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In the nervous system, calcium signals play a major role in the conversion of synaptic stimuli
into transcriptional responses. Signal-regulated gene transcription is fundamental for a range
of long-lasting adaptive brain functions that include learning and memory, structural plastic-
ity of neurites and synapses, acquired neuroprotection, chronic pain, and addiction. In this
review,we summarize the diversemechanisms governing calcium-dependent transcriptional
regulation associated with central nervous system plasticity. We focus on recent advances in
the field of synapse-to-nucleus communication that include studies of the signal-regulated
transcriptome in human neurons, identification of novel regulatory mechanisms such as
activity-induced DNA double-strand breaks, and the identification of novel forms of activity-
and transcription-dependent adaptations, in particular, metabolic plasticity. We summarize
the reciprocal interactions between different kinds of neuroadaptations and highlight the
emerging role of activity-regulated epigenetic modifiers in gating the inducibility of signal-
regulated genes.

A remarkable feature of the brain is its ability
to adapt its structure and function in re-

sponse to sensory stimulation, learning, or path-
ological conditions. At the cellular level, struc-
tural and functional plasticity has mostly been
studied in excitatory principal neurons, but it is
now known to also occur in inhibitory interneu-
rons (Debanne et al. 2019; Lamsa and Lau 2019),
astrocytes (Shao andMcCarthy 1994; Theodosis
et al. 2008; Zhang et al. 2017), and oligoden-

droglia (Birey et al. 2017; Kaller et al. 2017).
Brain plasticity is, however, a double-edged
sword. On the one hand, it allows, for example,
for the coding of sensory experiences into long-
lasting memories or for the acquisition of novel
motor skills (Dayan and Cohen 2011; Mans-
velder et al. 2019). On the other hand, it enables
maladaptive changes in brain circuitry that me-
diate the development of pathologies like chron-
ic pain or addiction. In both cases, long-lasting
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adaptations of brain structure and function
require changes in gene transcription. This,
in turn, necessitates ways of communication
between synapses and the nucleus. Such com-
munication can be brought about by diffusible
proteins, the stimulation of diverse signaling
cascades, and also,most notably, activity-depen-
dent calcium signals.

In this article, we will first summarize the
molecular mechanisms through which calcium
signaling mediates the translation of synaptic
activity into a transcriptional response. We will
then discuss a range of activity- and calcium-
dependent physiological and pathophysiologi-
cal neuroadaptations with a focus on metabolic
plasticity.

MECHANISMS OF CALCIUM-DEPENDENT
SYNAPSE-TO-NUCLEUS COMMUNICATION

To couple synaptic input to a transcriptional
response, the nucleus needs to sense levels and
timing of synaptic activity. This information can
be conveyed via different signaling modes that
act on diverse time scales. First, several proteins
have been described that are located at pre- or
postsynaptic sites and, upon synaptic stimula-
tion, can travel to the nucleus over time periods
on the order of minutes to hours. Progress in the
field of synaptonuclear protein messengers and
their role in activity-dependent gene transcrip-
tion has recently been covered in elegant reviews
(Herbst and Martin 2017; Marcello et al. 2018).
Second, activation of G-protein-coupled recep-
tors and receptor tyrosine kinases can result in
the generation of second messengers such as
cyclic AMP (cAMP), which, in turn, trigger fur-
ther signaling cascades on the order of seconds.
Third, calcium that enters the cytoplasm from
intracellular or extracellular sources upon syn-
aptic activity can trigger signaling cascades that
reach the nucleus on the order of seconds.
Fourth, calcium itself can enter the nucleus to
activate calcium-sensitive transcriptional regu-
lators on the order of milliseconds to seconds.
The signaling mechanisms that underlie calci-
um-dependent synapse-to-nucleus communi-
cation and gene transcription have been covered
in several comprehensive reviews (Flavell and

Greenberg 2008; Hagenston and Bading 2011;
Bengtson and Bading 2012; Bading 2013). In
this section, we will briefly summarize these
mechanisms with a focus on new findings from
recent years.

Conversion of Calcium Signals into
Transcriptional Responses

Calciumsignalstrigger transcriptional responses
in neurons by numerousmechanisms, including
(1) the posttranslational modification of tran-
scription factors such as the cAMP response ele-
ment-binding protein (CREB) and the ternary
complex factor (TCF), Elk1, (2) the modulation
of transcriptional regulators such as downstream
regulatory element (DRE) antagonistmodulator
(DREAM)andcalmodulin (CaM)-binding tran-
scription activator 1 (CAMTA1), (3) the up-reg-
ulated expression of transcription factors like
neuronal PAS domain protein 4 (NPAS4),
(4) the modulated nucleocytoplasmic shuttling
of transcription factors like Foxo3A, and (5) the
altered expression and/or regulation of proteins
that influence chromatin structure and DNA
methylation state, including histone acetyl trans-
ferases (HATs), histone deacetylases (HDACs),
DNA methyltransferases (DNMTs), and DNA-
methyl-binding proteins (Carrion et al. 1999;
Finkler et al. 2007; Dick and Bading 2010;
Hagenston and Bading 2011; Bading 2013;
Schlumm et al. 2013; Mellström et al. 2014;
Bas-Orth et al. 2016; Oliveira et al. 2016; Sun
and Lin 2016; Litke et al. 2018). Yet another in-
triguing mechanism that contributes to activity-
regulated gene transcription is the activity-
dependent formation of DNA double-strand
breaks (DSBs). These breaks transiently occur
during physiological activity in vivo (Suberbielle
et al. 2013) and have been shown to be necessary
and sufficient to induce the transcription of sev-
eral neuronal immediate-early genes, including
Fos,Zif268, andNpas4 (Madabhushi et al. 2015).
Activity-dependent DSBs depend onN-methyl-
D-aspartate receptor (NMDAR) signaling and
are mediated by DNA topoisomerases SPO11
and TOP2B that probably promote genomic
rearrangements to relieve spatial restraints on
transcription. TOP2B has been shown to prefer-

A.M. Hagenston et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035287



entially bind to promoter regions that contain
H3K4 methylation marks (Tiwari et al. 2012),
but given that TOP2B appears to control the ex-
pression of around 20–100 genes only (Tiwari
et al. 2012; Madabhushi et al. 2015), how this
enzyme is recruited to specific genes remains
an open question. Likewise, how topoisomerases
are activated by synaptic activity and whether
this involves calcium signaling remains to be
investigated.

Pathways of Calcium Entry and Signal
Propagation

Synaptic activity leads to transient changes in
the cytosolic calcium concentration via several
mechanisms. First, glutamate that is released
from presynaptic terminals binds to and acti-
vates postsynaptic ligand-gated ion channels
like the α-amino-3-hydroxyl-5-methyl-4-isox-
azolepropionate receptor (AMPAR) or the
NMDAR that are permeable for sodium and
calcium. Subsequent depolarization of the post-
synaptic membrane leads to opening of L-type
voltage-dependent calcium channels (VDCCs)
and additional influx of calcium from the extra-
cellular space. Second, binding of synaptically
released glutamate and other neurotransmitters
to G-protein-coupled metabotropic receptors
results in the generation of the second messen-
ger inositol 1,4,5-trisphosphate (IP3) that binds
to its receptor on the endoplasmic reticulum and
causes release of calcium from this intracellular
store (Power and Sah 2002;Watanabe et al. 2006;
Hagenston et al. 2008). Third, intracellular cal-
cium transients can be amplified by binding of
calcium to the ryanodine receptor on the endo-
plasmic reticulum, leading to calcium-induced
calcium release. Although the endoplasmic re-
ticulum is considered the predominant source
for activity-dependent intracellular calcium re-
lease, other cellular compartments might con-
tribute to calcium signaling as well. For example,
recent work has revealed a physiological role for
activity- and glutamate receptor–dependent re-
lease of calcium from the endolysosomal com-
partment (Hui et al. 2015; Morgan 2016; Shang
et al. 2016; Padamsey et al. 2017). Whether cal-
cium release from endolysosomes functions in

local signaling only, or whether it also affects
synapse-to-nucleus communication remains to
be investigated.

Among the signaling cascades that can relay
cytosolic calcium signals to the nucleus, the
RAS/mitogen-activated protein kinase (RAS/
MAPK) and calcium/CaM-dependent protein
kinase (CaMK) pathways have been the best
studied (Greer and Greenberg 2008; Hagenston
and Bading 2011; Bading 2013). Stimulation of
the classical RAS/MAPK signaling cascade ini-
tiates at the synapse via the calcium-dependent
activation of RAS/GRF and the inhibition
by calcium/CaM-dependent protein kinase II
(CaMKII) of a RAS GTPase-activating protein.
The spatial spread of subsequent signaling
events downstream from RAS is limited, howev-
er, by diffusion and by the rapid inactivation of
second messenger kinases. Accordingly, signal-
ing to the nucleus by distal synapses via the RAS/
MAPK cascade seems unlikely (Hagenston and
Bading 2011; Wiegert and Bading 2011). L-type
VDCCs, on the other hand, are distributed on
somatic and proximal dendritic membranes and
are open in response to neuronal depolarization
such as occurs during an action potential. These
channels, which may dominate depolarization-
induced transcriptional responses (Ma et al.
2012), were recently linked to the RAS/MAPK
signaling cascade and to depolarization-trig-
gered gene transcription, albeit by a mechanism
that is independent of their ability to conduct
calcium ions (Servili et al. 2018). In particular,
this study suggests that activation of H-RAS is
initiated during membrane depolarization, and
calcium binding in the pore-forming α11.2 sub-
unit of the VDCC is conveyed by a conforma-
tional change from the α11.2 to the β2b subunit,
and is mediated by the direct interaction of the
β2b subunit with H-RAS (Servili et al. 2018).

Cytoplasmic rises in calcium, particularly
those mediated by voltage-dependent calcium
entry from the extracellular space, stimulate the
activityof cytoplasmic calcium/CaM-dependent
protein kinase kinase (CaMKK), which in turn
phosphorylates and activates calcium/CaM-
dependent protein kinase IV (CaMKIV). This
kinase phosphorylates and activates a range of
effector proteins in the nucleus including

Calcium-Dependent Synapse-to-Nucleus Communication

Cite this article as Cold Spring Harb Perspect Biol 2020;12:a035287 3



CREB (Soderling 1999; Means 2000; Hagenston
andBading2011).Activationof transcriptionme-
diated by CREB, CREST, and other transcription
factors requires the additional stimulation of
the cofactor CREB-binding protein (CBP)
by CaMKIV (Chawla et al. 1998), thus en-
dowing this particular CaMK with a central role
in synapse-to-nucleus communication (Bading
2013). Indeed, overexpression of dominant-
negative CaMKIV effectively blunts activity-
dependent gene transcription, transcription-de-
pendent long-termpotentiation (LTP)of synaptic
strength, memory consolidation, and basal- and
activity-induced dendrite complexity and spine
density (Kang et al. 2001; Limback-Stokin et al.
2004; Zhang et al. 2009; Mauceri et al. 2011).

CaMKIV is predominantly expressed in the
nucleus (Jensen 1991; Nakamura 1995; Bito
1996). Accordingly, stimulation of CaMKIV,
the first step being its association with calci-
um-bound CaM (calcium/CaM), requires a nu-
clear elevation in the levels of calcium/CaM.
This elevation is accomplished by direct entry
of calcium into the nucleoplasm, via nuclear
pores, where it binds to nuclear-localized CaM
(Hardingham et al. 2001), although cytoplasm-
to-nucleus translocation of calcium-boundCaM
has also been suggested (Cohen et al. 2015). An-
other mechanism by which neuronal excitation
and the stimulation of calcium entry via VDCCs
could lead to the nuclear accumulation of calci-
um-bound CaM may involve shuttling of the γ
isoform of CaMKII (Ma et al. 2014; Cohen et
al. 2015). According to this model, γCaMKII
binds calcium/CaM near the membrane in cer-
tain cell types, after which it is phosphorylated at
T287 byα/βCaMKII, trapping the calcium/CaM
cargo and dephosphorylated at S334 by calci-
neurin, resulting in the increased exposure of
an adjacent nuclear localization signal that di-
rects the calcium/CaM-bound kinase shuttle to
the nucleus. Once in the nucleus, γCaMKII is
dephosphorylated by the CaMKIV-associated
protein phosphatase PP2A, releasing calcium/
CaM that can then immediately activate CaM-
KIV (Ma et al. 2014; Cohen et al. 2015, 2018).
Although this mode of signaling to the nucleus,
which relies on the cytoplasm-to-nucleus trans-
port of the calcium/CaM shuttle, is supported by

other studies (Cohen et al. 2016; Herbst and
Martin 2017; Wang et al. 2017; Zalcman et al.
2018), it remains to be seen how these ideas can
be reconciled with conflicting observations that
hippocampal neurons express high levels of
CaM in the cell nucleus and that this nuclear
accumulation ofCaM is independent of synaptic
activity (Hardingham et al. 2001). Also, immu-
nostaining studies and biochemical subcellular
fractionations of hippocampal neurons showed
that the localization of γCaMKII in the cyto-
plasm and in the nucleus does not change
upon synaptic activity (Buchthal et al. 2012).
Finally, and most importantly, activity-depen-
dent activation of CREB in hippocampal neu-
rons occurs even when nuclear transport is
completely blocked by microinjection into the
cytoplasm of wheat germ agglutinin (WGA), a
potent blocker of nuclear import (Hardingham
et al. 2001).

Nuclear Calcium Signaling

In addition to activating signaling cascades in the
cytosol, calciumcandirectlyenter thenucleusvia
passive diffusion through nuclear pores (Eder
and Bading 2007). Once in the nucleus, calcium
can contribute to activity-dependent transcrip-
tion via its association with CaM, but also by
direct interaction with calcium-sensitive tran-
scriptional regulators such as the transcriptional
repressor, DREAM (Carrion et al. 1999; Osawa
et al. 2001). DREAM achieves transcriptional
control by high-affinity binding to DRE se-
quences inDNA, and its calcium-dependent un-
binding results in the derepression of several
genes, including Bdnf and prodynorphin, both
of which contribute to pain chronicity (Costigan
and Woolf 2002; Rivera-Arconada et al. 2010).
Several calcium-dependent transcription factors
that have established roles in synaptic plasticity
and learning and memory are regulated by
DREAM: NPAS4, NR4A1, MEF2C, JUNB, and
cFOS (Mellström et al. 2014). Additionally,
DREAM may interact with diverse nuclear and
cytosolic proteins to influence neuronal func-
tions, such as the transcription factors CREB
and ATF6, NMDARs and potassium channels,
presenilin-2, and others (Rivas et al. 2011;
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Burgoyne and Haynes 2012; Wang and Wang
2012). Studies investigating the functional con-
sequences of nuclear calcium signaling, using
the intranuclear injection of a nondiffusible dex-
tran-coupledcalciumchelator, the transgenic ex-
pression of a nuclearly localized calcium/CaM
inhibitor, or the nuclear expression of the calci-
um-buffering protein parvalbumin, have dem-
onstrated that nuclear calcium signaling is a
potent regulatorof activity-dependent gene tran-
scription and is required for the maintenance of
dendritic structure and synapse number, synap-
tic plasticity, memory consolidation, acquired
neuroprotection, and pain chronicity (Harding-
ham et al. 1997; Chawla et al. 1998; Limback-
Stokin et al. 2004; Zhang et al. 2009; Mauceri
et al. 2011, 2015; Simonetti et al. 2013; Weislo-
gel et al. 2013; Hemstedt et al. 2017; Chandrase-
karet al. 2018). In addition, transgenicmice lack-
ing DREAM or expressing a calcium-insensitive
DREAMmutant exhibit decreased dendritic ar-
borization and spine density, altered synaptic
plasticity, impaired learning and memory, and
diminished pain hypersensitivity (Costigan and
Woolf 2002; Rivera-Arconada et al. 2010; Mell-
ström et al. 2016; López-Hurtado et al. 2018).
Taken together, these findings highlight the rel-
evance of nuclear calcium signaling for synapse-
to-nucleus communication and central nervous
system neuroadaptations.

Calcium signaling in the neuronal nucleus
appears particularly relevant for calcium enter-
ing the cell via somatodendritic L-type VDCCs.
Indeed, synapse-independent “replay” of the
membrane potential changes induced by bursts
of action potentials was shown to generate nu-
clear calcium transients that had amplitudes
nearly 70% of their original synaptic activity-
generated counterparts, and that could be abol-
ished by L-type VDCC blockers, indicating that
this channel type represents the major source of
nuclear calcium signals evoked during trains of
action potentials triggered by synaptic activity
(Bengtson et al. 2013). Other sources of nuclear
calcium include calcium that enters via
NMDARs and calcium that is released via rya-
nodine and IP3 receptors from the endoplasmic
reticulum and perhaps the nuclear envelope
(Hagenston and Bading 2011; Bengtson et al.

2013; Martins et al. 2016). In some cell types,
including neurons, IP3 receptors may be local-
ized to the inner nuclear envelope, raising the
possibility that calcium may be released directly
into the nucleus either subsequent to the activa-
tion of intranuclear G-protein-coupled recep-
tors (Jong et al. 2005, 2007) or, following the
synaptic mobilization of IP3, which as a result
of its small size can pass freely through nuclear
pores (Humbert et al. 1996; Echevarría et al.
2003; O’Malley et al. 2003; Jong et al. 2005,
2007, 2018; Marchenko et al. 2005; Marchenko
and Thomas 2006; Kumar et al. 2008; Bootman
et al. 2009; Rodrigues et al. 2009; Olivares-Florez
et al. 2018). Consistent with their generation via
the diffusion of calcium from the soma and
through the nuclear pores, nuclear calcium tran-
sients triggered by bursts of synaptic activity
closely follow their cytoplasmic counterparts
with respect to both amplitude and duration
(Eder and Bading 2007; Mauceri et al. 2015).
In the fruit fly brain in vivo and in brain and
spinal cord slices ex vivo, nuclear calcium tran-
sients are evoked by stimuli that trigger and/or
mimic afferent synaptic activity, including those
that are known to induce transcription-depen-
dent plasticity and to trigger LTP, like 100 Hz
and Θ-burst stimulation (Bengtson et al. 2010;
Simonetti et al. 2013; Weislogel et al. 2013). The
amplitude and duration of nuclear calcium tran-
sients evoked by these stimuli is closely correlat-
ed to the intensity and duration of synaptic ac-
tivity. The transcriptional machinery, in turn, is
rapidly activated upon increases in nuclear cal-
cium and rapidly shuts off after the transient has
ceased (Chawla and Bading 2001). In an effort to
determine the minimum signal strength that is
required to induce gene transcription, the au-
thors of a recent study used the highly sensitive
catFISH method to characterize activity-depen-
dent transcription of the immediate early gene
Arc (Yu et al. 2017). They found that a single
burst of action potential that consisted of ∼25
action potentials and was associated with a sin-
gle ∼10 sec nuclear calcium transient was suffi-
cient to trigger Arc transcription. Moreover,
consistent with the dependency of CREB, CBP,
and serum response factor (SRF) activity on the
duration of nuclear calcium elevations (Chawla
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and Bading 2001), increasing the duration of
stimuli—and thereby the number of evoked ac-
tion potential bursts—elevated both the number
of Arc-positive cells and the total amount of Arc
messenger RNA (mRNA) transcribed (Yu et al.
2017). Thus, nuclear calcium transients provide
a quantitative and highly sensitive means of
translating synaptic activity into a transcription-
al response.

Activity-Dependent Gene Transcription
in Human Neurons

Activity- and calcium-dependent gene tran-
scription has mostly been studied in cultured
rodent neurons and in the rodent brain. A
long-standing question in the field, therefore,
is whether the subset of activity-regulated genes
and the corresponding signaling mechanisms
are conserved in humans. Technical progress
in the generation of human-induced pluripotent
stem cells (hiPSCs) and their differentiation into
neurons (hiPSC-derived neurons) has allowed
for first insights into this question. Recent stud-
ies that compared activity-dependent gene
transcription between primary and stem-cell-
derived mouse neurons and primary and iPSC-
derived human neurons revealed that activi-
ty-dependent gene transcription is largely
conserved between rodent and human neurons
(Ataman et al. 2016; Qiu et al. 2016; Pruunsild
et al. 2017). However, specific differences were
identified. For several genes, the kinetics of the
transcriptional response to neuronal activity dif-
feredmarkedly betweenmouse and human neu-
rons. In addition, several genes were found to be
induced by neuronal activity in human but not
mouse neurons. These changes are mediated by
the acquisition of cis-regulatory elements, such
as cAMP-response elements (CREs) andMEF2-
responsive elements (MREs), in the promoter
and enhancer regions of the respective genes.
Intriguingly, genes that have acquired respon-
siveness to synaptic activity in the primate line-
age include Osteocrin and Camta1. These genes
are involved in cortical development (Ataman
et al. 2016) and long-term memory (Huentel-
man et al. 2007; Bas-Orth et al. 2016), re-
spectively, which suggests that evolutionary

changes in activity-dependent gene transcrip-
tion may underlie the development of cognitive
abilities in the primate lineage (Hardingham
et al. 2018).

FUNCTIONAL CONSEQUENCES
OF CALCIUM-DEPENDENT GENE
TRANSCRIPTION

Recent years have provided a growing list of neu-
roadaptations that are governed by calcium-de-
pendent gene transcription. These adaptations
span several levels of organization, from the
structure and function of individual neurons to
circuit functions and to behavior. They support
physiological functions like development, mem-
ory, and neuroprotection, but play a role as well
as in maladaptations like chronic pain and ad-
diction. In this section, we provide a brief sum-
mary of some of these adaptations.

Long-Term Memory

Our current understanding of the molecular bi-
ology of learning andmemory was bornwith the
pioneering discovery in the 1960s that the for-
mation of long-lasting memories depends on de
novo gene transcription (Hernandez and Abel
2008). Subsequent studies in PC12 cells, in cul-
tured neurons, and in the rodent brain revealed
that activity-dependent gene transcription is
triggered by the depolarization-induced influx
of calcium into postsynaptic neurons (Green-
berg et al. 1986; Morgan and Curran 1986,
1988; Bading et al. 1993). The importance of
calcium signaling inmemory formation was un-
derscored by the discovery of a number of calci-
um-regulated transcription factors and tran-
scriptional regulators that are required for the
formation of long-lasting memories in sea
snails, fruit flies, andmice. These transcriptional
regulators include CREB, CBP, SRF/p62Elk1,
NPAS4, NR4A1, and CAMTA1 (Dash et al.
1990; Bourtchuladze et al. 1994; Yin et al.
1994; Kida et al. 2002; Pittenger et al. 2002;
Wood et al. 2005; Etkin et al. 2006; Ploski et al.
2011; Ramamoorthi et al. 2011; Coutellier et al.
2012; McNulty et al. 2012; Bas-Orth et al. 2016).
Several of these proteins are regulated by calci-
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um/CaM signaling within the cell nucleus. Ac-
cordingly, nuclear calcium/CaM signaling was
found to be required for long-term memory in
fruit flies and mice (Kang et al. 2001; Limback-
Stokin et al. 2004; Weislogel et al. 2013).

How exactly activity- and calcium-depen-
dent gene transcription contributes to the for-
mation of long-lasting memories is still incom-
pletely understood. It is thought, however, that
the expression of genes targeted by activity-
regulated transcription factors, such as Arc,
Homer1, and Bdnf, is required to modify synap-
tic strength and neuronal connectivity. In addi-
tion to its effects at the synaptic level, calcium/
CaM-dependent gene transcription has also
been shown to modify the overall excitability of
activated neurons. This global effect has been
suggested to promote the recruitment of coacti-
vated neurons into neuronal assemblies that are
thought to represent the physical basis of mem-
ory traces (Buzsaki andDraguhn2004;Holtmaat
and Caroni 2016; Lisman et al. 2018). The activ-
ity-dependent expression of memory-related
genes is further controlled by epigenetic regula-
tors that in turn are controlled by calcium sig-
naling. These include both regulators of DNA
methylation patterns and regulators of histone
modifications. For example, expression of the de
novo DNA methyltransferase DNMT3A2 is in-
duced by synaptic activity in a nuclear calcium/
CaM-dependent manner (Oliveira et al. 2012).
DNMT3A2 facilitates the expression of the im-
mediate-early genesArc andBdnf, is required for
the formation, consolidation, and extinction of
long-term memories, and contributes to the es-
tablishment of nociceptive hypersensitivity in
chronic inflammatory pain (Oliveira et al.
2012, 2016, 2019). The subcellular localization
of class IIa histone deacetylases ([HDACs] is
controlled by synaptic activity and nuclear
calcium/CaM signaling (Chawla et al. 2003;
Schlumm et al. 2013). HDACs generally act as
transcriptional repressors either by interfering
with DNA-binding proteins or by catalyzing
the removal of acetyl groups from histones, re-
sulting in denser chromatin with more limit-
ed accessibility for transcriptional machinery.
The nucleocytoplasmic shuttling specifically of
HDAC4 and HDAC5 is induced by synaptic ac-

tivity and NMDAR activation both in vitro and
in vivo and can be inhibited by the nuclear ex-
pression of either a calcium/CaM buffer or the
calcium-binding protein parvalbumin (Chawla
et al. 2003; Sando et al. 2012; Schlumm et al.
2013; Chen et al. 2014). Among the targets of
HDAC4/5 are a number of genes essential for
synaptic function and plasticity, including
Npas4, CaMKIIα, and HomerI, but also regula-
tors of dendritic structure (Mauceri et al. 2011;
Sando et al. 2012; Taniguchi et al. 2017; Litke
et al. 2018). Numerous lines of evidence impli-
cate class IIa HDAC function in nonassociative
learning, and a recent study demonstrated its
involvement in spatial learning (Sando et al.
2012; Rahn et al. 2013; Uchida and Shumyatsky
2018). Because activity-dependent expression of
epigenetic regulators and subsequent modifica-
tion of histones and DNA takes time, these
mechanisms seem not to play a major role in
the acute transcriptional response to synaptic
activity. Rather, by modifying the chromatin
landscape, they have a gating function and con-
trol the permissiveness of the genome for tran-
scriptional responsiveness to future synaptic
stimuli (Oliveira et al. 2012; Baker-Andresen
et al. 2013; Gulmez Karaca et al. 2018). Thus,
in the control of long-term memory, calcium
signaling acts on two time scales. First, via
calcium-regulated transcription factors, it medi-
ates the acute expression of proteins that are
required for long-term memory formation. Sec-
ond, via calcium-dependent epigenetic regula-
tors, it maintains the responsiveness of the
transcriptional machinery so that future stimuli
can be efficiently translated into long-lasting
memories.

Morphological Plasticity

Synaptic activity controls the development and
maintenance of neuronal morphology, includ-
ing the number and size of synapses and the size
and complexity of the dendritic arbor (Marie
et al. 2005; Flavell et al. 2006; Shalizi et al.
2006; Wayman et al. 2006; Saneyoshi et al.
2010; Mauceri et al. 2011). The development,
maintenance, and plasticity of neuronal struc-
ture and interneuronal connectivity depend on
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calcium-regulated gene expression. For exam-
ple, the nuclear calcium/CaM-dependent tran-
scription factor NPAS4, an immediate early
gene expressed in both excitatory and inhibitory
neurons following synaptic activity in vitro and
diverse stimuli in vivo (Lin et al. 2008; Zhang
et al. 2009; Ramamoorthi et al. 2011; Taniguchi
et al. 2017; Weng et al. 2018), plays a role in
establishing and maintaining the balance of ex-
citation and inhibition in neuronal networks in-
volved in adaptive plastic processes (Sun and Lin
2016). In particular, the activity-driven expres-
sion of NPAS4, which is selectively induced by
nuclear calcium (Zhang et al. 2009) and depends
on DREAM-mediated transcriptional derepres-
sion (Lin et al. 2008; Mellström et al. 2014), was
shown to trigger unique homeostatic transcrip-
tional responses in excitatory and inhibitory
neurons. These responses trigger an up-regula-
tion of the numbers of inhibitory synapses
formed onto excitatory neurons, and a concom-
itant up-regulation of the numbers of excitatory
synapses formed onto inhibitory neurons, re-
sulting in an overall restriction of excitatory neu-
ronal output following robust synaptic activity.
Loss of NPAS4, by contrast, was shown to result
in an overall disinhibition of neuronal networks
(Bloodgood et al. 2013; Spiegel et al. 2014). In-
terestingly, NPAS4 was recently also shown to
modulate the synaptic connectivity between ex-
citatory neurons. Specifically, while enhanced
activation of dentate granule cells triggered the
homeostatic down-regulation in the size and
functional efficacy of synaptic contacts made
between their mossy fibers and the thorny ex-
crescences of CA3 pyramidal neurons, constitu-
tive or conditional deletion of NPAS4 fromCA3
had the opposite effect (Weng et al. 2018). Ex-
pression of NPAS4 was also demonstrated to be
controlled by a class IIa HDAC, HDAC5 (Tani-
guchi et al. 2017), the nucleocytoplasmic shut-
tling of which is synaptic activity- and nuclear
calcium/CaM-dependent (Schlumm et al. 2013;
Simonetti et al. 2013). Nuclear calcium/CaM
signaling through class IIa HDACs also controls
the expression of two further genes that regulate
neuronal structure and connectivity. In particu-
lar, by stimulating the nucleocytoplasmic shut-
tling ofHDAC4, nuclear calcium/CaM signaling

curbs the expression of the secreted complement
C1Q subunit C (C1QC) and maintains physio-
logical expression levels of vascular endothelial
growth factor D (VEGFD), a secreted molecule
that is required to maintain dendritic geometry
in mature neurons (Mauceri et al. 2011;
Schlumm et al. 2013; Simonetti et al. 2013; Litke
et al. 2018). Accordingly, inhibition of nuclear
calcium signaling causes a reduction in the
number and size of dendritic spines and a loss
of dendritic length and complexity in mature
neurons, effects that are replicated by exogenous
application of C1QC, which acts as a synapse
pruning factor, or by short-hairpin RNA
(shRNA)-mediated knockdown ofVegfd, respec-
tively. Conversely, shRNA-mediated knockdown
of C1QC can increase the spine number on den-
drites of spinal neurons and overexpression or
exogenous application of VEGFD supports
maintenance of the structural integrity of den-
dritic arbors (Mauceri et al. 2011; Schlummet al.
2013; Simonetti et al. 2013; Litke et al. 2018). In
vivo, C1QC is required for physiological synapse
refinement during development, but might also
contribute to the pathogenesis of neurodegener-
ative diseases (Presumey et al. 2017). It therefore
provides a putative link between dysregulated
calcium signaling and synapse loss in aging
and neurodegeneration. Loss of VEGFD in
the mouse brain leads to reduced length and
complexity of dendrites, causing impaired syn-
apse-to-nucleus calcium signaling, impaired
expression of plasticity-related genes, and im-
paired formation and extinction of long-term
memories (Mauceri et al. 2011; Hemstedt et al.
2017). Together, these findings highlight the
complex interplay between neuronal structure
and function. They reveal a reciprocal regulatory
loop in which calcium-dependent gene tran-
scription maintains neuronal structure, which,
in turn, is a prerequisite for efficient activity-
dependent calcium signaling and calcium-
dependent synapse-to-nucleus communication.

Acquired Neuroprotection

Synaptic stimulation of neurons leads to the
buildupof a long-lasting protected state inwhich
neurons are more resistant to harmful stimuli.

A.M. Hagenston et al.
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This acquired neuroprotection can be observed
after action potential bursting in cultured hippo-
campal neurons in vitro (Hardingham et al.
2002; Lee et al. 2005; Papadia et al. 2005), and
after exposure of rodents to an enriched/novel
environment in vivo (Hannan 2014). It includes
increased resistance against proapoptotic stimuli
such as growth factor withdrawal and stauro-
sporine treatment, and against excitotoxic stim-
uli such as glutamate and kainic acid treatment.
The buildup of acquired neuroprotection de-
pends on nuclear calcium signaling and gene
transcription. A series of transcriptome analyses
revealed a core set of so-called activity-regulated
inhibitor of death (AID) genes that mediate
acquired neuroprotection (Zhang et al. 2007,
2009). Their protein products include the
transcriptional regulators ATF3, GADD45β,
GADD45γ, NPAS4, and NR4A1; the nuclear
proteins BTG2 and interferon-activated gene
202B (IFI202B); and the secreted proteins inhib-
in β-A (INHBA)/Activin-A and SerpinB2. At
least six of the nine AID genes have been ob-
served to exhibit a significant up-regulation fol-
lowing exposure to an enriched/novel environ-
ment in vivo (Lacar et al. 2016; AM Hagenston
and H Bading, unpubl.). The expression of AID
genes ismodulated by synaptic NMDARactivity
and nuclear calcium, and they confer robust
neuroprotection both in vitro and in vivo. Neu-
roprotection against ischemic brain damage in
vivo has been achieved in mice by virus-mediat-
ed overexpression of individual AID genes and,
in the case of Activin-A and SerpinB2, by post-
injury protein delivery via a nasal spray (Zhang
et al. 2011a; Lau et al. 2015; Buchthal et al. 2018).
Overexpression of several individual AID genes
has been shown to attenuate mitochondrial per-
meability transition during excitotoxicity. This
and other observations lead to the notion that,
mechanistically, acquired neuroprotection ap-
pears to work mainly via the protection of mito-
chondrial structure and function, either directly
or indirectly (Lau and Bading 2009; Zhang et al.
2009; Leveille et al. 2010; Bas-Orth and Bading
2013; Bading 2017). An example of a direct link
between AID gene expression andmitochondri-
al protection is the NPAS4-mediated transcrip-
tional repression of the mitochondrial calcium

uniporter (MCU), which protects mitochondria
from calcium overload, oxidative damage, and
permeability transition under conditions of glu-
tamate excitotoxicity (Qiu et al. 2013; Depp et al.
2018). Protection of mitochondria is further
achieved by the activity- and calcium-dependent
expression of antioxidant defense genes (Papa-
dia et al. 2008; Soriano et al. 2009; Baxter et al.
2015) and, potentially, bya transcription-depen-
dent switch of neuronal energy metabolism to-
ward aerobic glycolysis (see below).

Chronic Pain

Although acute physiological pain is essential
for survival, chronic pathological pain is a de-
bilitating disease that is associated with intense
individual suffering as well as significant social
and financial burden. Such chronic pain may
result from an injury causing tissue inflamma-
tion or damage to a nerve or the spinal cord,
cancer, viral infections, diabetes, or chemother-
apy. Mechanistically, chronic pain syndromes
are associated with a range of functional and
structural plastic changes in neuronal networks
at all levels of the pain axis extending from pe-
ripheral sensory neurons for both pain and
touch, to the spinal cord circuits that receive
and transmit painful sensory information, to
the somatosensory and limbic circuits that as-
sign meaning and emotional valence (Kuner
2010; Hagenston and Simonetti 2014). Two
key features of pathological pain are (1) its per-
sistence well after the initial injury or insult has
healed, and (2) its occurrence in the absence of
any obvious pathological trigger. Both in terms
of its persistence and with relation to its cellular
andmolecular biological underpinnings, chron-
ic pain shares many features in common with
learning and memory (Rahn et al. 2013; Price
and Inyang 2015). At the level of the spinal cord,
for instance, pain chronicity involves both LTP
at the synapses between peripheral afferents and
central neurons and an increase in neuronal ex-
citability, processes that depend on calcium sig-
naling and calcium-dependent transcriptional
responses (Ji et al. 2003; Sandkühler 2009; Ha-
genston and Simonetti 2014). Indeed, spinal
central sensitization, for which LTP represents
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the synaptic correlate, is linked to the altered
expression of genes controlled by CREB and
DREAM, but also nuclear calcium/CaM, class
II HDACs, and the de novo DNA methyltrans-
ferase, DNMT3A2 (Cheng et al. 2002; Bai et al.
2010; Kuner 2010; Rivera-Arconada et al. 2010;
Long et al. 2011; Zhang et al. 2011b; Tochiki
et al. 2012; Descalzi et al. 2015; Oliveira et al.
2019).

Drug Addiction

Drug addiction is a chronic, relapsing disorder
that is characterized by compulsive drug seeking
and taking, despite adverse consequences. It
typically develops during repeated exposure to
drugs of abuse that are known to cause structural
and functional neuroadaptations in the meso-
limbic reward circuit. Development of an
addicted state can be considered a form of mal-
adaptive brain plasticity or learning (Hyman
et al. 2006; Kauer and Malenka 2007). Similar
to physiological forms of learning, drug-induced
neuroadaptations require calcium signaling
through NMDARs and the MAPK and CaMK
pathways (Konradi et al. 1996; Cahill et al. 2014;
Hopf 2017; Morisot and Ron 2017; Takemoto-
Kimura et al. 2017). These signaling cascades
culminate in transcriptional responses and epi-
genetic modifications that are thought to medi-
ate the persistent neuronal modifications that
underlie addictive behavior. Examples of calci-
um-dependent transcriptional and epigenetic
regulators that are involved in this process in-
clude CREB, CBP, ΔFOSB, HDAC5, and
DNMT3A2 (Robison and Nestler 2011; Tanigu-
chi et al. 2017; Cannella et al. 2018; Walker and
Nestler 2018).

Activity-Dependent Control of
Transcriptional Permissiveness

Most work in the field of activity-dependent
gene transcription has focused on the acute
mechanisms and targets of signal-regulated
gene transcription to explain how synaptic
activity promotes long-lasting neuronal adapta-
tions. Whereas initial work focused on activity-
regulated transcription factors, we now know

that synaptic activity regulates the expression
and activity of histone modifiers, DNA methyl-
transferases, DNA topoisomerases, and non-
coding RNAs as well. According to the classical
concept of signal-regulated gene transcription,
these can be considered as additional parts of
the machinery that translates synaptic signals
into acute transcriptional responses. An emerg-
ing concept in activity-regulated gene transcrip-
tion suggests, however, that these epigenetic
modifiers do not primarily contribute to acute
gene expression, but instead act on a longer time
scale to control the transcriptional responsive-
ness of the genome, thereby gating the induc-
ibility of signal-regulated genes. This concept
was first proposed in the context of drug addic-
tion, based on an analogy between the long-last-
ing epigenetic control of transcriptional states
during development and activity-dependent
chromatin modifications in mature neurons
(Nestler 2001). In recent years, it has gained
increasing experimental support and has been
increasingly recognized in the fields of addic-
tion, chronic pain, and memory (Robison and
Nestler 2011; Oliveira et al. 2012, 2019; Baker-
Andresen et al. 2013; Descalzi et al. 2015;
Cannella et al. 2018; Walker and Nestler 2018).
Thus, a general functional consequence of
synaptic activity-dependent gene transcription
appears to be an adaptation of the transcription-
al environment itself. This form of transcrip-
tional plasticity ensures the maintenance of a
permissive chromatin landscape that allows
for efficient activity-induced gene expression
needed for a large range of long-term neuro-
adaptations.

ACTIVITY-DEPENDENT METABOLIC
PLASTICITY

In recent studies, synaptic activity was shown to
regulate the expression of several metabolic en-
zymes in astrocytes and neurons. These tran-
scriptional changes are thought to underlie
long-lasting adaptations in astrocytic glycogen
handling and neuronal energy metabolism. In
this section, we discuss the molecular mecha-
nisms and potential functions of this metabolic
plasticity in both astrocytes and neurons.

A.M. Hagenston et al.
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Acute Metabolic Responses and Delayed,
Transcription-DependentMetabolic Plasticity
in Astrocytes

The functional contributions of astrocytes in
neuroglial networks are diverse, from the regu-
lation of ion homeostasis and neurotransmitter
uptake to the stimulation of neighboring cells by
so-called gliotransmitters to the modulation of
synaptic structure and function and the avail-
ability of energetic substrates (Araque et al.
2014; Kim et al. 2017; Jha and Morrison 2018;
Mederos et al. 2018). Accordingly, astrocyte-
neuron coupling is increasingly implicated in a
range of physiological and pathophysiological
adaptive processes in the central nervous sys-
tem, including learning and memory, drug ad-
diction, and chronic pain, as described in detail
in a number of excellent reviews (Hansen and
Malcangio 2013; Ji et al. 2013; Lacagnina et al.
2017; Alberini et al. 2018; Santello et al. 2019).
One critical process in astrocyte-neuron cou-
pling is the stimulation of glycogen metabolism
during and following periods of elevated neuro-
nal activity (Hertz et al. 2015; Waitt et al. 2017;
Hertz and Chen 2018). Glycogen breakdown,
known as glycogenolysis, is triggered in astro-
cytes by intracellular calcium elevations that re-
sult from the neurotransmitter-dependent acti-
vation of G-protein-coupled receptors and the
release of calcium from intracellular stores, and
is promoted by elevated extracellular potassium
levels (Hertz et al. 2013; Waitt et al. 2017). The
rate-limiting enzyme in glycogenolysis in the
central nervous system is the brain isoform of
glycogen phosphorylase (PYGB), the activity of
which hinges on its phosphorylation by the cal-
cium-dependent kinase, phosphorylase kinase
(PHK). Once broken down to glucose by
PYGB, metabolized glycogen feeds into the
glycolytic pathway resulting in the production
of ATP, which is essential for maintaining the
activity of sodium/potassium ATPases that nor-
malize intra- and extracellular ion concentra-
tions following neuronal activity. Metabolized
glycogen can also be converted into glutamine,
which is required as a glutamate and GABA
precursor by excitatory and inhibitory neurons,
respectively. Further, astrocytic glycogenolysis

results in the production of lactate, which can
function as a signaling molecule and possibly
also an energetic substrate for neighboring neu-
rons (Fig. 1A; Hertz et al. 2013; DiNuzzo 2016;
Waitt et al. 2017; Jourdain et al. 2018; Magis-
tretti andAllaman 2018;Margineanu et al. 2018,
but see Yellen 2018; Dienel 2019). Thus, via the
calcium-dependent stimulation of glycogenoly-
sis, activation of astrocytes may alter their me-
tabolism in the short term to meet local energy
and metabolic demands under acute conditions
of increased synaptic activity (Fig. 1A). This
short-term astrocytic metabolic response is
paralleled by the initiation of delayed transcrip-
tion-dependent changes in the astrocytes’ met-
abolic capacity. Despite the existence, for at least
10 years, of methods that allow for cell-type-
specific transcriptional analyses, and although
these methods have been used to study activi-
ty-dependent gene transcription in diverse pop-
ulations of neurons in response to physiological
stimuli (Cahoy et al. 2008; Sanz et al. 2009; Wu
et al. 2017; Sathyamurthy et al. 2018; Sloan and
Barres 2018; Zeisel et al. 2018), surprisingly little
is known about astrocytes’ transcriptional re-
sponses to stimuli that result in long-lasting ner-
vous system adaptations.

A few recent studies have begun to explore
the activity-dependent astrocyte transcriptome.
Notably, among the induced genes identified in
these studies are a number that are implicated in
astrocytic energy metabolism, including key
players in glycogen synthesis and glycogenolysis
(Fig. 1B; Hasel et al. 2017; Hrvatin et al. 2018;
McGann and Mandel 2018). For instance, one
gene showing up-regulated levels of expression
following synaptic activity in vitro and neuronal
activity, behavioral training, or visual stimula-
tion in vivowasPpp1r3c (Hasel et al. 2017;Hrva-
tin et al. 2018). The protein product of Ppp1r3c,
protein targeting to glycogen (PTG), acts as a
glycogen-targeting subunit for the protein phos-
phatase 1 (PP1) complex, which positively reg-
ulates glycogen synthesis by stimulating gly-
cogen synthase (GYS), triggering glycogen
production, and inhibiting glycogen phosphor-
ylase (PYGB, limiting glycogen breakdown)
(Fig. 1; Ruchti et al. 2016). Up-regulation of
PTG is associated with glycogen accumulation,
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and its down-regulationwith glycogen depletion
in astrocytes (Ruchti et al. 2016). Thus, the syn-
aptic activity-dependent up-regulation Ppp1r3c/
PTG in vivo might be expected to result in a
build-up of astrocytic glycogen stores. Among
the other metabolism-related genes having ele-
vated expression levels after neuronal activity
were the muscle form of glycogen synthase
(Gys1), which catalyzes the extension of glyco-
gen chains by progressively adding glucose
molecules and glycogen branching enzyme 1
(Gbe1), where the branches extended glycogen
polymers. Also, dynamically regulated by activ-
ity was the gene coding for phosphorylase kinase
β (PHKβ), a regulatory subunit of the calcium-
dependent kinase that specifically activates gly-
cogen phosphorylase (PYGB), the rate-limiting
enzyme responsible for glycogenolysis, as well as
several other genes that influence glucose up-
take, glycolysis, and lactate export (Hasel et al.

2017). Viewed together, these data suggest that
synaptic activity-evoked transcriptional changes
lead to an enhancement of astrocytes’ capacity
both to store glucose as glycogen, and to rapidly
metabolize glycogen to meet local energy, ho-
meostasis, and signaling demands. It will be ex-
citing in the future to uncover the extent to
which astrocyticmetabolism and glycogen levels
are altered following physiological and patho-
physiological stimuli in vivo, and to learn what
role this long-term metabolic plasticity plays in
establishing a permissive environment for func-
tional adaptations in both cerebral and spinal
neuroglial networks.

In an effort to uncover the molecular mech-
anisms underlying the observed changes inmet-
abolic gene expression, Hasel and colleagues
analyzed the promoter regions of highly induced
genes, and found that they were highly enriched
for CREB-family binding sites. In parallel, the
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Figure 1. Short-term metabolic response and long-term metabolic plasticity in astrocytes. Neuronal activity
triggers (A) a rapid, calcium-dependentmetabolic response in astrocytes involving glycogenolysis and the release
of energetic and signaling substrates and, in parallel, (B) a transcription-mediated up-regulation of astrocytes’
metabolic capacity (Hasel et al. 2017). In this way, astrocytes can meet local energy, homeostasis, and metabolic
demands under acute conditions of increased synaptic activity, and, via changes in gene expression, provide a
permissive environment for the sustained enhancement of synaptic transmission that accompanies functional
adaptations. Metabolic intermediates and end points are depicted as blue rectangles, enzymes are depicted as
green/red ellipses, and transporters as orange/red squares. Dashed lines indicate processeswithmultiple steps that
are not shown here. Up-regulated activity (A) and expression (B) of enzymes and transporters are indicated with
color changes to red. GBE, glycose branching enzyme; GLUL, glutamine synthetase; GLUT, glucose transporter
(Slc2a family); GSK-3, glycogen synthase kinase 3; GYS, glycogen synthase; HK, hexokinase; LDHA, lactate
dehydrogenase; MCT, monocarboxylate transporter (Slc16a family); PGM, phosphoglucomutase; PHK, phos-
phorylase kinase; PP1, protein phosphatase 1; PTG, protein targeting to glycogen; PYGB, glycogenphosphorylase
brain form; SNAT, sodium-coupled neutral amino acid transporter; UGP, UDP-glucose pyrophosphorylase.
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authors demonstrated that, in astrocytes, calci-
um rises, cAMP/PKA signaling, and CREB-
mediated transcription were triggered by neuro-
nal activity (Hasel et al. 2017; Pardo et al. 2017).
Diverse stimuli and second messenger signaling
cascades can induce CREB-mediated gene tran-
scription in astrocytes, and the set of genes that is
transcribed varies according to the stimulus giv-
en (Carriba et al. 2012; Karki et al. 2013; Pardo
et al. 2017; Koppel et al. 2018). Thus, like neu-
rons, it seems likely that activity-dependent
astrocytic transcriptional responses may be tun-
able according to nature and relative strength of
the stimuli these cells receive. As our collective
interest in astrocytes grows, ongoing and future
studies will surely reveal how physiological stim-
uli in vivo influence the astrocytic transcriptome,
which second messenger signaling cascades un-
derlie activity-dependent gene transcription in
astrocytes, and how activity-triggered changes
in the astrocytic transcriptome influence not
only astrocyte cell biology, structure, and func-
tion, but also the neurons and neuronal net-
works with which they communicate.

Transcription-Dependent Plasticity of
Neuronal Energy Metabolism

In this section, wewill focus on synaptic activity-
and gene transcription-dependent long-lasting
changes in neuronal energy metabolism that
manifest as increased glycolytic flux and de-
creasedmitochondrial respiration. In particular,
we will discuss the underlying molecular mech-
anisms, functional consequences, and potential
physiological benefits of this form of neuronal
metabolic plasticity.

Activity-Dependent Transcription of
Metabolic Genes in Neurons

A series of recent publications has revealed that
synaptic activity controls the neuronal expres-
sion of several genes that are involved in glycol-
ysis and energy metabolism (Table 1; Zhang
et al. 2007, 2009; Bas-Orth et al. 2017; Segarra-
Mondejar et al. 2018). These genes include glu-
cose and monocarboxylate transporters, rate-
limiting enzymes of glycolysis such as hexoki-

nase and pyruvate kinase, activators of glycolysis
such as the enzyme 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (Pfkfb3), and a po-
tent regulator of mitochondrial energy metabo-
lism, pyruvate dehydrogenase kinase 3 (Pdk3).
Activity-dependent expression of metabolic
genes was found in cultured neurons and in
the mouse and rat hippocampus in vivo. Exper-
iments in pure neuronal cultures and neuronal
cultures with varying amounts of astrocytes, as
well as FACS-sorted neurons from mixed neu-
ron-glia cocultures confirmed that activity-de-
pendent regulation of metabolic genes occurs
in neurons. Analysis of transcriptome data
from recent studies in human iPSC-derived neu-
rons (Ataman et al. 2016; Qiu et al. 2016) further
revealed that activity-regulated expression of key
metabolic genes is evolutionarily conserved (Ta-
ble 1). On a molecular level, activity-dependent
expression of metabolic genes is triggered by
a signaling cascade that includes synaptic
NMDARs, nuclear calcium signaling, and the
transcription factor CREB (Rajakumar et al.
2004; Bas-Orth et al. 2017; Segarra-Mondejar
et al. 2018). Target genes of CREB include the
glucose transporter Glut3 and the E3 ubiquitin
ligase Siah2, which promotes stabilization of
hypoxia-inducible factor (HIF), which in turn
drives expression of the glycolytic genes hexoki-
nase, pyruvate kinase, and Pfkfb3.

Activity-Regulated Long-Lasting Changes in
Neuronal Glucose Metabolism

How do these changes in gene expression affect
cellular energy metabolism? To address this
question, we first need to revisit the different
possible metabolic fates of glucose (Fig. 2). After
being taken up via glucose transporters and be-
ing phosphorylated by hexokinase, glucose can
be converted to pyruvate through glycolysis and
used for oxidative ATP generation in mitochon-
dria (oxidative phosphorylation [oxphos], reac-
tion 1). A varying fraction of glucose does not
enter glycolysis but instead is rerouted to the
pentose phosphate pathway (PPP, reaction 2)
to generate building blocks for nucleotide syn-
thesis and NADPH for reductive biosynthesis,
glutathione reduction, and detoxification reac-
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Table 1. List of synaptic activity-regulated genes that promote glycolysis

Symbol Description/function
FC

range Species

Supported
by in vivo

data

Neuron-
specific
data

available References

Slc2a1 Glucose transporter
(GLUT1)

1.2–3.4 Hs, Mm, Rn ✓ Maher and Simpson
1994; Zhang et al. 2007,
2009; Tadi et al. 2015;
Qiu et al. 2016; Bas-
Orth et al. 2017

Slc2a3 Glucose transporter
(GLUT3)

1.2–4.4 Hs, Mm, Rn ✓ ✓ Maher and Simpson
1994; Zhang et al. 2007,
2009; Tadi et al. 2015;
Ataman et al. 2016;
Qiu et al. 2016; Bas-
Orth et al. 2017;
Segarra-Mondejar et al.
2018

Slc16a1 Monocarboxylate
transporter (MCT1)

1.3–3.8 Hs, Mm ✓ ✓ Zhang et al. 2007, 2009;
Tadi et al. 2015; Qiu
et al. 2016; Bas-Orth
et al. 2017

Slc16a7 Monocarboxylate
transporter (MCT2)

0.7–1.2 Mm ✓ ✓ Tadi et al. 2015; Bas-Orth
et al. 2017

Slc16a3 Monocarboxylate
transporter (MCT4)

1.2–2.0 Hs, Mm ✓ Tadi et al. 2015; Qiu et al.
2016; Bas-Orth et al.
2017

Hk2 Hexokinase, converts
glucose to glucose-6P

1.3–5.9 Hs, Mm Qiu et al. 2016; Segarra-
Mondejar et al. 2018

Pkm Pyruvate kinase, converts
PEP to pyruvate

1.2–1.5 Hs, Mm Qiu et al. 2016; Segarra-
Mondejar et al. 2018

Pdk1 Pyruvate dehydrogenase
kinase 1, inhibits PDH

1.2–1.5 Hs, Mm ✓ Tadi et al. 2015; Qiu et al.
2016

Pdk2 Pyruvate dehydrogenase
kinase 2, inhibits PDH

0.9–1.2 Hs, Mm ✓ Tadi et al. 2015; Qiu et al.
2016; Bas-Orth et al.
2017

Pdk3 Pyruvate dehydrogenase
kinase 3, inhibits PDH

1.8–2.1 Hs, Mm, Rn ✓ ✓ Zhang et al. 2007; Tadi
et al. 2015; Qiu et al.
2016; Bas-Orth et al.
2017

Pdk4 Pyruvate dehydrogenase
kinase 4, inhibits PDH

1.3–1.9 Hs, Mm ✓ Tadi et al. 2015; Qiu et al.
2016

Pfkfb3 Stimulates conversion of
Fruc-6P to Fruc-1,6-BP

1.9–2.3 Hs, Mm Zhang et al. 2007; Qiu
et al. 2016; Bas-Orth
et al. 2017; Segarra-
Mondejar et al. 2018

Atpaf1 ATP synthase
mitochondrial
F1 complex assembly
factor 1

0.6–0.9 Hs, Mm ✓ ✓ Zhang et al. 2007; Qiu
et al. 2016; Bas-Orth
et al. 2017

Continued
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tions. Furthermore, dihydroxyacetone phos-
phate (DHAP) and pyruvate that are generated
through glycolysis can be used for lipid synthesis
instead of ATP production (reaction 3). In ad-
dition, glucose can be used for glycolytic ATP
generation via lactic acid fermentation, which
involves reduction of glycolysis-derived pyru-
vate to lactate (reaction 4). This step is required
to prevent the accumulation of glycolysis-
derived NADH that would otherwise inhibit
glycolysis (Yellen 2018). Finally, glucose can be
converted to glycogen for intracellular storage
(reaction 5), a process thought to be of minor
importance in neurons (Brown and Ransom
2007; Saez et al. 2014). Increased flux through
reactions 2–5 results in a decreased oxygen-
glucose index as more glucose is taken up by
the cells than is oxidized in their mitochondria.
Such nonoxidative use of glucose under nor-
moxic conditions is commonly referred to as
aerobic glycolysis. Note, however, that aerobic
glycolysis can be defined in different ways. Es-
pecially in brain imaging studies, it is typically
measured by comparing the rate of brain oxygen
consumption (CMRO2) to the rate of brain glu-
cose consumption (CMRgluc) (Goyal et al.
2014; Yellen 2018). In this case, any use of glu-
cose that is not oxphos (i.e., reactions 2–5) con-
tributes to aerobic glycolysis. In contrast, if the
rate of oxygen consumption (CMRO2) is com-
pared to the rate of lactate generation then

aerobic glycolysis is defined by aerobic lactic
acid fermentation also known as the Warburg
effect.

Taking a closer look at the set of activity-
regulated metabolic genes, we find that they are
located at strategic positions in the metabolic
network to change the balance between oxphos
and lactic acid fermentation (Fig. 2). Increased
expression of glucose transporters and glycolyt-
ic enzymes allows for increased uptake and
turnover of glucose that can be used for storage,
the PPP, lipid synthesis, and ATP production.
Indeed, using stable carbon isotope tracing, a
recent study revealed that neurons expressing
the activity-regulated metabolic gene program
take up more glucose and use its carbon atoms
for lipid biosynthesis to promote neurite growth
(Segarra-Mondejar et al. 2018). In addition, in-
creased expression of PDK3 inhibits the activity
of its target, pyruvate dehydrogenase (PDH),
that catalyzes the conversion of pyruvate into
acetyl coenzyme A. PDK3-mediated inhibition
of PDH thus results in reduced rates of mito-
chondrial TCA cycle activity and respiration. As
a result, neurons increase their rate of lactic acid
fermentation to maintain ATP levels, which has
been detected as increased release of lactate via
monocarboxylate transporters upon activation
of the metabolic gene program (Bas-Orth et al.
2017). Thus, via calcium-dependent gene tran-
scription, synaptic activity promotes a long-

Table 1. Continued

Symbol Description/function
FC

range Species

Supported
by in vivo

data

Neuron-
specific
data

available References

Atpaf2 ATP synthase
mitochondrial F1
complex assembly
factor 2

1.5 Hs Qiu et al. 2016

Tfam Mitochondrial
transcription factor A

0.6 Mm ✓ ✓ Zhang et al. 2007; Bas-
Orth et al. 2017

Tfb2m Mitochondrial
transcription factor B2

0.6 Mm ✓ ✓ Zhang et al. 2007; Bas-
Orth et al. 2017

Ucp1 Uncoupling protein 1 8.2 Mm ✓ Bas-Orth et al. 2017

FC range, range of fold changes that were observed in different studies; PDH, pyruvate dehydrogenase; PEP, phos-
phoenolpyruvate; Fruc-6P, fructose-6-phosphate; Fruc-1,6-BP, fructose-1,6-bisphosphate; Hs, Homo sapiens; Mm, Mus
musculus; Rn, Rattus norvegicus.
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lasting adaptive shift in the balance between
oxphos and lactic acid fermentation, which has
been described as the “neuronalWarburg effect”
(Bading 2013; Bas-Orth et al. 2017). Of note,
this long-lasting change is different from the
acute response to neuronal activation that in-
volves a transient increase in both respiration
and glycolysis.

Potential Physiological Benefits of Activity-
Dependent Aerobic Glycolysis

As discussed above, the activity-dependent ex-
pression of a metabolic gene program is con-
served betweenmice and humans. From an evo-

lutionary point of view, this implies that the
activity-dependent shift in neuronal energy me-
tabolism confers a specific advantage to these
cells. What could this advantage be? Conceptu-
ally, the metabolic gene program can be divided
into two parts. The first part, which includes the
increased expression of glucose transporters and
of enzymes that increase glycolytic flux, pro-
motes a general increase in glucose turnover.
The second part, which includes increased ex-
pression of PDK enzymes and lactate transport-
ers, promotes a shift from oxphos toward lactic
acid fermentation. One can easily imagine
how the first part confers a benefit to cells by
supporting cellular energy production, redox
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Gluc-6P
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Fruc-1,6 BP

GAP DHAP 3-P-glycerol

Lipid synthesis (3)

Ac-CoA
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PDH
Pyr Ac-CoA

NADH OXPHOS (1)

H+

H+

UCP1
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Fermentation (4)
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MCT
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HK2

Pentose phosphate pathway (2)
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• Detoxification reactionsADP
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2 NADH + 2 H+
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2 ADP
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Figure 2. Synaptic activity drives the expression of key regulatory genes that control neuronal glucosemetabolism.
In general, glucose can be converted to pyruvate or lactate through glycolysis for oxidative (OXPHOS) or
glycolytic (fermentation) ATP generation, respectively. In addition, intermediate metabolites from glycolysis
can be used for redox homeostasis (2), biosynthesis of macromolecules (2, 3), and storage (5). Genes whose
expression in neurons is increased upon synaptic activity are depicted in blue and include (1) transporters for
glucose and lactate, (2) enzymes that increase glycolytic flux (HK2, PFKFB3, PKM), and (3) enzymes and
transporters that reduce TCA cycle activity and oxidative phosphorylation. Functionally, expression of this
activity-regulated gene program results in a shift of neuronal energy metabolism toward aerobic glycolysis.
GLUT, Glucose transporter (Slc2a family);MCT,monocarboxylate transporter (Slc16a family); HK2, hexokinase
2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PKM, pyruvate kinase M; PDK, pyruvate
dehydrogenase kinase; UCP1, uncoupling protein 1.
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protection, and activity-dependent growth. In
contrast, given that ATP generation via lactic
acid fermentation is much less efficient than ox-
phos, the second part may seem disadvanta-
geous in highly energy-demanding neurons.

Aerobic glycolysis reduces ROS generation.
One likely benefit of the neuronal Warburg ef-
fect is a reduced generation of reactive oxygen
species (ROS). Mitochondrial ATP generation
via electron transfer and oxidative phosphoryla-
tion generates ROS as a toxic by-product (Barja
2004). Accordingly, the rate of mitochondrial
respiration has been tightly linked to neuronal
vulnerability. In this sense, the highly respirato-
ry active, highly vulnerable dopaminergic neu-
rons in the substantia nigra serve as a prime
example (Pacelli et al. 2015). Of note, ROS pro-
duction strongly depends on the mitochondrial
membrane potential. Accordingly, mild mito-
chondrial uncoupling by uncoupling proteins
(UCPs) in neurons was shown to reduce ROS
generation and to increase neuronal resistance
to oxidative stress and excitotoxic insults (Liu
et al. 2006; Ramsden et al. 2012; Barnstable
et al. 2016). Similarly, a reduction in mitochon-
drial respiration mediated by mitochondrial
small conductance calcium-activated potassium
channels was recently shown to reduce ROS pro-
duction and to confer neuroprotection against
glutamate toxicity inHT22 neuronal cells (Hon-
rath et al. 2017), and overexpression of aerobic
glycolysis-promoting enzymes PDK1 and
LDHA in the B12 neuronal cell line conferred
protection against amyloid β toxicity (Newing-
ton et al. 2012).

Aerobic glycolysis supports fast and local
ATP supply. Although mitochondria can gener-
ate large amounts of ATP from glucose, due to
their size they cannot reach small neuronal sub-
compartments such as dendritic spines or small
presynaptic terminals. Also, while mitochondri-
al ATP generation is highly efficient, it is much
slower than glycolytic ATP generation (Pfeiffer
et al. 2001). This might explain why even in
larger presynaptic terminals that contain mito-
chondria, glycolysis is required tomaintain ATP
levels during high-frequency neuronal activity

(Rangaraju et al. 2014; Jang et al. 2016). Thus,
ATP generation via aerobic glycolysis appears to
be especially well suited as a fast-acting, local
energy source.

Aerobic glycolysis increases bioenergetic ro-
bustness. Increased levels of PDK enzymes will
increase the phosphorylation of PDH and will
thus reduce the activity of PDH and the TCA
cycle under basal conditions. This does not
mean, however, that mitochondrial respiration
is permanently disabled. Rather, the rise of mi-
tochondrial calcium levels that is associatedwith
acute neuronal activation will lead to rapid de-
phosphorylation and thus stimulation of PDH
by calcium-dependent PDH phosphatases
(Glancy and Balaban 2012). Thus, by tuning
down basal mitochondrial respiration in a re-
versible manner, the neuronal Warburg effect
might increase mitochondrial spare respiratory
capacity, which would allow the cells to better
respond to transient elevations of energy de-
mand. ATP generation via aerobic glycolysis
has the additional advantage of rendering neu-
rons less dependent on mitochondrial function.
Treatment of cultured neurons with the mito-
chondrial uncoupler CCCP results in a drastic
loss of cellular ATP levels. This loss, however, is
much attenuated if neurons have experienced an
episode of action potential bursting before the
onset of CCCP treatment (Segarra-Mondejar
et al. 2018). Although neurons still lose consid-
erable amounts of ATP in the latter case, these
experiments suggest that they can better tolerate
an impairment ofmitochondrial function if they
have previously undergone a switch to aerobic
glycolysis. Thus, by providing neurons with in-
creased mitochondrial spare respiratory capaci-
ty and an increased capacity for fermentation-
based ATP generation, the adaptive metabolic
shift increases the bioenergetic robustness of
neurons.

Taken together, enhanced bioenergetic
robustness, improved local ATP supply and
protection from ROS might all contribute to
enhanced neuronal resilience against stressful
conditions. This view is supported by a series
of studies in which a pharmacologically or ge-
netically induced metabolic switch toward aer-
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obic glycolysis provided neuroprotection in
models of mitochondrial stress, glutamate exci-
totoxicity, amyloid β toxicity, and Leigh syn-
drome (Liu et al. 2006; Newington et al. 2012;
Jain et al. 2016; Sun et al. 2016; Ferrari et al.
2017).

CONCLUDING REMARKS

Synaptic activity-dependent calcium rises trig-
ger the activation of diverse signaling cascades
and second messengers that converge in the nu-
cleus to regulate gene transcription. Calcium-
dependent transcriptional responses, in turn,
regulate a wide range of processes in the central
nervous system (CNS) and are intricately linked
to both physiological and pathophysiological
neuroadaptations. Astrocytic and neuronal me-
tabolism are gaining recognition as plastic pro-
cesses subject to control by activity-dependent
gene transcription. We anticipate that ongoing
and future studies will delineate the prevalence,
cellular and subcellular localization, and precise
involvement of metabolic plasticity in function-
al neuroadaptations ranging from learning and
memory to chronic pain.
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