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Activation of extrasynaptic N-methyl-p-aspartate (NMDA) receptors causes neurodegeneration and cell death. The disease
mechanism involves a pathological triad consisting of mitochondrial dysfunction, loss of integrity of neuronal structures and
connectivity, and disruption of excitation—transcription coupling caused by CREB (cyclic adenosine monophosphate-responsive
element-binding protein) shut-off and nuclear accumulation of class lla histone deacetylases. Interdependency within the triad
fuels an accelerating disease progression that culminates in failure of mitochondrial energy production and cell loss. Both
acute and slowly progressive neurodegenerative conditions, including stroke, Alzheimer's disease, amyotrophic lateral sclerosis,
and Huntington's disease, share increased death signaling by extrasynaptic NMDA receptors caused by elevated extracellular
glutamate concentrations or relocalization of NMDA receptors to extrasynaptic sites. Six areas of therapeutic objectives are
defined, based on which a broadly applicable combination therapy is proposed to combat the pathological triad of extrasyn-
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aptic NMDA receptor signaling that is common to many neurodegenerative diseases.

Neurodegenerations: Convergence of pathomechanisms

Cell death is ultimately the result of energy failure. There-
fore, damage to mitochondria that house the machinery for
efficient ATP synthesis puts cells at risk for death. Indeed,
mutations of genes encoding proteins required for functional
integrity of mitochondria have been linked to neurodegen-
erative conditions (Schon and Przedborski, 2011). However,
slowly progressive, adult-onset neurodegenerations, such as
Alzheimer’s disease (AD), Huntington’s disease (HD), amy-
otrophic lateral sclerosis (ALS), and Parkinson’s disease (PD),
are rarely caused primarily by a defect of mitochondria but
are caused by deregulation of one or several generic cellu-
lar processes, in particular processing, folding, quality control,
and subcellular trafficking of proteins (Bossy-Wetzel et al.,
2004; Schon and Przedborski, 2011). Diseases associated with
an acute loss of neurons are most commonly the result of
reduced blood flow to the brain and trauma or are a conse-
quence of inflammation. Thus, neurodegenerations comprise
a large and heterogeneous collection of diseases that differ in
their biochemical origin, progressiveness, and in the neuro-
nal cell type affected (known as selective vulnerability; Sax-
ena and Caroni, 2011). Here, it is proposed that extrasynaptic
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N-methyl-p-aspartate (NMDA) receptors and the induction
of a pathological triad represent a common converging point
in the pathomechanisms of diverse neurodegenerative disor-
ders that ultimately is responsible for the disruption of mito-
chondrial bioenergetics and cell death.

Extrasynaptic NMDA receptors: initiators

of a pathological triad

NMDA receptors are glutamate- and voltage-gated ion chan-
nels that are permeable for calcium (Paoletti et al.,2013).They
can be categorized according to their subcellular location as
synaptic and extrasynaptic NMDA receptors (Tovar and West-
brook, 2002; Petralia et al., 2010; Gladding and Raymond,
2011). The subunit composition of the receptors within and
outside synaptic contacts is similar, although, in addition to
carrying the common GluN1 subunit, extrasynaptic NMDA
receptors contain preferentially the GluN2B subunit, whereas
GluN2A is the predominant subunit in synaptic NMDA re-
ceptors (Paoletti et al., 2013). The cellular consequences of
synaptic versus extrasynaptic NMDA receptor stimulation
are dramatically different (Hardingham et al., 2002; Harding-
ham and Bading, 2010). Synaptic NMDA receptors initiate
physiological changes in the efficacy of synaptic transmission
(Petralia et al., 2010; Morris, 2013; Paoletti et al., 2013). They
also trigger calcium signaling pathways to the cell nucleus
that activate gene expression responses critical for the long-
term implementation of virtually all behavioral adaptations
(West and Greenberg, 2011; Bading, 2013). Most importantly,
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Figure 1. The pathological triad of extrasynaptic
NMDA receptor signaling as a common converging
point in neurodegenerative conditions. The pathologi-
cal triad leads to impairments of cognitive functions and
culminates in bioenergetics failure and neuronal cell death.
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synaptic NMDA receptors, acting via nuclear calcium, are
strong activators of neuronal structure-protective and surviv-
al-promoting genes (Zhang et al., 2007, 2009; Mauceri et al.,
2011). In striking contrast, extrasynaptic NMDA receptors
trigger cell death pathways (Hardingham et al., 2002; Hard-
ingham and Bading, 2010). Within minutes after extrasynaptic
NMDA receptor activation, the mitochondrial membrane po-
tential breaks down, followed by mitochondrial permeability
transition (Hardingham et al., 2002). Extrasynaptic NMDA
receptors also strongly antagonize excitation—transcription
coupling and disrupt nuclear calcium-driven adaptogenom-
ics because they trigger a cyclic adenosine monophosphate
(cAMP)—responsive element-binding protein (CREB) shut-
off pathway (Hardingham et al., 2002), inactivate extracellu-
lar signal-regulated kinase (ERK)-MAPK signaling (Ivanov
et al., 2006), and lead to nuclear import of class IIa histone
deacetylases (HDAC:) and the proapoptotic transcription fac-
tor Foxo3A (Chawla et al.,2003; Dick and Bading,2010).This
affects activity regulation of many genes, including brain-de-
rived neurotrophic factor (bdnf) and vascular endothelial
growth factor D (vegtd; Hardingham et al., 2002; Zhang et al.,
2007), that are vital for the maintenance of complex dendritic
architecture and synaptic connectivity as well as the buildup
of a neuroprotective shield (Zhang et al., 2009; Mauceri et
al., 2011; Bading, 2013). In addition, given the short reach
of activated ERK1/2 (Wiegert et al., 2007), their shut-off
by extrasynaptic NMDA receptors disrupts important local
signaling events including dendritic mRINA translation and
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) receptor trafficking that controls the efficacy of syn-
aptic transmission (Steward and Schuman, 2001; Kelleher et
al., 2004; Kim et al., 2005; Costa-Mattioli et al., 2009). Thus,
extrasynaptic NMDA receptor signaling is characterized by
the initiation of a pathological triad with mitochondrial dys-
function, deregulation of transcription, and loss of integrity
of neuronal structures and connectivity. Reciprocal rein-
forcements of the impairments underlie disease progression
leading to both cognitive decline and increasing deficits in
cellular energy production that end in cell death (Fig. 1).
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Progression of cell pathology: acute versus

chronic neurodegeneration

The strength and duration of extrasynaptic NMDA receptor
stimulation determines how fast the pathological triad arrives
at bioenergetics failure. Massive activation of extrasynaptic
NMDA receptors, for example as a result of cerebral isch-
emia (see also the Heightened extrasynaptic NMDA receptor
signaling in neurodegenerations section), triggers, virtually
immediately, a shutdown of mitochondrial function leading
to severe energy deficiencies not compensated by glycoly-
sis. In those conditions, which are furthermore accompa-
nied by dendritic swelling and destruction of cytoskeletal
components (known as dendrotoxicity; Olney et al., 1979;
Ahlgren et al., 2014), neurons die within minutes to hours.
Chronically elevated, not acutely toxic levels of extrasynaptic
NMDA receptor activation, for example in AD and HD (see
also the Heightened extrasynaptic NMDA receptor signaling
in neurodegenerations section), impair but do not abrogate
mitochondrial ATP synthesis. However, given the concom-
itant transcriptional deregulation of genes critical for sur-
vival and maintenance of structural integrity, neurons enter a
feed-forward destruction process and inevitably undergo cell
death, although they may sustain a progressively deteriorat-
ing state for a long time.

Heightened extrasynaptic NMDA receptor

signaling in neurodegenerations

The cell-destructive consequences of extrasynaptic NMDA
receptor activation are well known (Hardingham et al., 2002;
Hardingham and Bading, 2010).Yet, their relevance for human
neurodegenerative diseases only emerged in recent years
(Parsons and Raymond, 2014). What has been investigated in
detail for six decades are the toxic effects of glutamate, which
were first described in the retina (Lucas and Newhouse, 1957)
but can occur throughout the brain (Olney, 1969). Glutamate
excitotoxicity is responsible for the death of neurons after
stroke and traumatic brain or spinal cord injuries and has been
implicated in all most common neurodegenerative and neu-
roinflammatory conditions including AD, HD, ALS, PD, and
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multiple sclerosis (MS; Lipton and Rosenberg, 1994; Lau and
Tymianski, 2010). Pharmacology studies have identified the
NMDA receptor as the mediator of glutamate excitotoxicity
(Choi, 1987; Rothman and Olney, 1995). However, NMDA
receptors were found equally important for physiological
processes, in particular learning and memory (Morris, 2013;
Paoletti et al., 2013), which seemed difficult to reconcile with
mediating toxic effects. The explanation offered initially was
that excessive activation of NMDA receptors would kill neu-
rons, whereas weak or moderate stimulation would induce
physiological plasticity (Lau and Tymianski, 2010). The dis-
covery of differential signaling by synaptic and extrasynaptic
NMDA receptors provided a novel and cell biologically more
plausible conceptual framework that resolved the apparent
NMDA receptor paradox and identified the extrasynaptic
NMDA receptor as a death receptor (Hardingham et al.,2002).
In light of this new perspective on excitotoxicity, extrasynap-
tic NMDA receptors appeared as the converging point on the
path to death that is shared by etiologically distinct neurode-
generative diseases. There are still gaps in understanding pre-
cisely how the primary causes of the different diseases lead to
increased extrasynaptic NMDA receptor signaling. However,
a common theme is emerging that is characterized by two
pathological biochemical states: elevated levels of glutamate in
the extracellular space and increases in the number of NMDA
receptors located extrasynaptically, possibly accompanied by
a decrease in survival-promoting synaptic NMDA receptors.
Extracellular glutamate concentrations reach excessively high
levels in stroke, which is caused by the reverse operation of
neuronal and glial glutamate transporters in hypoxic/isch-
emic conditions (Rossi et al., 2000). In spinal cord or brain
injuries, cell rupture and deregulated glutamate uptake lead
to acute increases in extracellular glutamate (Katayama et al.,
1990;Yokobori and Bullock, 2012). In AD, a slowly progress-
ing buildup of extracellular glutamate is the result of amyloid
f promoting glutamate release from both neurons and glial
cells (Li et al., 2009, 2011; Talantova et al., 2013). Elevated
glutamate levels have also been detected in the cerebral spinal
fluid of ALS patients, which may result from decreased glu-
tamate uptake into neurons and/or glial cells (Plaitakis and
Caroscio, 1987; Rothstein et al., 1990, 1992). Astrocytes and
activated immune cells are potential sources for the observed
increased glutamate levels in acute MS lesions (Frigo et al.,
2012). Even in neurodegenerative conditions caused by infec-
tions with the protozoan parasites Plasmodium falciparum or
Toxoplasma gondii, increased cerebral spinal fluid glutamate
concentrations have been measured, which possibly represent
a major cause of cerebral malaria and toxoplasmosis-associ-
ated brain damage (Miranda et al., 2010; David et al., 2016).
The evidence for elevated extracellular levels of glutamate in
PD is sparse, although in the 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP) mouse model of PD, glutamate
concentrations in the substantia nigra were significantly in-
creased (Meredith et al., 2009). Possibly more discase-rele-
vant, at least in animal models of parkinsonian dyskinesia,
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is a shift in the subcellular distribution of NMDA receptors
toward extrasynaptic sites (Gardoni et al., 2006). Such redis-
tribution of NMDA receptors from synaptic to extrasynaptic
locations is best documented in HD (Okamoto et al., 2009;
Milnerwood et al., 2010).

The extrasynaptic NMDA receptor-mitotoxicity link

Why do extrasynaptic NMDA receptors and not those lo-
cated within synapses initiate cell-destructive pathways and,
in particular, disrupt the mitochondrial membrane potential
that represents an early step toward bioenergetics failure?
The answer does not appear to lie within the nature of the
evoked increases in the cytosolic calcium concentrations.
A comparative analysis of cytosolic calcium transients with
virtually identical amplitude and duration revealed that cal-
cium signals initiated by extrasynaptic NMDA receptors
cause a rapid loss of the mitochondrial membrane potential,
whereas those triggered by synaptic NMDA receptors did
not at all harm mitochondria (Hardingham et al., 2002). This
difference correlates with the dynamics of mitochondrial cal-
cium: extrasynaptic NMDA receptors cause a sustained rise in
mitochondrial calcium, whereas calcium rises in response to
synaptic NMDA receptor activation are transient because of
a rapid calcium clearance process mediated primarily by so-
dium/calcium/lithium exchanger (NCLX; Palty et al., 2010;
Palty and Sekler, 2012; Kostic et al., 2015; unpublished data).
Mitochondrial calcium rises can tune ATP production by
modulating enzymes involved in oxidative phosphorylation
(Glancy and Balaban, 2012). At the same time, they have the
potential to initiate death pathways and thus are dangerous
(Bhosale et al., 2015). Indeed, lowering calcium entry into
mitochondria in hippocampal neurons by down-regulating
the mitochondrial calcium uniporter (MCU) significantly
reduces excitotoxic cell death (Qiu et al., 2013). Conversely,
changing the calcium clearance through lowering expression
of NCLX increases vulnerability (Palty et al., 2010; Palty and
Sekler, 2012; Kostic et al., 2015; unpublished data). Thus, the
mitochondrial calcium load, specified by the amplitude and
duration of mitochondrial calcium increases, acts as a cell-
fate checkpoint at which it is being decided whether energy
metabolism is physiologically adjusted according to the status
of neuronal activity or—induced by extrasynaptic NMDA
receptors—mitochondria are rendered dysfunctional, and
energy production fails.

Proximity of extrasynaptic NMDA receptors to mitochondria
One possible reason why extrasynaptic NMDA receptors but
not synaptic NMDA receptors link to mitotoxicity could be
their proximity to mitochondria. Extrasynaptic NMDA re-
ceptors may be in close contact with mitochondria, whereas
the postsynaptic scaffold, and also the spine structure as such,
keeps mitochondria at a distance to synaptic NMDA recep-
tors (spines usually lack mitochondria; Peters et al., 1991).
Thus, upon stimulation of extrasynaptic but not synaptic
NMDA receptors, mitochondria are exposed to calcium rises
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in the vicinity of the mouth of the receptors, which may be
very high and possibly damaging for mitochondria. Physical
separation may also shield mitochondria from other poten-
tially harmful signaling molecules that are generated in the
vicinity of activated NMDA receptors. This may in particular
apply to nitric oxide (NO), a highly reactive compound with
a spatially very limited range of action that is produced upon
NMDA receptor activation. NO is a physiological signaling
molecule but can also cause neuronal injury and death (Daw-
son et al., 1994; Garthwaite, 2008).The latter may be mediated
by NO-induced S-nitrosylation of dynamin-related protein 1
(Drp1), which damages mitochondria by causing their ex-
cessive fragmentation (Cho et al., 2009). According to the
proximity to mitochondria hypothesis, only NO produced
by extrasynaptic NMDA receptor activation may reach mito-
chondria at sufficiently high concentrations to initiate dam-
age through nitrosylating Drp1 or possibly other molecules
that control mitochondrial calcium dynamics. This model
offers an explanation for the increased levels of nitrosylated
Drp1 and mitochondrial damage observed in the brains of
AD patients (Cho et al., 2009), which may be caused by
f amyloid protein acting by increasing extracellular glutamate
levels resulting in higher extrasynaptic NMDA receptor ac-
tivity (Li et al., 2009, 2011;Talantova et al., 2013). It could also
explain why NO generated upon synaptic NMDA receptor
stimulation is not causing damage to mitochondria but, in-
stead, can serve physiological functions in neuronal plasticity
(Dawson et al., 1994; Garthwaite, 2008). Alternatively, difter-
ences in the mitotoxic potential of synaptic and extrasynaptic
NMDA receptors could also be a consequence of specific in-
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Extrasynaptic

Mitotoxicity

Figure 2. Schematic illustration of the antagonism
by extrasynaptic NMDA receptors of both local sig-
naling and synapse-to-nucleus signaling activated by
synaptic NMDA receptors. Not depicted, for simplicity,
is the contribution of back-propagating action potential
firing and opening of L-type voltage-gated calcium chan-
nels to activity-driven, synaptic NMDA receptor-depen-
dent gene expression (Bading, 2013). Synapse-to-nucleus
signaling is mediated by a propagating calcium signal
(Bading, 2013) but in addition can involve protein-based
communication pathways including the ERK-MAPK cas-
cade, Jacob, and TORC1/2 (Hagenston and Bading, 2011;
Panayotis et al., 2015). NMDA receptor-interacting protein
(NIP) indicates a putative extrasynaptic NMDA receptor-
interacting protein that may be part of the death-sig-
naling complex. Local signaling and plasticity refers in
particular to dendritic mRNA translation, AMPA receptor
trafficking, and control of synaptic efficacy (Steward and
Schuman, 2001; Kelleher et al., 2004; Kim et al,, 2005;
Costa-Mattioli et al., 2009). The six areas of therapeutic
objectives described in this paper are indicated as A1-A6.

teractions with other proteins. It is conceivable that extrasyn-
aptic NMDA receptors act in concert with a co-receptor or
other proteins in a mitotoxic death-signaling complex.

Defining six areas of therapeutic objectives

to combat the pathological triad

Increased extrasynaptic NMDA receptor signaling causing
mitotoxicity, transcriptional shut-off, and structural disinte-
gration defines a converging point in the pathomechanisms of
neurodegenerative processes (Fig. 1). It provides a conceptual
framework for the development of novel, broadly applicable
neuroprotective treatments. For those to be effective, it is im-
portant to target each component of the pathological triad to
disrupt their reciprocal reinforcements that are responsible for
disease progression. This can be achieved by combining ther-
apeutic means developed in six areas of therapeutic objectives,
referred to as A1-A6 (Fig. 2).

A1: Innovative extrasynaptic NMDA receptor pharmacology
Several attempts have been made to use blockers of NMDA
receptors for treatments of neurological conditions. In gen-
eral, the results of clinical studies were disappointing largely
because of serious side effects caused by interference of the
blockers with the physiological function of synaptically lo-
calized NMDA receptors (Ogden and Traynelis, 2011). One
notable exception is the NMDA receptor antagonist meman-
tine (Bormann, 1989). Beneficial effects of low-dose treat-
ments with memantine have been observed in several animal
models of neurodegeneration, which include AD, HD, ALS,
and the experimental autoimmune encephalomyelitis model
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of MS (Parsons et al., 1999; Wang and Zhang, 2005; Lipton,
2006; Okamoto et al., 2009; Milnerwood et al., 2010; Talan-
tova et al., 2013; Siths et al., 2014). Moreover, memantine
is approved since 2002 by the European Medicines Agency
and the US Food and Drug Administration (FDA) for the
treatment of AD patients (Reisberg et al., 2003). The discov-
ery that memantine in a certain concentration range blocks
preferentially extrasynaptic NMDA receptors (Xia et al.,
2010) explains why it is effective in a wide range of neurode-
generative conditions that share toxic extrasynaptic NMDA
receptor signaling as a pathomechanism. Thus, means of se-
lectively attenuating extrasynaptic NMDA receptor activity
hold great potential for the development of broadly effec-
tive, well-tolerated neuroprotective therapeutics. Generating
improved, more effective variants of memantine, such as ni-
tromemantine (Talantova et al., 2013), is one task for the fu-
ture. It is equally important to pursue novel innovative paths.
By exploiting the differences in the cell-surface distribution
of NMDA receptors, it may be possible to specifically target
extrasynaptic NMDA receptors, also sparing synaptic NMDA
receptors. One option is to attach an NMDA receptor blocker
to nanoparticles with a diameter larger than the width of the
gap between the pre- and postsynaptic membranes, which is
~20 nm. A bead-conjugated receptor blocker would be un-
able to enter the synaptic cleft. Consequently, it would have
no access to synaptic NMDA receptors, and its inhibitory ac-
tion would be restricted to extrasynaptic NMDA receptors.
Prototypes of such compounds have been developed (Maus et
al., 2010; Savchenko et al., 2016). They consist of 30-35-nm
diameter gold nanoparticles conjugated either with meman-
tine (Savchenko et al., 2016) or conantokin G (Maus et al.,
2010), a peptide toxin that blocks NR2B subunit—containing
NMDA receptors (Donevan and McCabe, 2000). The choice
of an NR2B-specific blocker such as conantokin G for the
coupling to beads further contributes to the selective target-
ing, as NR2B is found preferentially in extrasynaptic NMDA
receptors (Paoletti et al., 2013). The coupling to beads of
other NR2B-selective drugs, including small molecules, is
conceivable. The spectrum of subunit-specific antagonists is
constantly growing owing to huge research efforts to dissect
the diversity of NMDA receptor complexes in the hope to
develop clinically suitable drugs that differentially modulate
the physiological and pathological consequences of NMDA
receptor activation (Ogden and Traynelis, 2011). However,
subunit selectivity of an antagonist is not per se sufficient to
warrant selective blockade of extrasynaptic NMDA receptors
because the synaptic versus extrasynaptic localization of the
NMDA receptor is only partially reflected by the subunit
composition (Paoletti et al., 2013). Consequently, even a drug
that is highly selective for NR2B would neither eliminate
extrasynaptic NMDA receptor activity nor would it leave
synaptic NMDA receptors unaffected. Thus, the coupling to
beads to limit access to extrasynaptic NMDA receptors or
other means of guided inhibition is necessary to obtain the
desired pharmacological effects. One possibility involves the
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design of two-arm blockers that consist of a small molecule
or peptide-based NMDA receptor blocker that is connected
by a chemical linker or a short peptide sequence to a tar-
geting module. Guided inhibition may be accomplished by
the interaction of the targeting module with an extracellular
molecule or a protein domain that is in close proximity to
extrasynaptic but not synaptic NMDA receptors. Compo-
nents of the extracellular matrix or nonsynaptic membrane
proteins may serve as guides.

A2: Interactors of extrasynaptic NMDA receptors

in a death-signaling complex

Many NMDA receptor—interacting proteins have been iden-
tified (Husi et al., 2000). However, it remains a challenge for
the future to determine which interacting proteins associate
specifically with extrasynaptic NMDA receptors. Interactors of
extrasynaptic NMDA receptors may not only serve as guides
for two-arm blockers (see the Al: Innovative extrasynaptic
NMDA receptor pharmacology section), but may also act in
concert with extrasynaptic NMDA receptors in the death-sig-
naling complex. Disrupting such interactions using competing
peptides or small molecules may confer robust neuroprotec-
tion. One promising candidate is the death-associated protein
kinase 1 (DAPK1) that associates with NR 2B in ischemic con-
ditions, thereby potentiating NMDA receptor activity at extra-
synaptic sites (Tu et al.,2010). Blockade of the NR2B-DAPK1
interaction or deletion of the dapk1 gene provides protection
against brain damage in a mouse stroke model (Tu et al.,2010).

A3: Relocalization strategies

of extrasynaptic NMDA receptors

Another strategy to minimize extrasynaptic NMDA receptor
signaling is to promote their internalization or relocalization
to synaptic plasma membrane sites. Trafficking of NMDA re-
ceptors and their lateral mobility is well studied (Tovar and
Westbrook, 2002; Triller and Choquet,2005), but no druggable
target has been identified. However, the search for survival-pro-
moting genes activated by synaptic NMDA receptors (Zhang
et al., 2007, 2009) or upon BDNF treatment revealed that ex-
pression of inhba, the gene encoding inhibin BA, also known as
activin A, can reduce toxic extrasynaptic NMDA receptor sig-
naling (Lau et al.,2015).Activin A can be delivered to the brain
via various routes, including the application of nasal drops; it
significantly reduces stroke-induced brain damage in mice,
even when given after the trauma (Tretter et al., 2000; Mukerji
et al., 2009; Lau et al., 2015; unpublished data). As a body’s
own natural reducer of extrasynaptic NMDA receptor signal-
ing that, moreover, can be delivered via a simple, noninvasive
nose-to-brain delivery route, activin A appears to be an ideal
component of a broadly applicable neuroprotective therapy
scheme for both acute and chronic degenerative conditions.

A4: Mitoprotection

An important target of pharmacological intervention
downstream of extrasynaptic NMDA receptors is the
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mitochondrial calcium dynamics. The goal is to prevent
the extrasynaptic NMDA receptor—induced pathological
calcium load either by blocking entry of calcium into
mitochondria or by boosting calcium clearance. With the
identification of the MCU complex (Kamer and Mootha,
2015) and NCLX (Palty et al., 2010; Palty and Sekler,
2012), key molecules of the mitochondrial calcium entry
and exit routes are available for screens for mitoprotective
compounds. extrasynaptic ~ NMDA
receptor—induced mitochondrial calcium load using RINA
interference—mediated knockdown of MCU does indeed
provide robust neuroprotection (Qiu et al., 2013). However,
this may happen at the expense of losing, at least in part, the
possibility of physiologically adapting the rates of oxidative
phosphorylation through signal-induced mitochondrial
calcium increases in conditions of high-energy demands.
Mitoprotection can also be built up via synaptic activity. This
body’s own process is mediated by Npas4, a transcription
factor induced by synaptic NMDA receptors and nuclear
calcium signaling (Zhang et al., 2009) that reduces MCU
expression (Qiuetal.,2013).Loweringmitochondrial calcium
load by enhancing NCLX-mediated calcium clearance may
also be accomplished via a physiological pathway. NCLX
is phosphorylated on serine 258 by the cAMP-dependent
protein kinase (PKA), which increases NCLX activity
and rescues the impairments of NCLX function observed
after partial loss of mitochondrial membrane potential
(Kostic et al., 2015). Therefore, pharmacologically evoked
elevation of cAMP levels activating PKA signaling may
restore or even boost NCLX function under conditions
of increased extrasynaptic NMDA receptor signaling that
drives the breakdown of the mitochondrial membrane

Attenuation  of

potential. Clinically applicable compounds that increase
cAMP levels include rolipram, an FDA approved inhibitor
of phosphodiesterase 4 (PDE4); BPN14770, a different
PDE4 inhibitor at present in phase I safety trial (https
://clinicaltrials.gov/ct2/show/NCT02648672); and
PF-02545920, an inhibitor of PDE10A, currently in phase
IT clinical trial for HD (https://clinicaltrials.gov/ct2/show/
NCT02197130). Rolipram, BPN14770, and PF-02545920
may have an add-on survival-promoting effect owing to the
transcriptional responses evoked by cAMP-PKA signaling.
cAMP and nuclear calcium represent the two principal
activators of CREB/CREB-binding protein—mediated
gene expression (Mayr and Montminy, 2001; Bading, 2013).
Therefore, components of the nuclear calcium-regulated
gene program responsible for acquired neuroprotection
(Zhang et al., 2009) may also be induced by treatment with
rolipram, BPN14770, or PF-02545920.

A5: Supplementation of structure-protective

and prosurvival gene products

It is important to counteract the consequences of the dis-
ruption of excitation—transcription coupling by extrasynap-
tic NMDA receptors. The expression of hundreds of genes is
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under tight control of neuronal activity and synaptic NMDA
receptors (Zhang et al., 2007). This includes many survival-
promoting genes and the neurotrophin BDNE as well as the
dendrite maintenance factor, VEGFD, and the complement
factor Clq, a synapse-pruning factor whose expression is
suppressed by synaptic activity (Zhang et al., 2007, 2009;
Mauceri et al., 2011; West and Greenberg, 2011; Bading,
2013; Simonetti et al., 2013). Collectively, the transcriptional
responses induced in synaptically activated neurons build up
a neuroprotective shield and help maintain proper neuronal
structures (Bading, 2013). Extrasynaptic NMDA receptors
antagonize the synapse-to-nucleus communication axis and
thus compromise the coupling of synaptic activity to the
activation of vital genomic events (Hardingham et al., 2002;
Zhang et al., 2007; Hardingham and Bading, 2010). The
consequences are inappropriate basal or induced expression
levels of survival-promoting and structure-preserving genes,
which result in increased vulnerability, a reduction in length
and complexity of dendrites, and synapse loss. In addition,
because of disruption of activity regulation of the activin A
encoding inhba, neurons may lose an intrinsic mechanism
to reduce the number of NMDA receptors at extrasynap-
tic plasma membrane sites (see also the A3: Relocalization
strategies of extrasynaptic NMDA receptors section). The
loss of structural integrity and connectivity and increased
extrasynaptic NMDA receptor signaling fuels malfunction-
ing of activity-dependent transcription and drives neurons
into a detrimental feed-forward process that further pro-
motes structural and functional disintegration and acceler-
ates disease progression. It is important to disrupt this chain
of events. One therapeutic direction is the supplementation
of important gene products. In particular, the delivery of
activin A to reduce extrasynaptic NMDA receptor signaling
attenuates excitotoxicity and generates significant therapeu-
tic benefits in a mouse stroke model (Lau et al., 2015). Sup-
plementing VEGFD through delivery of the recombinant
protein or VEGFD-derived peptide mimetics is expected
to reduce the neurodegeneration-associated loss of den-
dritic structures, thereby preserving synaptic connectivity
and promoting the survival of neurons. By neutralizing Clq
using monoclonal antibodies together with Brain Shuttle
technology (Phuan et al., 2013; Niewoehner et al., 2014), it
may be possible to attenuate synapse loss.

AG6: Rescue of excitation—transcription coupling

and boosting nuclear calcium signaling

Inhibitors of HDACs may be suitable to render the neurons’
chromatin more permissive for initiation of transcription,
which may help restore activity-dependent gene expression
under conditions of heightened extrasynaptic NMDA recep-
tor signaling. Through blocking the transcription-repressing
function of HDACs, compounds such as the FDA-approved
Vorinostat (suberanilohydroxamic acid) would cause a
broadly occurring facilitation of gene expression. In addi-
tion, such a treatment would counteract the consequences
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of the nuclear import of class IIa HDACs, which occurs
under conditions of extrasynaptic NMDA receptor stimula-
tion (Chawla et al., 2003) and could represent one reason for
decreased expression levels of VEGFD and increased levels
of Clq (Zhang et al., 2007; Schlumm et al., 2013; Mauceri
et al., 2015). Another key therapeutic target is CREB that is
being shut off upon extrasynaptic NMDA receptor stimula-
tion through a process that leads to the dephosphorylation of
phospho—serine 133 of the activated, i.e., serine 133—phos-
phorylated, form of CREB (Hardingham et al., 2002). The
loss of this phosphorylation event may be compensated by
means of increasing cognitive activities to stimulate synaptic
transmission and to promote CREB serine 133 phosphor-
ylation via synaptic NMDA receptor—nuclear calcium-
CaMKIV signaling. One possible pharmacological strategy
is the use of so-called AMPA-kines that facilitate excitatory
glutamatergic synaptic transmission (Lynch et al., 2014). An
elegant alternative mechanism to increase CREB-dependent
gene expression that, at the same time, promotes nuclear
export of class IlTa HDACs would involve enhancement of
the amplitude and/or duration of synaptic activity—evoked
nuclear calcium signals, for example by slowing down the
clearance of calcium from the cell nucleus. This could be
accomplished by the design of inhibitors of those sodium/
calcium exchangers that are localized to the inner leaflet of
the nuclear envelope and transfer calcium from the nucleo-
plasm into the lumen of the endoplasmic reticulum (Wu et
al., 2009). Currently no suitable compounds are available to
boost nuclear calcium signaling to promote the expression
of the endogenous neuroprotective gene program (Zhang
et al., 2007, 2009). However, because phosphorylation of
CREB on its activator site serine 133 can be catalyzed by
numerous protein kinases including PKA (Mayr and Mont-
miny, 2001), therapeutic benefits may also be obtained by
pharmacologically activating alternative routes to CREB
phosphorylation, for example using rolipram, BPN14770,
or PF-02545920 that stimulate cAMP-PKA signaling (see
also the A4: Mitoprotection section).

Neuroprotective combination therapy

An effective, broadly applicable neuroprotective treatment
may ideally use a combination of interventions to simultane-
ously address multiple areas of therapeutic objectives. A proto-
typical therapy scheme for both acute and slowly progressing
neurodegenerations may include the following compounds
(the corresponding areas of therapeutic objectives are given
in brackets): oral application of memantine (A1), rolipram
(A4 and A6), and vorinostat (A6), plus administration of ac-
tivin A (A3 and A5) and VEGFD or VEGFD-derived peptide
mimetics (A5) via nasal spray or an intrathecal catheter. An
additional ingredient of a neuroprotective therapy is an active
lifestyle to keep up brain activity that fuels the synapse-to-nu-
cleus communication axis and drives gene programs that help
maintain an intact neuronal architecture and strengthen the
body’s own neuroprotective shield (Fig. 2; Bading, 2013).
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