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Homeostatic signaling systems are ubiquitous forms of biological regulation, having been
studied for hundreds of years in the context of diverse physiological processes including
body temperature and osmotic balance. However, only recently has this concept been
brought to the study of excitatory and inhibitory electrical activity that the nervous system
uses to establish and maintain stable communication. Synapses are a primary target of
neuronal regulation with a variety of studies over the past 15 years demonstrating that
these cellular junctions are under bidirectional homeostatic control. Recent work from
an array of diverse systems and approaches has revealed exciting new links between
homeostatic synaptic plasticity and a variety of seemingly disparate neurological and
psychiatric diseases. These include autism spectrum disorders, intellectual disabilities,
schizophrenia, and Fragile X Syndrome. Although the molecular mechanisms through
which defective homeostatic signaling may lead to disease pathogenesis remain unclear,
rapid progress is likely to be made in the coming years using a powerful combination
of genetic, imaging, electrophysiological, and next generation sequencing approaches.
Importantly, understanding homeostatic synaptic plasticity at a cellular and molecular
level may lead to developments in new therapeutic innovations to treat these diseases.
In this review we will examine recent studies that demonstrate homeostatic control of
postsynaptic protein translation, retrograde signaling, and presynaptic function that may
contribute to the etiology of complex neurological and psychiatric diseases.
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INTRODUCTION
Constraining nervous system activity within stable physiological
ranges is critical for robust and reliable brain function. However,
this stability must also permit the flexibility necessary for learn-
ing and memory to occur during the life experiences of an
organism. While various forms of Hebbian plasticity have been
shown to potentiate or weaken individual synaptic strengths,
these mechanisms are inherently destabilizing and would lead
to unconstrained activity if left unchecked. Homeostatic pro-
cesses have therefore been postulated to counteract the instability
generated through Hebbian forces, adjusting synaptic strengths
and intrinsic neuronal excitability to keep neural circuits func-
tioning within stable dynamic ranges throughout developmental,
experiential, and environmental challenges. While homeostatic
plasticity is fundamental and conserved in the nervous systems
of invertebrates, mammals, and humans, our understanding of
the underlying mechanisms of these complex and robust signaling
systems has been quite limited.

In the late 1990s, Gina Turrigiano and colleagues reported
robust homeostatic synaptic plasticity in cultured rodent neu-
rons (Turrigiano et al., 1998). Around this same time, investi-
gations in Drosophila of postsynaptic receptor mutants at the
neuromuscular junction (NMJ) also revealed robust homeo-
static control of synaptic strength (Petersen et al., 1997; Davis
and Goodman, 1998b). Many groups have since described

homeostatic adaptations in diverse systems and organisms. Some
of these homeostatic processes are thought to require retrograde
signaling processes and presynaptic expression (Davis, 2006)
while others appear to be postsynaptically induced and expressed
(Turrigiano, 2008; Pozo and Goda, 2010).

Beyond conceptual ideas that disruptions in homeostatic
synaptic plasticity could lead, in principle, to neural excitabil-
ity disorders like epilepsy, compelling links with disease had
remained elusive. Although synaptic homeostasis has been
demonstrated to be a fundamental signaling system observed
in a variety of diverse organisms including crustaceans, C. ele-
gans, Drosophila melanogaster, rodents, and humans (Grunwald
et al., 2004; Turrigiano and Nelson, 2004; Marder and Goaillard,
2006; Pozo and Goda, 2010; Turrigiano, 2012; Vitureira et al.,
2012; Frank, 2013), direct associations with disease were unclear.
Of course, this was probably due in no small part to our poor
understanding, particularly on a molecular and cellular level, of
both homeostatic synaptic plasticity and neurological and psy-
chiatric diseases. However, work over the past 5 years has revealed
exciting new insights into both of these processes, which in turn
has led to the discovery of tantalizing links between diseases of
the nervous system and synaptic homeostasis. Although just a
beginning, a strong conceptual framework has now been estab-
lished as a foundation to investigate the extent to which defects
in homeostatic synaptic signaling could plausibly contribute to
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the disease pathogenesis of an array of neuropsychiatric and
neurological conditions.

These intriguing links include disease susceptibility genes on
both sides of the synapse that appear to help orchestrate the
homeostatic control of synaptic function (Table 1) (Pozo and
Goda, 2010; Wang et al., 2011a; Yizhar et al., 2011; Qiu et al.,
2012). Several theories have been proposed to explain the general
mechanisms of neural or synaptic dysfunction that might under-
lie these disorders (Kehrer et al., 2008; Sudhof, 2008; Yizhar et al.,
2011). Disruption or dysregulation of homeostatic synaptic plas-
ticity could be one cause of the excitation/inhibition imbalances
that have been recently implicated in cognitive and developmen-
tal deficits of the nervous system (Kehrer et al., 2008; Rubenstein,
2010). Indeed, it is tempting to speculate that the high rate of
seizures linked with many neurological and neuropsychiatric dis-
eases (Lhatoo and Sander, 2001; Leung and Ring, 2013) could be
explained, in part, by defects in homeostatic plasticity. Although
compelling studies suggest many of these processes target post-
synaptic receptor trafficking and synaptic scaling (Table 1), given
the topical focus of this FCN issue, this review will focus on the
disease-related pathways linked to the retrograde and presynaptic
control of homeostatic plasticity (Figure 1).

DISEASES ASSOCIATED WITH POSTSYNAPTIC
MODULATION OF PROTEIN SYNTHESIS AND HOMEOSTATIC
RETROGRADE SIGNALING
Several research groups have revealed a complex homeostatic
feedback system in the postsynaptic cell that serves to initiate
and convey retrograde signaling information back to the presy-
naptic neuron. These signaling molecules include retinoic acid
(RA) (Wang et al., 2011b), glial-derived TNF-alpha (Stellwagen
and Malenka, 2006), endocannabinoids (Zhang et al., 2009; Kim
and Alger, 2010), and brain-derived neurotrophic factor (BDNF)
(Jakawich et al., 2010; Henry et al., 2012). Both RA and BDNF
have been implicated in a variety of biological processes and dis-
eases, and multiple lines of evidence suggest that perturbations to
postsynaptic glutamate receptors lead to RA and BDNF synthesis
in the postsynaptic cell and subsequent alteration of synaptic pro-
tein synthesis and retrograde signaling that homeostatically mod-
ulate presynaptic function (Jakawich et al., 2010; Chen et al., 2012;
Henry et al., 2012; Kavalali and Monteggia, 2012). Interestingly, in
the case of several neuropsychiatric diseases including Tuberous
Sclerosis Complex and Fragile X Syndrome, imbalances in post-
synaptic protein synthesis have been implicated in their etiology.
These neuropsychiatric diseases are associated with intellectual
disability and autism spectrum disorders, and may arise due to
synaptic pathophysiology because of imbalances in the control
of postsynaptic protein synthesis (Auerbach et al., 2011; Martin
and Huntsman, 2012). Hence, a core postsynaptic step in homeo-
static signaling, control of local protein synthesis, may contribute
to retrograde signaling and the synaptic dysfunction contributing
to these diseases.

TUBEROUS SCLEROSIS COMPLEX (TSC)
Tuberous Sclerosis Complex is a genetic disease characterized
by formation of non-malignant tumors in the brain and other
organs (Osborne et al., 1991; Curatolo et al., 2008). This disease is

associated with seizures, intellectual disability, and autism, and is
the result of heterozygous mutations in the genes encoding TSC1
or TSC2, which encode proteins that together form a complex
that regulates activity of the mammalian Target of Rapamycin
(mTOR), a well-known regulator of mRNA translation (Zeng
et al., 2008; Curatolo and Moavero, 2012; Ryther and Wong, 2012;
Talos et al., 2012). mTOR is a constituent of a complex that mod-
ulates protein translation by interacting with eIF4E and other
translation control factors, suggesting that aberrant regulation
of synaptic protein synthesis may contribute to the neurological
diseases associated with TSC.

Recent evidence from two established experimental models
for homeostatic synaptic plasticity has revealed that a postsy-
naptic signaling system, which regulates protein expression via
the mTOR pathway, is necessary for the retrograde control of
presynaptic release. Using rodent hippocampal neurons in cul-
ture, researchers have found that disruption of NMDA recep-
tor mediated miniature postsynaptic currents leads to a rapid
increase in postsynaptic protein synthesis and a compensatory
increase in postsynaptic glutamate receptor expression (Sutton
et al., 2006). Further, alterations in synaptic protein synthesis
via eIF4E and mTOR were found to be rapidly induced (within
1–2 h) following acute pharmacological blockade of AMPA recep-
tor function using CNQX (Jakawich et al., 2010; Henry et al.,
2012). Interestingly, one substrate of this postsynaptic signaling
system is BDNF, which is synthesized and released postsynapti-
cally where it activates presynaptic TrkA receptors and enhances
presynaptic function (Jakawich et al., 2010). Dysfunction in this
acute, retrograde modulation of presynaptic function via postsy-
naptic protein synthesis could plausibly contribute to the social,
cognitive, and excitability disorders observed in TSC and other
neurological diseases, including epilepsy.

This same pathway that modulates postsynaptic protein syn-
thesis and leads to the retrograde enhancement of presynaptic
transmission via the eIF4E and the TOR translational con-
trol factors has also been demonstrated in a separate model
system for presynaptic homeostatic plasticity, the Drosophila
NMJ (Penney et al., 2012). In this system, pharmacological or
genetic perturbations to postsynaptic glutamate receptor func-
tion, akin to the protocols used in rodent preparations dis-
cussed above, lead to a currently unknown retrograde sig-
nal the potentiates presynaptic release (Davis and Goodman,
1998b; Davis, 2006; Frank, 2013). Penney and colleagues found
that when levels of postsynaptic eIF4E or TOR proteins were
reduced, this led to a disruption in the compensatory home-
ostatic increase in presynaptic release normally observed fol-
lowing reduction of postsynaptic glutamate receptor function
(Penney et al., 2012). Although there is no obvious fly coun-
terpart of BDNF and the identity of the retromer is unknown,
it appears that fundamental, evolutionarily conserved parallels
between Drosophila and rodents in postsynaptic signaling via
eIF4E and TOR can modulate the retrograde, homeostatic con-
trol of presynaptic release. This fundamental property of synap-
tic homeostasis may be dysregulated during TSC. Interestingly,
expression of another protein, neurexin, is controlled by eIF4E
(Gkogkas et al., 2013), and has been linked with autism spec-
trum disorders (Sudhof, 2008), providing another putative link
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Table 1 | Genes and molecules required for homeostatic synaptic plasticity and linked with neurological diseases.

Molecule Disease Process References

Arc/Arg3.1 Angelman Syndrome Required for homeostatic control of postsynaptic AMPA
receptor trafficking in mammalian in vivo and in vitro
studies.

Gao et al., 2010; Beique et al.,
2011; Cao et al., 2013; Korb et al.,
2013

BDNF Autism, depression,
schizophrenia,
neurodegeneration, others.

Demonstrated to act as a retrograde messenger in
response to AMPA receptor blockade to induce
homeostatic presynaptic potentiation in hippocampal
neuronal cultures.

Jakawich et al., 2010

Ca2+ Channels Migraine, ataxia, epilepsy,
autism, ADHD, bipolar
disorder, depression, and
schizophrenia

Required for the expression of presynaptic homeostatic
plasticity at the Drosophila NMJ and cultured mammalian
neurons.

Terwindt et al., 1998; Cao and
Tsien, 2005; Frank et al., 2006;
Zhao et al., 2011; Smoller et al.,
2013

Dysbindin Schizophrenia Required presynaptically for the homeostatic increase in
synaptic vesicle release at the Drosophila NMJ.

Dickman and Davis, 2009; Zuo
et al., 2009

FMRP Fragile X Syndrome, autism,
intellectual disability

Necessary for the expression of RA-mediated homeostatic
increases in AMPA receptor expression and decreases in
GABA receptor expression in rodent hippocampal cultures.

Soden and Chen, 2010; Sarti et al.,
2013

MeCP2 Rett Syndrome (autism) Necessary for cell-autonomous homeostatic synaptic
scaling up and increases in cellular excitability in response
to reduced circuit activity in vitro, sensory deprivation
in vivo in mouse visual cortex, and for synaptic
down-scaling in mouse hippocampal culture.

Blackman et al., 2012; Qiu et al.,
2012; Zhong et al., 2012; Sala and
Pizzorusso, 2013

mTOR/eIF4E Tuberous Sclerosis Complex
(TCS)

Required postsynaptically for retrograde regulation of
presynaptic homeostatic potentiation at the Drosophila
NMJ and in mammalian neuronal cultures.

Penney et al., 2012; Talos et al.,
2012

Acetylcholine
receptors
(AChRs)

Myasthenia Gravis Loss of postsynaptic AChRs leads to presynaptic
homeostatic compensation in quantal content in human
muscle biopsies and mouse models.

Plomp et al., 1992, 1995

Narp Epilepsy Narp is necessary for homeostatic increases in interneuron
excitatory synapses in response to increased network
activity.

Chang et al., 2010

Neurexin
Neuroligin

Autism, schizophrenia,
Tourette’s Syndrome

Important for presynaptic homeostatic increases in quantal
content at the mouse NMJ.

Sons et al., 2006; Sudhof, 2008

NMDA
Receptors/eEF2

Depression Blocking NMDA receptors may prevent eEF2
phosphorylation, increasing translation, and possibly
leading to postsynaptic up-scaling of AMPA receptors.

Kavalali and Monteggia, 2012

Rab3GAP Warburg Micro and Martsolf
Syndrome

Required presynaptically for the induction and expression of
homeostatic increases in release probability at the fly NMJ.

Aligianis et al., 2006; Muller et al.,
2011

A summary genes and molecules associated with neurological diseases in a variety of systems that have been implicated in pre- and postsynaptic signaling

mechanisms driving the homeostatic control of synaptic strength.

between homeostatic regulation of the synapse and neuropsychi-
atric disorders.

FRAGILE X SYNDROME (FXS)
Fragile X Syndrome is a neuropsychiatric disorder character-
ized by intellectual disability, deficits in social interaction, and
associated neurological conditions such as seizures (Bagni and
Greenough, 2005; Bhakar et al., 2012). This genetic syndrome is

the most widespread single-gene cause of autism and inherited
form of mental retardation in boys (Hagerman and Hagerman,
2002; Hernandez et al., 2009). FXS is the result of mutations in
the fragile X mental retardation gene (fmr1), which encodes the
Fragile X Mental Retardation Protein (FMRP), and is necessary
for normal neural development (Lhatoo et al., 2001b). Research
over the past ten years has demonstrated that FMRP is a synaptic
RNA binding protein that represses translation of a subset of
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FIGURE 1 | Disease-related molecules and pathways required for

retrograde and presynaptic homeostatic signaling. Synaptic
components and processes involved in retrograde signaling and presynaptic
homeostatic plasticity that may also contribute to neurological and
neuropsychiatric diseases.

RNAs; hundreds of FMRP targets have recently been discovered
(Bassell and Warren, 2008; Costa-Mattioli et al., 2009; Zukin et al.,
2009; Darnell et al., 2011), leading to models in which both pre-
and post-synaptic RNAs are under modulatory translational con-
trol by FMRP (Feng et al., 1997; Stefani et al., 2004; Christie et al.,
2009; Akins et al., 2012).

The intercellular signaling molecule RA has been found to reg-
ulate homeostatic synaptic plasticity in rodent neuronal cultures
(Aoto et al., 2008; Maghsoodi et al., 2008; Soden and Chen, 2010;
Chen et al., 2012). Here, RA was demonstrated to be required
for the homeostatic increase in synaptic strength following post-
synaptic receptor perturbation (Aoto et al., 2008). Specifically,
blockade of excitatory activity was induced by TTX and APV
treatment, and RA was necessary for homeostatic postsynaptic
scaling through AMPA receptor insertion (Chen et al., 2012). A
novel cytosolic and synaptic function for RA was determined, as
synthesis of RA was induced following this homeostatic challenge.
RA binds to its receptor RARalpha and in turn modulates post-
synaptic protein expression (Lane and Bailey, 2005; Chen et al.,
2012). Importantly, in addition to the function of RA in regulat-
ing postsynaptic homeostatic glutamate receptor scaling, RA was
also observed to have roles in modulating presynaptic function,
as reflected in increased mEPSC frequency (Wang et al., 2011b;
Chen et al., 2012). Intriguingly, FMRP is also necessary for RA-
mediated homeostatic plasticity at both excitatory and inhibitory

synapses (Soden and Chen, 2010; Sarti et al., 2013). In neurons
isolated from fmr1 mutant mice, bi-directional homeostatic scal-
ing was not observed, while other forms of plasticity remained
intact. These findings underscore the importance of tightly reg-
ulating synaptic protein synthesis in the context of homeostatic
plasticity and the possible neural diseases that may result from
dysfunction in this process.

The research described above provides an intriguing body of
evidence linking postsynaptic protein synthesis and retrograde
signals to both homeostatic synaptic plasticity and neurolog-
ical diseases. Several diseases show significant overlap in the
signaling pathways relevant to trans-synaptic homeostatic signal-
ing. Interestingly, mTOR activity has been implicated in TSC,
neurofibromatosis-1, FXS, and a variety of PTEN-associated con-
ditions (Gipson and Johnston, 2012). Regulation of postsynaptic
protein synthesis via mTOR and FMRP have both been shown to
disrupt mGluR dependent LTD (Auerbach et al., 2011). Indeed,
there are even links between FXS and BDNF signaling (Leung
and Ring, 2013). The question of how similar signaling systems
underlying homeostatic and Hebbian (LTD/LTP) mechanisms are
integrated to ensure flexible yet stable synaptic function remains
an important area for future research.

Emerging evidence suggests that problems with retrograde sig-
naling may be involved in an array of autism spectrum disorders
beyond FXS and TSC. Another example of trans-synaptic sig-
naling being linked to cognitive disease is seen with neurexins
and neuroligins, cell-adhesion molecules that are known to regu-
late synaptic function (Sudhof, 2008). These molecules have been
linked with a variety of diseases including autism (Yan et al.,
2005; Szatmari et al., 2007; Kim et al., 2008), schizophrenia (Kirov
et al., 2008; Walsh et al., 2008), and other neuropsychiatric con-
ditions (Lawson-Yuen et al., 2008; Sudhof, 2008). Intriguingly,
neurexins have been found to be necessary for presynaptic home-
ostatic plasticity at the mammalian NMJ (Sons et al., 2006),
providing another possible link between homeostatic plasticity
and neuropsychiatric disease.

DISEASES ASSOCIATED WITH PRESYNAPTIC MECHANISMS
OF HOMEOSTATIC PLASTICITY
CALCIUM CHANNEL AND HOMEOSTATIC SIGNALING IN MIGRAINE
AND EPILEPTIC DISEASES
Migraine is the most common neurological disease, thought to
affect 10–15% of the general population (Goadsby et al., 2002;
Wessman et al., 2007). Insight into the etiology of these often
debilitating headaches may be uncovered through the study of
familial hemiplegic migraine type 1 (FHM1), a rare, inherited
form of the disease (Ophoff et al., 1996). FHM1 is caused by mis-
sense mutations in P/Q type calcium channels, which are involved
in neurotransmitter release and presynaptic function (Zhang
et al., 1993; Lhatoo et al., 2001a). These mutations cause impair-
ments in the ability of these channels to conduct Ca2+ currents
triggered by action potentials (Kraus et al., 1998; Hans et al., 1999;
Cao et al., 2004). P/Q-type calcium channels have fundamental
roles in mediating fast synaptic transmission at nerve terminals.
Autosomal dominant mutations in the CACNA1A gene, which
encodes the voltage-gated P/Q-type calcium channel alpha1 sub-
unit, has also been associated with cerebellar ataxia, vertigo,
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epilepsy, and schizophrenia (see below) in addition to FHM
(Lhatoo et al., 2001a). CACNA1 and CACNB2 channelopathies
have also been implicated in several other diseases, including
autism, attention-deficit hyperactivity disorder, bipolar disorder,
and major depressive disorder, indicating that calcium channel
signaling may have crucial functions that, when perturbed, may
contribute to psychopathological susceptibility (Terwindt et al.,
1998; Lee et al., 2013; Smoller et al., 2013). These studies also
suggest a disruption in the balance of excitatory and inhibitory
activity that may ultimately lead to the pathogenic states of these
diseases.

Interestingly, mutations in the Drosophila P/Q calcium chan-
nel cacophony (cac) have been found to disrupt homeostatic
plasticity at the fly NMJ (Frank et al., 2006, 2009). Hypomorphic
mutations in cac lead to reduced presynaptic calcium influx
and prevent the retrograde, homeostatic increase in presynaptic
release. Recent studies using calcium imaging techniques demon-
strate that an acute increase in presynaptic calcium influx through
Cac is necessary for the expression of homeostatic plasticity
(Muller and Davis, 2012; Younger et al., 2013). In addition, reg-
ulation of presynaptic calcium influx is also required for homeo-
static synaptic plasticity in the mammalian hippocampus (Zhao
et al., 2011). Since calcium signaling is known to play a criti-
cal role in many aspects of neurotransmission, the function of
these channels in neurological disease is certainly not limited to
homeostatic plasticity. This topic is covered in more detail in a
forthcoming review (Frank, in review).

MYASTHENIA GRAVIS (MG)
Myasthenia gravis is an autoimmune disease that causes muscle
weakness and fatigue. In a majority of cases, a loss of post-
synaptic acetylcholine (ACh) receptors is observed at the NMJ
due to autoantibody production targeting these receptors. In
recordings from muscles obtained from MG patients and also
from toxin-induced animal models of the disease, miniature end-
plate potentials (mEPPs) show dramatically reduced amplitudes
(Plomp et al., 1992, 1995). However, evoked end-plate potentials
(EPPs) are not significantly reduced due to increased quantal con-
tent, indicating that homeostatic processes at the human NMJ,
like that of the fly NMJ, compensate for this perturbation of
postsynaptic receptor function (Cull-Candy et al., 1980; Plomp
et al., 1992, 1995; Davis and Goodman, 1998a). This homeostatic
increase in ACh release could compensate for the reduced post-
synaptic excitability of the muscle. However, if the compensation
is not sufficient to restore all EPPs to suprathreshold activation,
then defects in muscle activity would still be observed. Indeed, in
a subset of recordings mEPP amplitudes were below the detection
limit and showed smaller than normal EPPs, likely indicating lim-
itations in homeostatic compensation at these synapses (Plomp
et al., 1995). Furthermore, the increased release probability likely
contributes to increased short-term depression, leading to rapid
exhaustion of neurotransmitter vesicles and rapid-onset muscle
fatigue. Ultimately, disruption of postsynaptic receptor function
supersedes the homeostatic processes and major disease progres-
sion ensues.

A subclass of MG is caused by production of antibodies that
attack muscle specific kinase (MuSK) (Hoch et al., 2001; Viegas

et al., 2012), a postsynaptic receptor tyrosine kinase known to
be important in receptor clustering during NMJ synaptic devel-
opment and maintenance (DeChiara et al., 1996; Sanes and
Lichtman, 2001; Kong et al., 2004). In recordings from mus-
cles obtained from MuSK MG patients (Niks et al., 2010) and
from mice immunized against MuSK (Viegas et al., 2012), mEPPs
were found to be significantly reduced. However, in contrast to
the NMJ studies in mice and human discussed above, there was
no evidence of increased presynaptic release in MuSK-dependent
MG, indicating a lack of homeostatic expression (Niks et al.,
2010; Viegas et al., 2012). Compared to AChR-associated MG,
MuSK-related MG is more severe, is treatment-resistant, and
is observed more broadly in the musculature, affecting bulbar,
facial, and respiratory muscles as well (Evoli et al., 2003), which
is likely due, in part, to a lack of homeostatic compensation.
These experiments suggest that MuSK may be required as part
of the postsynaptic homeostatic signaling system that initiates a
retrograde, presynaptic change in release.

WARBURG MICRO AND MARTSOLF SYNDROME
Rab3 proteins are known to regulate vesicular membrane trans-
port and play a key role in modulating calcium-dependent neu-
rotransmitter release (Sakane et al., 2008). The activity of Rab3 is
regulated in part by Rab3 GTPase-activating protein (Rab3GAP),
which converts active Rab3-GTP to in the inactive GDP-bound
form. Rab3GAP is a heterodimeric protein composed of catalytic
and non-catalytic subunits, mutations of which cause Warburg
Micro syndrome and Martsolf syndrome (Aligianis et al., 2006).
Warburg Micro syndrome is an autosomal recessive disorder that
causes severe intellectual disability, ocular defects, and micro-
cephaly (Dursun et al., 2012). Martsolf syndrome shares many
clinical features with Warburg Micro syndrome, but is less severe
and is associated with milder cognitive dysfunction (Aligianis
et al., 2006). Recent evidence suggests that Rab3GAP is critically
involved in the induction and long-term maintenance of home-
ostatic synaptic plasticity. Drosophila Rab3GAP mutants do not
show homeostatic increases in neurotransmitter release at the
NMJ in response to pharmacological or genetic disruption of
postsynaptic glutamate receptors (Muller et al., 2011). Rab3GAP
appears to work through Rab3 GTPase to negatively regulate
the expression of presynaptic homeostatic plasticity. Thus, the
disruption of homeostatic synaptic plasticity may contribute to
the cognitive and developmental defects associated with these
Warburg Micro and Martsolf syndromes.

SCHIZOPHRENIA
Calcium signaling, through the implication of CACNA1, has been
implicated in several brain disorders including schizophrenia, and
a fly calcium channel, Cac, has been found to block homeo-
static synaptic plasticity (see above). In addition to these findings,
genetic screens in Drosophila have revealed unanticipated links
with schizophrenia. As alluded to above, the Drosophila NMJ has
been established as a model system to characterize homeostatic
synaptic plasticity. Pharmacological or genetic manipulations that
reduce postsynaptic receptor function lead to a compensatory
increase in presynaptic release that precisely offsets the pertur-
bation and restores normal postsynaptic excitability (Davis and
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Goodman, 1998b; Davis, 2006; Frank, 2013). Given the rich
genetic resources available in flies, electrophysiology-based for-
ward genetic screens have recently been pioneered to identify
genes, that when mutated, lead to defective homeostatic synaptic
plasticity (Dickman and Davis, 2009; Muller et al., 2011).

One of the first genes identified from these screening efforts
was the Drosophila homolog of the vertebrate gene dysbindin
(Dickman and Davis, 2009). Interestingly, the human homolog
of this gene, DTNBP1, has been identified as a primary
schizophrenia susceptibility gene in a variety of Genome Wide
Association Studies (Ross et al., 2006; Zuo et al., 2009; Ghiani
and Dell’Angelica, 2011). In Drosophila, Dysbindin was found
to be required presynaptically for both the acute induction and
long term expression of synaptic homeostasis (Dickman and
Davis, 2009). Dysbindin localized to presynaptic vesicles and was
demonstrated to alter the calcium dependence of synaptic vesicle
release in a unique way, where mutants exhibited severely reduced
baseline release, but only at low external calcium concentrations,
whereas overexpression of dysbindin led to a potentiation of base-
line release, but only at higher external calcium levels (Dickman
and Davis, 2009). Subsequent work found that Snapin, a synap-
tic vesicle protein that binds to Dysbindin, was also required for
homeostatic synaptic plasticity and was necessary for the poten-
tiation of baseline synaptic transmission by Dysbindin (Dickman
et al., 2012). In rodent studies, dysbindin was found to be neces-
sary for proper synaptic glutamate release and neurotransmission
(Numakawa et al., 2004; Chen et al., 2008), while mouse mutants
even displayed behavioral deficits akin to schizophrenia-like con-
ditions (Chen et al., 2008). It is thus interesting to speculate
that Dysbindin may homeostatically tune synaptic strength, and
deficits in this process may give rise to cognitive and behavioral
conditions of relevance to the etiology of schizophrenia.

Dysbindin and Snapin are part of a larger protein complex
called the Biogenesis of Lysosome-related Organelles Complex-
1 (BLOC-1), composed of eight total subunits (Ghiani and
Dell’Angelica, 2011; Mullin et al., 2011). While the molecular
function of the BLOC-1 complex is unclear, it appears to be
involved in vesicle trafficking (Ghiani and Dell’Angelica, 2011;
Larimore et al., 2011). Consistent with such a role in the ner-
vous system, both Dysbindin and Snapin appear to function in
synaptic vesicle trafficking and may be involved in other synaptic
membrane trafficking pathways. Interestingly, another compo-
nent of the BLOC-1 complex, Muted, has recently been associated
with schizophrenia (Morris et al., 2008; Ryder and Faundez,
2009). These findings underscore the intriguing possibility that
defective synaptic membrane trafficking through components of
the BLOC-1 complex in the context of homeostatic synaptic plas-
ticity may contribute to the etiology of complex neuropsychiatric
diseases like schizophrenia.

CONCLUDING REMARKS
Tantalizing links have recently been uncovered that suggest synap-
tic processes necessary for the homeostatic control of synaptic
function, when defective, may contribute to the pathogene-
sis of a variety of neurological and neuropsychiatric diseases.
Importantly, several intriguing and novel genes and molecules
have been revealed to disrupt these complex and adaptive

homeostatic signaling systems (Figure 1). The challenge mov-
ing forward will be to understand how these individual genes
and molecules work together to integrate homeostatic informa-
tion and orchestrate stable cellular, synaptic, circuit, and systemic
functions in the brain. It is tempting to speculate that the eti-
ologies of many seemingly disparate neurological and neuropsy-
chiatric diseases share common dysfunctions in pathways related
to homeostatic synaptic plasticity. Indeed, a large genome-wide
study sponsored by the National Institute of Mental Health has
revealed a high degree of overlap in the genes responsible for five
of the most common neuropsychiatric diseases (Lee et al., 2013).
A combination of human genetic mapping and patient studies
coupled with innovative genetic, electrophysiological, and imag-
ing approaches in model systems are certain to reveal new insights
into the processes driving the homeostatic control of synaptic
function in health and disease.

ACKNOWLEDGMENTS
This work was supported by an award from the Ellison Medical
Foundation and a grant from the National Institute of Mental
Health (MH092351) to Dion Dickman.

REFERENCES
Akins, M. R., Leblanc, H. F., Stackpole, E. E., Chyung, E., and Fallon, J. R. (2012).

Systematic mapping of fragile X granules in the mouse brain reveals a poten-
tial role for presynaptic FMRP in sensorimotor functions. J. Comp. Neurol. 520,
3687–3706. doi: 10.1002/cne.23123

Aligianis, I. A., Morgan, N. V., Mione, M., Johnson, C. A., Rosser, E., Hennekam,
R. C., et al. (2006). Mutation in Rab3 GTPase-activating protein (RAB3GAP)
noncatalytic subunit in a kindred with Martsolf syndrome. Am. J. Hum. Genet.
78, 702–707. doi: 10.1086/502681

Aoto, J., Nam, C. I., Poon, M. M., Ting, P., and Chen, L., (2008). Synaptic signaling
by all-trans retinoic acid in homeostatic synaptic plasticity. Neuron 60, 308–320.
doi: 10.1016/j.neuron.2008.08.012

Auerbach, B. D., Osterweil, E. K., and Bear, M. F. (2011). Mutations causing syn-
dromic autism define an axis of synaptic pathophysiology. Nature 480, 63–68.
doi: 10.1038/nature10658

Bagni, C., and Greenough, W. T. (2005). From mRNP trafficking to spine dysmor-
phogenesis: the roots of fragile X syndrome. Nat. Rev. Neurosci. 6, 376–387. doi:
10.1038/nrn1667

Bassell, G. J., and Warren, S. T. (2008). Fragile X syndrome: loss of local mRNA
regulation alters synaptic development and function. Neuron 60, 201–214. doi:
10.1016/j.neuron.2008.10.004

Beique, J. C., Na, Y., Kuhl, D., Worley, P. F., and Huganir, R. L., (2011). Arc-
dependent synapse-specific homeostatic plasticity. Proc. Natl. Acad. Sci. U.S.A.
108, 816–821. doi: 10.1073/pnas.1017914108

Bhakar, A. L., Dolen, G., and Bear, M. F. (2012). The pathophysiology of fragile X
(and what it teaches us about synapses). Annu. Rev. Neurosci. 35, 417–443. doi:
10.1146/annurev-neuro-060909-153138

Blackman, M. P., Djukic, B., Nelson, S. B., and Turrigiano, G. G., (2012). A criti-
cal and cell-autonomous role for MeCP2 in synaptic scaling up. J. Neurosci. 32,
13529–13536. doi: 10.1523/JNEUROSCI.3077-12.2012

Cao, C., Rioult-Pedotti, M. S., Migani, P., Yu, C. J., Tiwari, R., Parang, K., et al.
(2013). Impairment of TrkB-PSD-95 signaling in Angelman syndrome. PLoS
Biol. 11:e1001478. doi: 10.1371/journal.pbio.1001478

Cao, Y. Q., Piedras-Renteria, E. S., Smith, G. B., Chen, G., Harata, N. C., and Tsien,
R. W., (2004). Presynaptic Ca2+ channels compete for channel type-preferring
slots in altered neurotransmission arising from Ca2+ channelopathy. Neuron 43,
387–400. doi: 10.1016/j.neuron.2004.07.014

Cao, Y. Q., and Tsien, R. W., (2005). Effects of familial hemiplegic migraine
type 1 mutations on neuronal P/Q-type Ca2+ channel activity and inhibitory
synaptic transmission. Proc. Natl. Acad. Sci. U.S.A. 102, 2590–2595. doi:
10.1073/pnas.0409896102

Chang, M. C., Park, J. M., Pelkey, K. A., Grabenstatter, H. L., Xu, D., Linden,
D. J., et al. (2010). Narp regulates homeostatic scaling of excitatory synapses

Frontiers in Cellular Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 223 | 6

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Wondolowski and Dickman Synaptic homeostasis and neurological disease

on parvalbumin-expressing interneurons. Nat. Neurosci. 13, 1090–1097. doi:
10.1038/nn.2621

Chen, L., Lau, A. G., and Sarti, F. (2012). Synaptic retinoic acid sig-
naling and homeostatic synaptic plasticity. Neuropharmacology. doi:
10.1016/j.neuropharm.2012.12.004. [Epub ahead of print].

Chen, X. W., Feng, Y. Q., Hao, C. J., Guo, X. L., He, X., Zhou, Z. Y., et al. (2008).
DTNBP1, a schizophrenia susceptibility gene, affects kinetics of transmitter
release. J. Cell Biol. 181, 791–801. doi: 10.1083/jcb.200711021

Christie, S. B., Akins, M. R., Schwob, J. E., and Fallon, J. R. (2009). The FXG: a
presynaptic fragile X granule expressed in a subset of developing brain circuits.
J. Neurosci. 29, 1514–1524. doi: 10.1523/JNEUROSCI.3937-08.2009

Costa-Mattioli, M., Sossin, W. S., Klann, E., and Sonenberg, N. (2009).
Translational control of long-lasting synaptic plasticity and memory. Neuron
61, 10–26. doi: 10.1016/j.neuron.2008.10.055

Cull-Candy, S. G., Miledi, R., Trautmann, A., and Uchitel, O. D. (1980). On the
release of transmitter at normal, myasthenia gravis and myasthenic syndrome
affected human end-plates. J. Physiol. 299, 621–638.

Curatolo, P., Bombardieri, R., and Jozwiak, S. (2008). Tuberous sclerosis. Lancet
372, 657–668. doi: 10.1016/S0140-6736(08)61279-9

Curatolo, P., and Moavero, R. (2012). mTOR Inhibitors in Tuberous
Sclerosis Complex. Curr. Neuropharmacology 10, 404–415. doi:
10.2174/157015912804143595

Darnell, J. C., Van Driesche, S. J., Zhang, C., Hung, K. Y., Mele, A., Fraser,
C. E., et al. (2011). FMRP stalls ribosomal translocation on mRNAs linked
to synaptic function and autism. Cell 146, 247–261. doi: 10.1016/j.cell.2011.
06.013

Davis, G. W. (2006). Homeostatic control of neural activity: from phe-
nomenology to molecular design. Annu. Rev. Neurosci. 29, 307–323. doi:
10.1146/annurev.neuro.28.061604.135751

Davis, G. W., and Goodman, C. S. (1998a). Genetic analysis of synaptic develop-
ment and plasticity: homeostatic regulation of synaptic efficacy. Curr. Opin.
Neurobiol. 8, 149–156. doi: 10.1016/S0959-4388(98)80018-4

Davis, G. W., and Goodman, C. S. (1998b). Synapse-specific control of synaptic effi-
cacy at the terminals of a single neuron. Nature 392, 82–86. doi: 10.1038/32176

DeChiara, T. M., Bowen, D. C., Valenzuela, D. M., Simmons, M. V., Poueymirou,
W. T., Thomas, S., et al. (1996). The receptor tyrosine kinase MuSK is
required for neuromuscular junction formation in vivo. Cell 85, 501–512. doi:
10.1016/S0092-8674(00)81251-9

Dickman, D. K., and Davis, G. W. (2009). The schizophrenia susceptibility
gene dysbindin controls synaptic homeostasis. Science 326, 1127–1130. doi:
10.1126/science.1179685

Dickman, D., Tong, A., and Davis, G. W. (2012). Snapin is critical for
presynaptic homeostatic plasticity. J. Neurosci. 32, 8716–8724. doi:
10.1523/JNEUROSCI.5465-11.2012

Dursun, F., Guven, A., and Morris-Rosendahl, D., (2012). Warburg Micro syn-
drome. J. Pediatr. Endocrinol. Metab. 25, 379–382. doi: 10.1515/jpem-2011-0459

Evoli, A., Tonali, P. A., Padua, L., Monaco, M. L., Scuderi, F., Batocchi, A. P., et al.
(2003). Clinical correlates with anti-MuSK antibodies in generalized seronega-
tive myasthenia gravis. Brain 126, 2304–2311. doi: 10.1093/brain/awg223

Feng, Y., Gutekunst, C. A., Eberhart, D. E., Yi, H., Warren, S. T., and Hersch, S. M.,
(1997). Fragile X mental retardation protein: nucleocytoplasmic shuttling and
association with somatodendritic ribosomes. J. Neurosci. 17, 1539–1547.

Frank, C. A., (2013). Homeostatic plasticity at the Drosophila neuromuscular junc-
tion. Neuropharmacology doi: 10.1016/j.neuropharm.2013.06.015. [Epub ahead
of print].

Frank, C. A., Kennedy, M. J., Goold, C. P., Marek, K. W., and Davis, G. W.
(2006). Mechanisms underlying the rapid induction and sustained expres-
sion of synaptic homeostasis. Neuron 52, 663–677. doi: 10.1016/j.neuron.2006.
09.029

Frank, C. A., Pielage, J., and Davis, G. W. (2009). A presynaptic homeostatic signal-
ing system composed of the Eph receptor, ephexin, Cdc42, and CaV2.1 calcium
channels. Neuron 61, 556–569. doi: 10.1016/j.neuron.2008.12.028

Gao, M., Sossa, K., Song, L., Errington, L., Cummings, L., Hwang, H., et al. (2010).
A specific requirement of Arc/Arg3.1 for visual experience-induced homeostatic
synaptic plasticity in mouse primary visual cortex. J. Neurosci. 30, 7168–7178.
doi: 10.1523/JNEUROSCI.1067-10.2010

Ghiani, C. A., and Dell’Angelica, E. C. (2011). Dysbindin-containing complexes
and their proposed functions in brain: from zero to (too) many in a decade.
ASN Neuro 3, 109–124. doi: 10.1042/AN20110010

Gipson, T. T., and Johnston, M. V. (2012). Plasticity and mTOR: towards restora-
tion of impaired synaptic plasticity in mTOR-related neurogenetic disorders.
Neural Plast. 2012, 486402. doi: 10.1155/2012/486402

Gkogkas, C. G., Khoutorsky, A., Ran, I., Rampakakis, E., Nevarko, T., Weatherill,
D. B., et al. (2013). Autism-related deficits via dysregulated eIF4E-dependent
translational control. Nature 493, 371–377. doi: 10.1038/nature11628

Goadsby, P. J., Lipton, R. B., and Ferrari, M. D. (2002). Migraine–current
understanding and treatment. N. Engl. J. Med. 346, 257–270. doi:
10.1056/NEJMra010917

Grunwald, M. E., Mellem, J. E., Strutz, N., Maricq, A. V., and Kaplan, J. M. (2004).
Clathrin-mediated endocytosis is required for compensatory regulation of GLR-
1 glutamate receptors after activity blockade. Proc. Natl. Acad. Sci. U.S.A. 101,
3190–3195. doi: 10.1073/pnas.0306156101

Hagerman, R. J., and Hagerman, P. J., (2002). The fragile X premutation: into
the phenotypic fold. Curr. Opin. Genet. Dev. 12, 278–283. doi: 10.1016/S0959-
437X(02)00299-X

Hans, M., Luvisetto, S., Williams, M. E., Spagnolo, M., Urrutia, A., Tottene, A.,
et al. (1999). Functional consequences of mutations in the human alpha1A cal-
cium channel subunit linked to familial hemiplegic migraine. J. Neurosci. 19,
1610–1619.

Henry, F. E., McCartney, A. J., Neely, R., Perez, A. S., Carruthers, C. J., Stuenkel,
E. L., et al. (2012). Retrograde changes in presynaptic function driven by den-
dritic mTORC1. J. Neurosci. 32, 17128–17142. doi: 10.1523/JNEUROSCI.2149-
12.2012

Hernandez, R. N., Feinberg, R. L., Vaurio, R., Passanante, N. M., Thompson, R.
E., and Kaufmann, W. E., (2009). Autism spectrum disorder in fragile X syn-
drome: a longitudinal evaluation. Am. J. Med. Genet. A 149A, 1125–1137. doi:
10.1002/ajmg.a.32848

Hoch, W., McConville, J., Helms, S., Newsom-Davis, J., Melms, A., and Vincent,
A. (2001). Auto-antibodies to the receptor tyrosine kinase MuSK in patients
with myasthenia gravis without acetylcholine receptor antibodies. Nat. Med. 7,
365–368. doi: 10.1038/85520

Jakawich, S. K., Nasser, H. B., Strong, M. J., McCartney, A. J., Perez, A. S., Rakesh,
N., et al. (2010). Local presynaptic activity gates homeostatic changes in presy-
naptic function driven by dendritic BDNF synthesis. Neuron 68, 1143–1158. doi:
10.1016/j.neuron.2010.11.034

Kavalali, E. T., and Monteggia, L. M. (2012). Synaptic mechanisms underlying
rapid antidepressant action of ketamine. Am. J. Psychiatry 169, 1150–1156. doi:
10.1176/appi.ajp.2012.12040531

Kehrer, C., Maziashvili, N., Dugladze, T., and Gloveli, T. (2008). Altered excitatory-
inhibitory balance in the NMDA-Hypofunction Model of Schizophrenia. Front.
Mol. Neurosci. 1:6. doi: 10.3389/neuro.02.006.2008

Kim, H. G., Kishikawa, S., Higgins, A. W., Seong, I. S., Donovan, D. J., Shen, Y., et al.
(2008). Disruption of neurexin 1 associated with autism spectrum disorder. Am.
J. Hum. Genet. 82, 199–207. doi: 10.1016/j.ajhg.2007.09.011

Kim, J., and Alger, B. E. (2010). Reduction in endocannabinoid tone is a homeo-
static mechanism for specific inhibitory synapses. Nat. Neurosci. 13, 592–600.
doi: 10.1038/nn.2517

Kirov, G., Gumus, D., Chen, W., Norton, N., Georgieva, L., Sari, M., et al. (2008).
Comparative genome hybridization suggests a role for NRXN1 and APBA2 in
schizophrenia. Hum. Mol. Genet. 17, 458–465. doi: 10.1093/hmg/ddm323

Kong, X. C., Barzaghi, P., and Ruegg, M. A. (2004). Inhibition of synapse assembly
in mammalian muscle in vivo by RNA interference. EMBO Rep. 5, 183–188. doi:
10.1038/sj.embor.7400065

Korb, E., Wilkinson, C. L., Delgado, R. N., Lovero, K. L., and Finkbeiner, S.
(2013). Arc in the nucleus regulates PML-dependent GluA1 transcription and
homeostatic plasticity. Nat. Neurosci. 16, 874–883. doi: 10.1038/nn.3429

Kraus, R. L., Sinnegger, M. J., Glossmann, H., Hering, S., and Striessnig, J. (1998).
Familial hemiplegic migraine mutations change alpha1A Ca2+ channel kinetics.
J. Biol. Chem. 273, 5586–5590. doi: 10.1074/jbc.273.10.5586

Lane, M. A., and Bailey, S. J. (2005). Role of retinoid signalling in the adult brain.
Prog. Neurobiol. 75, 275–293. doi: 10.1016/j.pneurobio.2005.03.002

Larimore, J., Tornieri, K., Ryder, P. V., Gokhale, A., Zlatic, S. A., Craige, B.,
et al. (2011). The schizophrenia susceptibility factor dysbindin and its associ-
ated complex sort cargoes from cell bodies to the synapse. Mol. Biol. Cell 22,
4854–4867. doi: 10.1091/mbc.E11-07-0592

Lawson-Yuen, A., Saldivar, J. S., Sommer, S., and Picker, J. (2008). Familial dele-
tion within NLGN4 associated with autism and Tourette syndrome. Eur. J. Hum.
Genet. 16, 614–618. doi: 10.1038/sj.ejhg.5202006

Frontiers in Cellular Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 223 | 7

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Wondolowski and Dickman Synaptic homeostasis and neurological disease

Lee, S. H., Ripke, S., Neale, B. M., Faraone, S. V., Purcell, S. M., Perlis, R. H., et al.
(2013). Genetic relationship between five psychiatric disorders estimated from
genome-wide SNPs. Nat. Genet. 45, 984–994. doi: 10.1038/ng.2711

Leung, H. T., and Ring, H. (2013). Epilepsy in four genetically determined
syndromes of intellectual disability. J. Intellect. Disabil. Res. 57, 3–20. doi:
10.1111/j.1365-2788.2011.01505.x

Lhatoo, S. D., and Sander, J. W. (2001). The epidemiology of epilepsy and learning
disability. Epilepsia 42(Suppl.), 1, 6–9. discussion: 19–20. doi: 10.1046/j.1528-
1157.2001.00502.x

Lhatoo, S. D., Sander, J. W., and Fish, D. (2001a). Temporal lobe epilepsy following
febrile seizures: unusually prolonged latent periods. Eur. Neurol. 46, 165–166.
doi: 10.1159/000050796

Lhatoo, S. D., Sander, J. W., and Shorvon, S. D. (2001b). The dynamics of drug
treatment in epilepsy: an observational study in an unselected population based
cohort with newly diagnosed epilepsy followed up prospectively over 11–14
years. J. Neurol. Neurosurg. Psychiatry 71, 632–637. doi: 10.1136/jnnp.71.5.632

Maghsoodi, B., Poon, M. M., Nam, C. I., Aoto, J., Ting, P., and Chen, L. (2008).
Retinoic acid regulates RARalpha-mediated control of translation in dendritic
RNA granules during homeostatic synaptic plasticity. Proc. Natl. Acad. Sci.
U.S.A. 105, 16015–16020. doi: 10.1073/pnas.0804801105

Marder, E., and Goaillard, J. M. (2006). Variability, compensation and home-
ostasis in neuron and network function. Nat. Rev. Neurosci. 7, 563–574. doi:
10.1038/nrn1949

Martin, B. S., and Huntsman, M. M. (2012). Pathological plasticity in fragile X
syndrome. Neural Plast. 2012, 275630. doi: 10.1155/2012/275630

Morris, D. W., Murphy, K., Kenny, N., Purcell, S. M., McGhee, K. A., Schwaiger,
S., et al. (2008). Dysbindin (DTNBP1) and the biogenesis of lysosome-related
organelles complex 1 (BLOC-1): main and epistatic gene effects are poten-
tial contributors to schizophrenia susceptibility. Biol. Psychiatry 63, 24–31. doi:
10.1016/j.biopsych.2006.12.025

Muller, M., and Davis, G. W. (2012). Transsynaptic control of presynaptic Ca(2)(+)
influx achieves homeostatic potentiation of neurotransmitter release. Curr. Biol.
22, 1102–1108. doi: 10.1016/j.cub.2012.04.018

Muller, M., Pym, E. C., Tong, A., and Davis, G. W. (2011). Rab3-GAP controls the
progression of synaptic homeostasis at a late stage of vesicle release. Neuron 69,
749–762. doi: 10.1016/j.neuron.2011.01.025

Mullin, A. P., Gokhale, A., Larimore, J., and Faundez, V. (2011). Cell biology of the
BLOC-1 complex subunit dysbindin, a schizophrenia susceptibility gene. Mol.
Neurobiol. 44, 53–64. doi: 10.1007/s12035-011-8183-3

Niks, E. H., Kuks, J. B., Wokke, J. H., Veldman, H., Bakker, E., Verschuuren, J. J.,
et al. (2010). Pre- and postsynaptic neuromuscular junction abnormalities in
musk myasthenia. Muscle Nerve 42, 283–288. doi: 10.1002/mus.21642

Numakawa, T., Yagasaki, Y., Ishimoto, T., Okada, T., Suzuki, T., Iwata, N., et al.
(2004). Evidence of novel neuronal functions of dysbindin, a susceptibility
gene for schizophrenia. Hum. Mol. Genet. 13, 2699–2708. doi: 10.1093/hmg/
ddh280

Ophoff, R. A., Terwindt, G. M., Vergouwe, M. N., van Eijk, R., Oefner, P. J.,
Hoffman, S. M., et al. (1996). Familial hemiplegic migraine and episodic ataxia
type-2 are caused by mutations in the Ca2+ channel gene CACNL1A4. Cell 87,
543–552. doi: 10.1016/S0092-8674(00)81373-2

Osborne, J. P., Fryer, A., and Webb, D. (1991). Epidemiology of tuberous sclerosis.
Ann. N. Y. Acad. Sci. 615, 125–127. doi: 10.1111/j.1749-6632.1991.tb37754.x

Penney, J., Tsurudome, K., Liao, E. H., Elazzouzi, F., Livingstone, M., Gonzalez, M.,
et al. (2012). TOR is required for the retrograde regulation of synaptic home-
ostasis at the Drosophila neuromuscular junction. Neuron 74, 166–178. doi:
10.1016/j.neuron.2012.01.030

Petersen, S. A., Fetter, R. D., Noordermeer, J. N., Goodman, C. S., and DiAntonio,
A. (1997). Genetic analysis of glutamate receptors in Drosophila reveals a retro-
grade signal regulating presynaptic transmitter release. Neuron 19, 1237–1248.
doi: 10.1016/S0896-6273(00)80415-8

Plomp, J. J., Van Kempen, G. T., De Baets, M. B., Graus, Y. M., Kuks, J. B., and
Molenaar, P. C., (1995). Acetylcholine release in myasthenia gravis: regulation
at single end-plate level. Ann. Neurol. 37, 627–636. doi: 10.1002/ana.410370513

Plomp, J. J., van Kempen, G. T., and Molenaar, P. C. (1992). Adaptation of
quantal content to decreased postsynaptic sensitivity at single endplates in
alpha-bungarotoxin-treated rats. J. Physiol. 458, 487–499.

Pozo, K., and Goda, Y. (2010). Unraveling mechanisms of homeostatic synaptic
plasticity. Neuron 66, 337–351. doi: 10.1016/j.neuron.2010.04.028

Qiu, Z., Sylwestrak, E. L., Lieberman, D. N., Zhang, Y., Liu, X. Y., Ghosh, A. (2012).
The Rett syndrome protein MeCP2 regulates synaptic scaling. J. Neurosci. 32,
989–994. doi: 10.1523/JNEUROSCI.0175-11.2012

Ross, C. A., Margolis, R. L., Reading, S. A., Pletnikov, M., and Coyle,
J. T. (2006). Neurobiology of schizophrenia. Neuron 52, 139–153. doi:
10.1016/j.neuron.2006.09.015

Rubenstein, J. L. (2010). Three hypotheses for developmental defects that may
underlie some forms of autism spectrum disorder. Curr. Opin. Neurol. 23,
118–123. doi: 10.1097/WCO.0b013e328336eb13

Ryder, P. V., and Faundez, V. (2009). Schizophrenia: the "BLOC" may be in the
endosomes. Sci. Signal. 2, pe66. doi: 10.1126/scisignal.293pe66

Ryther, R. C., and Wong, M. (2012). Mammalian target of rapamycin (mTOR) inhi-
bition: potential for antiseizure, antiepileptogenic, and epileptostatic therapy.
Curr. Neurol. Neurosci. Rep. 12, 410–418. doi: 10.1007/s11910-012-0276-5

Sakane, A., Miyoshi, J., Takai, Y., and Sasaki, T. (2008). Analysis on the emerging
role of Rab3 GTPase-activating protein in Warburg Micro and Martsolf syn-
drome. Methods Enzymol. 438, 131–139. doi: 10.1016/S0076-6879(07)38009-9

Sala, G. D., and Pizzorusso, T. (2013). Synaptic plasticity and signaling in rett
syndrome. Dev. Neurobiol. doi: 10.1002/dneu.22114. [Epub ahead of print].

Sanes, J. R., and Lichtman, J. W. (2001). Induction, assembly, maturation and
maintenance of a postsynaptic apparatus. Nat. Rev. Neurosci. 2, 791–805. doi:
10.1038/35097557

Sarti, F., Zhang, Z., Schroeder, J., and Chen, L. (2013). Rapid suppression of
inhibitory synaptic transmission by retinoic Acid. J. Neurosci. 33, 11440–11450.
doi: 10.1523/JNEUROSCI.1710-13.2013

Smoller, J. W., Craddock, N., Kendler, K., Lee, P. H., Neale, B. M., Nurnberger,
J. I., et al. (2013). Identification of risk loci with shared effects on five major
psychiatric disorders: a genome-wide analysis. Lancet 381, 1371–1379. doi:
10.1016/S0140-6736(12)62129-1

Soden, M. E., and Chen, L. (2010). Fragile X protein FMRP is required for homeo-
static plasticity and regulation of synaptic strength by retinoic acid. J. Neurosci.
30, 16910–16921. doi: 10.1523/JNEUROSCI.3660-10.2010

Sons, M. S., Busche, N., Strenzke, N., Moser, T., Ernsberger, U., Mooren, F. C.,
et al. (2006). alpha-Neurexins are required for efficient transmitter release and
synaptic homeostasis at the mouse neuromuscular junction. Neuroscience 138,
433–446. doi: 10.1016/j.neuroscience.2005.11.040

Stefani, G., Fraser, C. E., Darnell, J. C., and Darnell, R. B. (2004). Fragile X men-
tal retardation protein is associated with translating polyribosomes in neuronal
cells. J. Neurosci. 24, 7272–7276. doi: 10.1523/JNEUROSCI.2306-04.2004

Stellwagen, D., and Malenka, R. C. (2006). Synaptic scaling mediated by glial TNF-
alpha. Nature 440, 1054–1059. doi: 10.1038/nature04671

Sudhof, T. C. (2008). Neuroligins and neurexins link synaptic function to cognitive
disease. Nature 455, 903–911. doi: 10.1038/nature07456

Sutton, M. A., Ito, H. T., Cressy, P., Kempf, C., Woo, J. C., and Schuman,
E. M. (2006). Miniature neurotransmission stabilizes synaptic function via
tonic suppression of local dendritic protein synthesis. Cell 125, 785–799. doi:
10.1016/j.cell.2006.03.040

Szatmari, P., Paterson, A. D., Zwaigenbaum, L., Roberts, W., Brian, J., Liu, X. Q.,
et al. (2007). Mapping autism risk loci using genetic linkage and chromosomal
rearrangements. Nat. Genet. 39, 319–328. doi: 10.1038/ng1985

Talos, D. M., Sun, H., Zhou, X., Fitzgerald, E. C., Jackson, M. C., Klein, P. M., et al.
(2012). The interaction between early life epilepsy and autistic-like behavioral
consequences: a role for the mammalian target of rapamycin (mTOR) pathway.
PLoS ONE 7:e35885. doi: 10.1371/journal.pone.0035885

Terwindt, G. M., Ophoff, R. A., Haan, J., Sandkuijl, L. A., Frants, R. R., and Ferrari,
M. D. (1998). Migraine, ataxia and epilepsy: a challenging spectrum of genet-
ically determined calcium channelopathies. dutch migraine genetics research
group. Eur. J. Hum. Genet. 6, 297–307. doi: 10.1038/sj.ejhg.5200206

Turrigiano, G., (2012). Homeostatic synaptic plasticity: local and global mech-
anisms for stabilizing neuronal function. Cold Spring Harb.Perspect. Biol.4,
a005736. doi: 10.1101/cshperspect.a005736

Turrigiano, G. G., (2008). The self-tuning neuron: synaptic scaling of excitatory
synapses. Cell 135, 422–435. doi: 10.1016/j.cell.2008.10.008

Turrigiano, G. G., Leslie, K. R., Desai, N. S., Rutherford, L. C., and Nelson, S. B.
(1998). Activity-dependent scaling of quantal amplitude in neocortical neurons.
Nature 391, 892–896. doi: 10.1038/36103

Turrigiano, G. G., and Nelson, S. B. (2004). Homeostatic plasticity in the develop-
ing nervous system. Nat. Rev. Neurosci. 5, 97–107. doi: 10.1038/nrn1327

Frontiers in Cellular Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 223 | 8

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Wondolowski and Dickman Synaptic homeostasis and neurological disease

Viegas, S., Jacobson, L., Waters, P., Cossins, J., Jacob, S., Leite, M. I., et al. (2012).
Passive and active immunization models of MuSK-Ab positive myasthenia: elec-
trophysiological evidence for pre and postsynaptic defects. Exp. Neurol. 234,
506–512. doi: 10.1016/j.expneurol.2012.01.025

Vitureira, N., Letellier, M., and Goda, Y. (2012). Homeostatic synaptic plasticity:
from single synapses to neural circuits. Curr. Opin. Neurobiol. 22, 516–521. doi:
10.1016/j.conb.2011.09.006

Walsh, T., McClellan, J. M., McCarthy, S. E., Addington, A. M., Pierce, S. B.,
Cooper, G. M., et al. (2008). Rare structural variants disrupt multiple genes
in neurodevelopmental pathways in schizophrenia. Science 320, 539–543. doi:
10.1126/science.1155174

Wang, G., Grone, B., Colas, D., Appelbaum, L., Mourrain, P. (2011a). Synaptic plas-
ticity in sleep: learning, homeostasis and disease. Trends Neurosci. 34, 452–463.
doi: 10.1016/j.tins.2011.07.005

Wang, H. L., Zhang, Z., Hintze, M., Chen, L. (2011b). Decrease in calcium con-
centration triggers neuronal retinoic acid synthesis during homeostatic synaptic
plasticity. J. Neurosci. 31, 17764–17771. doi: 10.1523/JNEUROSCI.3964-11.2011

Wessman, M., Terwindt, G. M., Kaunisto, M. A., Palotie, A., and Ophoff, R. A.,
(2007). Migraine: a complex genetic disorder. Lancet Neurol. 6, 521–532. doi:
10.1016/S1474-4422(07)70126-6

Yan, J., Oliveira, G., Coutinho, A., Yang, C., Feng, J., Katz, C., et al. (2005). Analysis
of the neuroligin 3 and 4 genes in autism and other neuropsychiatric patients.
Mol. Psychiatry 10, 329–332. doi: 10.1038/sj.mp.4001629

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T. J., O’Shea, D. J., et al.
(2011). Neocortical excitation/inhibition balance in information processing and
social dysfunction. Nature 477, 171–178. doi: 10.1038/nature10360

Younger, M. A., Muller, M., Tong, A., Pym, E. C., and Davis, G. W. (2013). A
Presynaptic ENaC channel drives homeostatic plasticity. Neuron 79, 1183–1196.
doi: 10.1016/j.neuron.2013.06.048

Zeng, L. H., Xu, L., Gutmann, D. H., and Wong, M. (2008). Rapamycin prevents
epilepsy in a mouse model of tuberous sclerosis complex. Ann. Neurol. 63,
444–453. doi: 10.1002/ana.21331

Zhang, J. F., Randall, A. D., Ellinor, P. T., Horne, W. A., Sather, W. A.,
Tanabe, T., et al. (1993). Distinctive pharmacology and kinetics of cloned
neuronal Ca2+ channels and their possible counterparts in mammalian
CNS neurons. Neuropharmacology 32, 1075–1088. doi: 10.1016/0028-3908(93)
90003-L

Zhang, S. Y., Xu, M., Miao, Q. L., Poo, M. M., and Zhang, X. H. (2009).
Endocannabinoid-dependent homeostatic regulation of inhibitory synapses
by miniature excitatory synaptic activities. J. Neurosci. 29, 13222–13231. doi:
10.1523/JNEUROSCI.1710-09.2009

Zhao, C., Dreosti, E., and Lagnado, L. (2011). Homeostatic synaptic plasticity
through changes in presynaptic calcium influx. J. Neurosci. 31, 7492–7496. doi:
10.1523/JNEUROSCI.6636-10.2011

Zhong, X., Li, H., and Chang, Q. (2012). MeCP2 phosphorylation is required for
modulating synaptic scaling through mGluR5. J. Neurosci. 32, 12841–12847.
doi: 10.1523/JNEUROSCI.2784-12.2012

Zukin, R. S., Richter, J. D., and Bagni, C. (2009). Signals, synapses, and syn-
thesis: how new proteins control plasticity. Front. Neural Circuits 3:14. doi:
10.3389/neuro.04.014.2009

Zuo, L., Luo, X., Kranzler, H. R., Lu, L., Rosenheck, R. A., Cramer, J.,
et al. (2009). Association study of DTNBP1 with schizophrenia in a,
US. Sample. Psychiatr. Genet. 19, 292–304. doi: 10.1097/YPG.0b013e3283
2a50bc

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 25 August 2013; accepted: 03 November 2013; published online: 21
November 2013.
Citation: Wondolowski J and Dickman D (2013) Emerging links between homeostatic
synaptic plasticity and neurological disease. Front. Cell. Neurosci. 7:223. doi: 10.3389/
fncel.2013.00223
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2013 Wondolowski and Dickman. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publi-
cation in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 223 | 9

http://dx.doi.org/10.3389/fncel.2013.00223
http://dx.doi.org/10.3389/fncel.2013.00223
http://dx.doi.org/10.3389/fncel.2013.00223
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Emerging links between homeostatic synaptic plasticity and neurological disease
	Introduction
	Diseases Associated with Postsynaptic Modulation of Protein Synthesis and Homeostatic Retrograde Signaling
	Tuberous Sclerosis Complex (TSC)
	Fragile X Syndrome (FXS)

	Diseases Associated with Presynaptic Mechanisms of Homeostatic Plasticity
	Calcium Channel and Homeostatic Signaling in Migraine and Epileptic Diseases
	Myasthenia Gravis (MG)
	Warburg Micro and Martsolf Syndrome
	Schizophrenia

	Concluding Remarks
	Acknowledgments
	References


