
ernarakis, 2012; Stefanatos and Sanz, 2018).

Although a ROS-calcium interplay in aging has been theorized for
over half a century, calcium’s regulation of OXPHOS in normal, healthy
Fig. 3. Physiological ROS signaling regulates glutamate receptor and mitochon
Cell Body. ROS signaling regulates of AMPA receptors export out of the neuronal cell
2020). Additionally, reversible oxidation of calmodulin (CaM) and CaMKII, regulato
activation of CaMKII and PMCA which would hinder CaMKII-dependent changes in
calcium signaling (Robison et al., 2007). The impact of oxidation on CaMKII activi
regulatory domain is thought to cause sustained, calcium-independent activation
decrease CaM trapping or the prolonged binding of CaM/CaMKII in the absence o
susceptibility of various CaMKII residues to oxidation could allow for the degree an
Dendrite. ROS signaling reversibly inhibits mitochondrial transport by activation
mitochondrial protein Miro, but via a calcium-independent mechanism (Debattisti e
Synapse. Increases in synaptic ROS reduce the delivery of AMPA receptors to synap
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neurons was recognized only 25 years ago (Nikoletopoulou and Tav-
ernarakis, 2012). In the last decade, it was uncovered that small fluctu-
ations in ROS could feedback to regulate calcium influx and efflux in a
way that may aid the precise spatiotemporal control of calcium con-
centrations necessary for specific regulation of calcium-dependent pro-
cesses (G€orlach et al., 2015). The direction of calciummodulation by ROS
is dependent upon the calcium source. For instance, oxidation of the
T-type VGCC is known to inhibit channel opening but oxidation of rya-
nodine receptors increases their calcium-induced opening (G€orlach et al.,
2015; Todorovic and Jevtovic-Todorovic, 2014). Little research has
addressed the regulation of calcium signaling by ROS possibly due to the
lack of highly sensitive ROS sensors. However, we recently demonstrated
that physiological increases in ROS decrease calcium-dependent AMPA
receptor transport in a way that impacts neuronal activation (Fig. 3;
Doser et al., 2020). It is important to note that this phenomenon has only
been described thus far in the nematode C. elegans which lack
voltage-gated sodium channels meaning that modulation of calcium
levels may have a greater impact on neuromodulation in this system
compared to vertebrates. Regardless, the identified roles for an interplay
between calcium and ROS signaling provide means by which neuronal
activity can regulate the rate of energy production (Fig. 1) while also
preventing excitotoxicity from an overabundance of cytoplasmic
calcium.

The increased calcium and ROS in aged neurons seem to be interre-
lated, however neither the origin of the dysregulation nor the identity of
which molecule becomes elevated first is clear (Mattson and Arumugam,
2018). Regardless, an increase in either calcium or ROS promotes and
perpetuates the other (Fig. 4 IA and IB). Abnormally high ROS can in-
crease cytoplasmic calcium by initiating release from intracellular stores
and decreasing efflux through the PMCA (Fig. 4 IA). Elevated ROS can
also modulate calcium signaling pathways. For instance, increased ROS
can alter activation of calcineurin and CaMKII, calcium-dependent pro-
teins central to induction of synaptic plasticity (Fig. 4 II; Erickson et al.,
2008; Hidalgo and Arias-Cavieres, 2016).

Although the reciprocal regulation (i.e. regulation of ROS levels by
calcium; Fig. 4 IB) is known to occur normally, it remains unclear if
calcium dysregulation is a major cause of increased ROS production in
drial localization.
body likely via modulation of calcium influx (Doser et al., 2020; Sies and Jones,
rs of AMPA transport, reduces their activation. Oxidation of CaM decreases its
synaptic strength and slow calcium efflux through PMCAs to cause prolonged
ty is specific to which CaMKII residues is oxidized. Oxidation within CaMKII’s
of CaMKII. Alternatively, oxidation within the CaM-binding domain seems to
f calcium (Bayer and Schulman, 2019; Erickson et al., 2008). The differential
d length of CaMKII activation to be modulated by local ROS levels.
of the mitogen-activated protein kinase p38α likely due to inhibition of the
t al., 2017).
ses (Doser et al., 2020).



Fig. 4. How ROS imbalance or dysregulation of calcium could lead to the hallmarks of advanced aging.
IA. Although mitochondrial dysfunction has been recognized as central to cell aging, it is unclear what causes it or if it is causal to age-related neuronal dysregulation.
Regardless, there are numerous downstream effects of mitochondrial dysfunction that could initiate aging: Inefficient OXPHOS within dysfunctional mitochondria
results in decreased ATP and increased ROS production (Muller et al., 2018). ② Elevated ROS signaling alters neuronal function and excitability through redox
regulation of various proteins, such as CaMKII and calcineurin (CaN; orange cytoplasmic molecule), that regulate AMPA and NMDA receptor function and localization
(Erickson et al., 2008; Guidi et al., 2015; Hidalgo and Arias-Cavieres, 2016; Kumar et al., 2019). Additionally, direct oxidation of PMCA, or its main regulator
calmodulin (CaM), decreases the rate of calcium efflux (G€orlach et al., 2015). ③ Increased ROS can elevate cytoplasmic calcium by altering influx and buffering of
calcium. For instance, increased ROS potentiates calcium-induced release of calcium from the endoplasmic reticulum (ER; teal compartment) via ryanodine receptors
(RyR) and influx at the plasma membrane via VGCCs (G€orlach et al., 2015).
IB. The altered synaptic expression of postsynaptic receptors, excess cytoplasmic calcium and increased ROS production typical of aged synapses could also be caused
by an overabundance of cytoplasmic calcium (②), which would result from increased delivery of VGCCs to the synaptic membrane and calcium-induced calcium
release from the ER (). This elevation in calcium would increase mitochondrial calcium buffering (③) potentially leading to mitochondrial dysfunction (④). This
dysfunction would cause inefficient OXPHOS resulting in decreased ATP and increased ROS production (⑤; Müller et al., 2018). Despite these impacts of increased
calcium, the age-related instigator(s) of altered calcium homeostasis remain unidentified.
II. In comparison to young excitatory synapses (see IA and IB), aged synapses have an increased pre- and postsynaptic VGCCs (yellow channel; Nikoletopoulou and
Tavernarakis, 2012), but decreased NMDA (light blue) and AMPA (dark blue) receptors (M�enard et al., 2015). The causes of these expression changes are unknown,
but we know that these changes cause weak postsynaptic responses to glutamate that are inadequate for initiating plasticity mechanisms. Aged synapses also have
increased cytoplasmic calcium which results from the following: A) increased VGCC expression, B) increased calcium release from the ER, decreased uptake into C)
dysfunctional mitochondria (represented by pale orange compartment) and D) the ER via the Sarcoendoplasmic Reticulum Calcium-ATPase (SERCA; Müller et al.,
2018; Nikoletopoulou and Tavernarakis, 2012) as well as E) decreased calcium efflux by PMCAs.
As shown in IB, the impact of elevated calcium can be amplified due to the impact of calcium overload on mitochondria: F) inefficient mitochondrial OXPHOS and G)
increased ROS production. ROS breakdown is also diminished in aged neurons (see Fig. 2; Mattson and Arumugam, 2018). Elevated ROS in aged cells exacerbates
calcium dysregulation through its inhibition of PMCA and SERCA (G€orlach et al., 2015; Robison et al., 2007) as well as potentiation of RyRs (Hidalgo and
Arias-Cavieres, 2016). These functional changes are due to either direct oxidation of these proteins, or oxidation of their regulators. Additionally, direct oxidation of
CaN, CaM (dark blue molecule), and CaMKII counteracts calcium-induced activation of these molecules (Erickson et al., 2008; Hidalgo and Arias-Cavieres, 2016;
Robison et al., 2007).
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aged neurons. Currently, it is clear that age-related ROS elevations are
primarily due to increased mitochondrial ROS production and dimin-
ished antioxidant activity (Fig. 4 II; Müller et al., 2018; Olesen et al.,
2020); however, it is unknown whether abnormal calcium handling
causes this dysfunction. Interestingly, recent research identified synaptic
mitochondria as especially susceptible to age-related dysfunction in
comparison to their non-synaptic counterparts and that mitochondrial
dysfunction can be triggered by calcium overload (Müller et al., 2018;
Olesen et al., 2020). Dysfunction of synaptic mitochondria is character-
ized by inefficient OXPHOS leading to increased ROS production but
decreased ATP synthesis and impaired calcium uptake (Fig. 4; Stefanatos
and Sanz, 2018).

Altogether, physiological neuronal aging is characterized by
increased cytoplasmic calcium and changes in synaptic bioenergetics
which together are sufficient in perturbing the maintenance and plas-
ticity of synapses likely due to the many targets of calcium and ROS
signaling. These targets allow for a feedforward system in aged neurons
where elevated ROS further increases cytoplasmic calcium.

6. Discussion

Clearly numerous signaling processes important for maintenance and
plasticity of excitatory synapses are dependent on calcium, redox and
metabolic homeostasis. At synapses where activity levels are diverse,
energy production is regulated by synaptic calcium levels. However,
because calcium regulates many neuronal mechanisms, especially at
excitatory synapses, a negative feedback mechanism is required in order
to prevent abnormally high and prolonged calcium signaling. The roles of
ROS signaling thus far uncovered suggest that redox regulation by ROS is
a major feedback mechanism that protects against unnecessary energy
production and calcium overload. More specifically, physiological ROS
signaling bidirectionally regulates cytoplasmic calcium levels and sub-
sequent signaling pathways that are important for neuronal function. For
instance, ROS decreases mitochondrial motility in a way that allows for
depositing of mitochondria to overactive or metabolically taxed synapses
where additional mitochondria are needed (Fig. 3). Similarly, our new
understanding of how calcium influx and signaling proteins are regulated
by oxidation (see Fig. 3) sheds light on how ROS may regulate down-
stream mechanisms, such as iGluR transport and delivery to the synaptic
membrane.

When you consider these mechanisms and the regulatory changes
that would hypothetically occur in aged neurons where ROS and calcium
are elevated, the predicted results align with what is observed in the aged
brain. First, elevated ROS may increase delivery of mitochondria to
synapses possibly explaining why there is an accumulation of mito-
chondria in aged neurons (Fig. 3; Stefanatos and Sanz, 2018). Secondly,
increased oxidation of calcium signaling molecules (i.e. CaM and CaM-
KII) in aging is hypothesized to decrease iGluR transport to synapses
(Fig. 3) and dysregulate their local trafficking (Fig. 4 IA; Doser et al.,
2020; Hirokawa and Tanaka, 2015) which could account for decreased
iGluRs at aged synapses (Kumar et al., 2019; M�enard et al., 2015). Lastly,
due to the impact oxidation has on proteins necessary for calcium buff-
ering and removal (Fig. 4 II), age-related ROS elevations could alone
account for the increase in basal and activity-dependent fluctuations in
cytoplasmic calcium that are characteristic of aged neurons (Nikoleto-
poulou and Tavernarakis, 2012; Pereda et al., 2019). The resulting pro-
longed calcium signaling would perturb numerous plasticity
mechanisms, trigger apoptotic signaling cascades and result in unneeded
ATP synthesis meaning additional ROS production (Hidalgo and
Arias-Cavieres, 2016). However, until research accumulates to provide a
comprehensive understanding of how neuronal activity is normally
regulated by a mutual calcium-ROS interplay, we will be unable to un-
derstand the changes that occur at excitatory synapses during physio-
logical aging or why these changes can lead to neurodegenerative
diseases.
6

Credit Author Statement

Hoerndli FJ and Doser RL conceived the manuscript and figures.
Doser RL wrote the manuscript and created the figures. Hoerndli FJ
edited and commented on the manuscript and figures. Doser RL revised
the manuscript and figures for the final submission.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Due to reference limitations, we have not been able to cite all authors
whose research has supported the advancement of this area of interest.
We apologize to any authors whose relevant findings were left out during
the preparation of this review. Compilation of this review was financially
supported by the College of Veterinary Medicine and Biomedical Sci-
ences and the Molecular, Cellular and Integrative Neuroscience Program
at Colorado State University.

Appendix A. Peer Review Overview and Supplementary data

A Peer Review Overview and (sometimes) Supplementary data
associated with this article can be found, in the online version, at https
://doi.org/10.1016/j.crneur.2021.100012.

References

Barnes, C.A., 2003. Long-term potentiation and the ageing brain. Philos. Trans. R. Soc. B
Biol. Sci. 358, 765–772. https://doi.org/10.1098/rstb.2002.1244.

Bayer, K.U., Schulman, H., 2019. CaM kinase: still inspiring at 40. Neuron 103, 380–394.
https://doi.org/10.1016/j.neuron.2019.05.033.

Cuestas Torres, D.M., Cardenas, F.P., 2020. Synaptic plasticity in Alzheimer’s disease and
healthy aging. Rev. Neurosci. 31, 245–268. https://doi.org/10.1515/revneuro-2019-
0058.

Debattisti, V., Gerencser, A.A., Saotome, M., Das, S., Hajn�oczky, G., 2017. ROS control
mitochondrial motility through p38 and the motor adaptor miro/trak. Cell Rep. 21,
1667–1680. https://doi.org/10.1016/j.celrep.2017.10.060.

Doser, R.L., Amberg, G.C., Hoerndli, F.J., 2020. Reactive oxygen species modulate
activity-dependent AMPA receptor transport in C. elegans. BioRxiv, 2020.04.20.

Erickson, J.R., Joiner, Mei-ling A., Guan, X., Kutschke, W., Yang, J., Oddis, C.V.,
Bartlett, R.K., Lowe, J.S., O’Donnell, S.E., Aykin-Burns, N., Zimmerman, M.C.,
Zimmerman, K., Ham, A.J.L., Weiss, R.M., Spitz, D.R., Shea, M.A., Colbran, R.J.,
Mohler, P.J., Anderson, M.E., 2008. A dynamic pathway for calcium-independent
activation of CaMKII by methionine oxidation. Cell 133, 462–474. https://doi.org/
10.1016/j.cell.2008.02.048.

Foster, T.C., 2007. Calcium homeostasis and modulation of synaptic plasticity in the aged
brain. Aging Cell 6, 319–325. https://doi.org/10.1111/j.1474-9726.2007.00283.x.

Fu, Z.X., Tan, X., Fang, H., Lau, P.M., Wang, X., Cheng, H., Bi, G.Q., 2017. Dendritic
mitoflash as a putative signal for stabilizing long-term synaptic plasticity. Nat.
Commun. 8, 1–11. https://doi.org/10.1038/s41467-017-00043-3.

G€orlach, A., Bertram, K., Hudecova, S., Krizanova, O., 2015. Calcium and ROS: a mutual
interplay. Redox Biol 6, 260–271. https://doi.org/10.1016/j.redox.2015.08.010.

Guidi, M., Kumar, A., Foster, T.C., 2015. Impaired attention and synaptic senescence of
the prefrontal cortex involves redox regulation of NMDA receptors. J. Neurosci. 35,
3966–3977. https://doi.org/10.1523/JNEUROSCI.3523-14.2015.

Hangen, E., Cordeli�eres, F.P., Petersen, J.D., Choquet, D., Coussen, F., 2018. Neuronal
activity and intracellular calcium levels regulate intracellular transport of newly
synthesized AMPAR. Cell Rep. 24, 1001–1012. https://doi.org/10.1016/
j.celrep.2018.06.095 e3.

Hidalgo, C., Arias-Cavieres, A., 2016. Calcium, reactive oxygen species, and synaptic
plasticity. Physiology 31, 201–215. https://doi.org/10.1152/physiol.00038.2015.

Hirokawa, N., Tanaka, Y., 2015. Kinesin superfamily proteins (KIFs): various functions
and their relevance for important phenomena in life and diseases. Exp. Cell Res. 334,
16–25. https://doi.org/10.1016/j.yexcr.2015.02.016.

Hoerndli, F.J., Wang, R., Mellem, J.E., Kallarackal, A., Brockie, P.J., Thacker, C.,
Madsen, D.M., Maricq, A.V., 2015. Neuronal activity and CaMKII regulate kinesin-
mediated transport of synaptic AMPARs. Neuron 86, 457–474. https://doi.org/
10.1016/j.neuron.2015.03.011.

Kumar, A., Thinschmidt, J.S., Foster, T.C., 2019. Subunit contribution to NMDA receptor
hypofunction and redox sensitivity of hippocampal synaptic transmission during
aging. Aging (Albany. NY) 11, 5140–5157. https://doi.org/10.18632/aging.102108.

https://doi.org/10.1098/rstb.2002.1244
https://doi.org/10.1016/j.neuron.2019.05.033
https://doi.org/10.1515/revneuro-2019-0058
https://doi.org/10.1515/revneuro-2019-0058
https://doi.org/10.1016/j.celrep.2017.10.060
http://refhub.elsevier.com/S2665-945X(21)00008-5/sref5
http://refhub.elsevier.com/S2665-945X(21)00008-5/sref5
https://doi.org/10.1016/j.cell.2008.02.048
https://doi.org/10.1016/j.cell.2008.02.048
https://doi.org/10.1111/j.1474-9726.2007.00283.x
https://doi.org/10.1038/s41467-017-00043-3
https://doi.org/10.1016/j.redox.2015.08.010
https://doi.org/10.1523/JNEUROSCI.3523-14.2015
https://doi.org/10.1016/j.celrep.2018.06.095
https://doi.org/10.1016/j.celrep.2018.06.095
https://doi.org/10.1152/physiol.00038.2015
https://doi.org/10.1016/j.yexcr.2015.02.016
https://doi.org/10.1016/j.neuron.2015.03.011
https://doi.org/10.1016/j.neuron.2015.03.011
https://doi.org/10.18632/aging.102108


R.L. Doser, F.J. Hoerndli Current Research in Neurobiology 2 (2021) 100012
Mattson, M.P., Arumugam, T.V., 2018. Hallmarks of brain aging: adaptive and
pathological modification by metabolic states. Cell Metabol. 27, 1176–1199. https://
doi.org/10.1016/j.cmet.2018.05.011.

McQuate, A., Latorre-Esteves, E., Barria, A., 2017. A wnt/calcium signaling cascade
regulates neuronal excitability and trafficking of NMDARs. Cell Rep. 21, 60–69.
https://doi.org/10.1016/j.celrep.2017.09.023.

M�enard, C., Quirion, R., Vigneault, E., Bouchard, S., Ferland, G., El Mestikawy, S.,
Gaudreau, P., 2015. Glutamate presynaptic vesicular transporter and postsynaptic
receptor levels correlate with spatial memory status in aging rat models. Neurobiol.
Aging 36, 1471–1482. https://doi.org/10.1016/j.neurobiolaging.2014.11.013.

Müller, M., Ahumada-Castro, U., Sanhueza, M., Gonzalez-Billault, C., Court, F.A.,
C�ardenas, C., 2018. Mitochondria and calcium regulation as basis of
neurodegeneration associated with aging. Front. Neurosci. 12, 1–8. https://doi.org/
10.3389/fnins.2018.00470.

Nikoletopoulou, V., Tavernarakis, N., 2012. Calcium homeostasis in aging neurons. Front.
Genet. 3, 1–17. https://doi.org/10.3389/fgene.2012.00200.

Olesen, M.A., Torres, A.K., Jara, C., Murphy, M.P., Tapia-Rojas, C., 2020. Premature
synaptic mitochondrial dysfunction in the hippocampus during aging contributes to
memory loss. Redox Biol 34, 101558. https://doi.org/10.1016/j.redox.2020.101558.

Pereda, D., Al-Osta, I., Okorocha, A.E., Easton, A., Hartell, N.A., 2019. Changes in
presynaptic calcium signalling accompany age-related deficits in hippocampal LTP
and cognitive impairment. Aging Cell 18, 1–11. https://doi.org/10.1111/acel.13008.
7

Rao, V.R., Finkbeiner, S., 2007. NMDA and AMPA receptors: old channels, new tricks.
Trends Neurosci. 30, 284–291. https://doi.org/10.1016/j.tins.2007.03.012.

Rizzo, V., Richman, J., Puthanveettil, S.V., 2015. Dissecting mechanisms of brain aging by
studying the intrinsic excitability of neurons. Front. Aging Neurosci. 7, 1–9. https://
doi.org/10.3389/fnagi.2014.00337.

Robison, A.J., Winder, D.G., Colbran, R.J., Bartlett, R.K., 2007. Oxidation of calmodulin
alters activation and regulation of CaMKII. Biochem. Biophys. Res. Commun. 356,
97–101. https://doi.org/10.1016/j.bbrc.2007.02.087.

Sies, H., Jones, D.P., 2020. Reactive oxygen species (ROS) as pleiotropic physiological
signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383. https://doi.org/10.1038/
s41580-020-0230-3.

Stefanatos, R., Sanz, A., 2018. The role of mitochondrial ROS in the aging brain. FEBS
Lett. 592, 743–758. https://doi.org/10.1002/1873-3468.12902.

Todorovic, S.M., Jevtovic-Todorovic, V., 2014. Redox regulation of neuronal voltage-
gated calcium channels. Antioxidants Redox Signal. 21, 880–891. https://doi.org/
10.1089/ars.2013.5610.

Vaccaro, V., Devine, M.J., Higgs, N.F., Kittler, J.T., 2017. Miro1-dependent mitochondrial
positioning drives the rescaling of presynaptic Ca 2þ signals during homeostatic
plasticity. EMBO Rep. 18, 231–240. https://doi.org/10.15252/embr.201642710.

https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.1016/j.celrep.2017.09.023
https://doi.org/10.1016/j.neurobiolaging.2014.11.013
https://doi.org/10.3389/fnins.2018.00470
https://doi.org/10.3389/fnins.2018.00470
https://doi.org/10.3389/fgene.2012.00200
https://doi.org/10.1016/j.redox.2020.101558
https://doi.org/10.1111/acel.13008
https://doi.org/10.1016/j.tins.2007.03.012
https://doi.org/10.3389/fnagi.2014.00337
https://doi.org/10.3389/fnagi.2014.00337
https://doi.org/10.1016/j.bbrc.2007.02.087
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1002/1873-3468.12902
https://doi.org/10.1089/ars.2013.5610
https://doi.org/10.1089/ars.2013.5610
https://doi.org/10.15252/embr.201642710

	Regulation of neuronal excitability by reactive oxygen species and calcium signaling: Insights into brain aging
	1. Introduction
	2. Normal regulation of excitatory synaptic transmission by calcium
	3. Abnormal regulation of excitatory synaptic transmission by calcium in aging
	4. ROS signaling at excitatory synapses during physiological states and aging
	5. Regulation of excitatory synaptic transmission by a calcium-ROS interplay
	6. Discussion
	Credit Author Statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Peer Review Overview and Supplementary data
	References


