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Abstract

Healthy neurons have an optimal operating range, coded globally by the frequency of action
potentials or locally by calcium. The maintenance of this range is governed by homeostatic
plasticity. Here, we discuss how new approaches to treat depression alter synaptic activity. These
approaches induce the neuron to recruit homeostatic mechanisms to relieve depression.
Homeostasis generally implies that the direction of activity necessary to restore the neuron’s
critical operating range is opposite in direction to its current activity pattern. Unconventional
antidepressant therapies deep brain stimulation and NMDAR antagonists alter the neuron’s
“depressed” state by pushing the neuron’s current activity in the same direction but to the extreme
edge. These therapies rally the intrinsic drive of neurons in the opposite direction, thereby
allowing the cell to return to baseline activity, form new synapses, and restore proper
communication. In this review, we discuss seminal studies on protein synthesis dependent
homeostatic plasticity and their contribution to our understanding of molecular mechanisms
underlying the effectiveness of NMDAR antagonists as rapid antidepressants. Rapid antidepressant
efficacy is likely to require a cascade of mMRNA translational regulation. Emerging evidence
suggests that changes in synaptic strength or intrinsic excitability converge on the same protein
synthesis pathways, relieving depressive symptoms. Thus, we address the question: Are there
multiple homeostatic mechanisms that induce the neuron and neuronal circuits to self-correct to
regulate mood /7 vivo? Targeting alternative ways to induce homeostatic protein synthesis may
provide, faster, safer, and longer lasting antidepressants.
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1. Introduction Engaging homeostatic mechanisms with pharmacological
intervention to treat Major Depressive Disorder

The idea of using modern medicine to push “out-of-balance” or diseased neurons to their
tipping point seems outrageous. However, basic scientists do so on a regular basis.
Experimental paradigms that induce long-lasting changes in synaptic efficacy in one
direction are used to study cellular mechanisms of learning and memory (synaptic
plasticity). Sustained extremes in neuronal activity, inherent to synaptic plasticity, eventually
cause neurons and neuronal circuits to become unstable (Davis and Goodman, 1998; Pozo
and Goda, 2010; Turrigiano and Nelson, 2000).To avoid this problem, healthy neurons
adjust their synaptic strength to maintain optimal action potential firing rates. This process is
known as homeostatic plasticity and requires dynamic molecular changes (Turrigiano,
2008).

Depression, anxiety disorders, and addiction, result from imbalanced neuronal networks
(Figure 1A) (McClung and Nestler, 2008). Such perturbations in neuronal signaling, while
severe, may not tip the scale enough for homeostatic mechanisms to kick in. Can modern
medicine capitalize on what basic science has taught us about homeostasis? In other words,
can pharmacological intervention /in vivo push neuronal activity to its limit to induce
homeostatic response that will eventually cause neurons and neuronal circuits to self-
correct? Studies on rapid antidepressant therapies (i.e. N-methyl-D-aspartate receptor
(NMDAR) antagonists argue yes (Figure 1B-C).

Are new antidepression therapies necessary?

Major Depressive Disorder (MDD) is a severe neuropathophysiology that will affect up to
17% of the population at some point during their lifetimes (Zarate et al., 2010). The most
common pharmacological therapies, selective serotonin reuptake inhibitors (SSRIs), target
the serotonergic system by blocking serotonin uptake. Unfortunately, only ~37% of
individuals afflicted with MDD experience relief from their depressive symptoms with
SSRIs (Murrough, 2012). Moreover, with continued use of SSRIs, only ~ 35-50% will go
into remission (Murrough and Charney, 2012; Rush et al., 2006; Trivedi et al., 2008; Trivedi
et al., 2006). Thus, finding new effective treatments for MDD is imperative. New therapies,
such as rapid antidepressants and deep brain stimulation, are hypothesized to work by
engaging network and cellular homeostatic mechanisms. Consequently, these therapies that
are revolutionizing depression treatment, are predicted to drive the neurons to self-correct.

What are Rapid Antidepressants?

Rapid antidepressants are antagonists of NMDARs (Table 1). NMDAR is a ligand and
voltage-gated cation channel that is best characterized for its role in shaping synaptic
strength during synaptic plasticity (Blanke and VVanDongen, 2009). Behavioral assessment
has shown that ketamine, Ro 25-6981and other FDA approved NMDAR antagonists have
remarkable efficacy in reversing treatment-resistant depression phenotypes. Additionally,
NMDAR antagonists increase synaptogenesis, suggesting that increased neuronal
communication arises from NMDAR blockade (Ibrahim et al.; Lepack et al., 2015; Li et al.,
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2010). While Trullas and Skolnick observed 25 years ago that NMDAR antagonists have
antidepressant properties in rodents, recent clinical studies on the efficacy of ketamine and
other NMDAR antagonists have renewed the field’s interest in these drugs as potential
antidepressants (Skolnick et al., 2009; Zarate et al., 2006). Still, at the molecular level, it is
uncertain as to why blocking NMDARSs relieves depressive symptoms. This review focuses
on the convergence of the clinical application of NMDAR antagonists and the basic science
of neuronal homeostasis focusing on protein synthesis-dependent pathways.

2. NMDAR antagonism leads to homeostatic plasticity

A neuron employs two forms of homeostatic responses global and local synaptic scaling to
deal with extreme high or low activity (Turrigiano, 2012). Global synaptic scaling induces a
slow, cell-wide compensation in excitatory and inhibitory receptors throughout the soma and
dendritic arbor. In contrast, local synaptic scaling occurs within hours as a response to local
activity fluctuations, allowing dendrites or groups of synapses to restore operation at an
optimal range (Queenan et al., 2012).

NMDAR subunit composition underlies the homeostatic mechanism of Metaplasticity

Metaplasticity is a form of homeostasis describing how cells or circuits reset their baseline
activity levels in response to their previous activity (Abraham et al., 2001). Metaplasticity
has been studied mostly at the circuit level, albeit it has been reported to occur at a single
synapse (Lee et al., 2010a). For example, in seminal studies that deprive rodents of light
during a critical period of visual developmental, the absence of visual input alters the
threshold for synaptic plasticity in the forms of long-term potentiation (LTP) and long-term
depression (LTD) (Kirkwood et al., 1996; Philpot et al., 2003). At the molecular level, light
deprivation induces cell-wide forms of synaptic scaling by upregulating excitatory receptors
and downregulating inhibitory receptors. Such a shift in the ratio of excitatory and inhibitory
inputs will favor excitation and is consistent with a reduced threshold to induce LTP
(Turrigiano, 2012). Interestingly, upon a short exposure to light, causing cortical activity to
rise, more excitatory synaptic input is required to induce LTP (Philpot et al., 2003). These
experiments, as well as many that have come before and after, serve as the basis for
metaplasticity (Bear, 1995).

At the molecular level, changes in NMDAR subunit composition that regulate calcium
dynamics likewise support metaplasticity (Yashiro and Philpot, 2008). NMDARs are
obligate heteromultimers consisting of an NR1 subunit in combination with NR2A-D and
NR3A-B (Glasgow et al., 2015). NR2A and B are the most critical subunits in setting the
membrane threshold (Yashiro and Philpot, 2008). NR2B-containing NMDARSs are slower to
deactivate and thus carry more calcium per unit current relative to NR2A-containing
receptors (Glasgow et al., 2015; Sobczyk et al., 2005) . A decrease in the NR2A/2B ratio, an
adjustment that appears to be seemingly modest in nature, significantly slides the threshold
to favor LTP. As expected, NR2B-containing channels are upregulated relative to NR2A in
the dark; and upon activation, allow for greater influx of calcium in spines (Yashiro and
Philpot, 2008). Thus, one would predict that blocking NR2B activity under conditions of
reduced cortical activity would provide the biggest push toward silencing synaptic activity.
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Furthermore, such a push may be sufficient to engage alternative homeostatic mechanisms to
return the neuron back to an optimal operating range.

3. Mammalian Target of Rapamycin (MTOR) serves as a thermostat in

NMDAR antagonist-induced homeostatic response

MTOR senses the functional, operating range of a neuron

How does one identify if a neuron is “out-of-range”? Is there a molecular marker whose
activity level gauges the general health of a neuron? In MDD, it has been suggested that
mTOR activity levels may serve as a molecular thermostat as it can gauge the efficacy of
antidepressant drugs (Zarate et al., 2013). mTOR is a serine/threonine kinase that controls
protein synthesis, cell growth and metabolism by sensing the levels of nutrients, growth
factors, cellular energy, and stress. mTOR is conserved from yeast to human, signifying its
critical importance in cellular homeostasis. mTOR consists of two complexes, mnTORC1 and
C2. mTORCI1 regulates protein synthesis through phosphorylation of two proteins that
regulate mRNA translation eukaryotic initiation factor 4 binding protein (elF4BP) and
ribosomal S6 kinase (Hay and Sonenberg, 2004). In the brain, mTOR mediates dendritic
protein synthesis, critical for synaptic plasticity and memory consolidation (Graber et al.,
2013).

In many diseases, mMTORC1 is often overactive or underactive, consistent with a neuron
operating outside its optimal range. For example, in epilepsy, Alzheimer’s disease, and
autism spectrum disorders including Fragile X Syndrome and Tuberous Sclerosis Complex
mTORC1 signaling is excessive (Crino, 2015; Gross et al., 2010; Pei and Hugon, 2008;
Sahin, 2012; Santini and Klann, 2011; Sharma et al., 2010; Sosanya et al., 2014; Spilman et
al., 2010; Zeng et al., 2009; Zeng et al., 2011). Furthermore in MDD and Parkinson’s
disease, mMTORC1 signaling is reduced (Fragkouli and Doxakis, 2014; Jernigan et al., 2011).
It is currently unknown how mTORCL1 gets stuck and fails to return to basal levels in these
diseases. What can be done to “unstick” mTOR activity, allowing it to return to basal levels?
Insights from NMDAR antagonists used for treating MDD may offer an answer. Several labs
have shown that mMTORC1 activity increases with a single treatment of NMDAR antagonists
in vivo. The increase in mTORCL1 is required for the antidepressant efficacy of NMDAR
antagonists (Li et al., 2010; Workman et al., 2013). In the brain, where the circuitry is intact
and the release of neurotransmitters is difficult to control, deciphering how NMDAR
blockade increases mTOR activity is challenging. Utilizing a simplified model of cultured
hippocampal neurons, where one has tight control over the activation of neurotransmitter
receptors, blockade of NMDARs with (2R)-amino-5-phosphonovaleric acid (AP5) reduces
basal mTOR activity (Workman et al., 2013). These results indeed suggest that reducing
NMDAR signaling pushes mTORC1 activity levels down and would be predicted to induce
homeostasis (Figure 1). However as mTORC1 activity remains low, the trigger for the cell to
push back and return mTORC1 activity to control levels is absent in these cultures.
Collectively, these data provide the first hint that an extrinsic factor, such as a
neurotransmitter, is necessary to restore mTORC1 activity to normal basal levels.

Brain Res. Author manuscript; available in PMC 2017 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raab-Graham et al. Page 5

NMDAR activity at rest shapes the ability of metabotropic GABAgR signaling to turn
MTORC1 activity up

What turns mTOR activity on with NMDAR blockade? One clue came from studies showing
that NMDARs and y-aminobutyric acid B receptors (GABAgR), that are metabotropic G-
protein-coupled receptor, extensively interact in a feedback loop (Guetg et al., 2010;
Terunuma et al., 2010; Workman et al., 2013). GABA is considered as the major inhibitory
neurotransmitter in the brain (Jembrek and Vlainic, 2015). Under normal physiological
conditions, GABAgRs inhibit neuronal activity through pre- and postsynaptic mechanisms.
Postsynaptically, GABAgRs mediate the slow inhibitory postsynaptic potentials via the
activation of postsynaptic, G-protein-regulated, inwardly rectifying potassium (GIRK)
channels (Padgett and Slesinger). Stimulating NMDARs in cultured hippocampal neurons
leads to endocytosis of GABARRS (Guetg et al., 2010; Terunuma et al., 2010). Likewise,
blocking NMDAR signaling /n vitro increases the dendritic surface expression of GABAgRRS
(Workman et al., 2013). This reciprocal relationship between synaptic activity and GABAgR
surface expression, at first glance, would appear to provide positive feedback less inhibition
with synaptic stimulation and more inhibition with reduced synaptic activity. Surprisingly,
NMDAR blockade causes GABAgR function to shift from signaling that opens GIRK
channels to signaling that increases dendritic Ca2* requiring L-type Ca2* channel activity
(Workman et al., 2013). This increase in Ca2*, in turn, activates mTORC1 in primary apical
dendrites that are enriched in GABAergic synapses (Megias et al., 2001; Workman et al.,
2013). Moreover, GABARR signaling through mTORCL1 promotes the synthesis of the brain
derived neurotropic factor (BDNF), which is required for new synapse formation with rapid
antidepressants (Figure 2) (Li et al., 2010; Workman et al., 2013). These results emphasize
that restoring neuronal communication leads to the sustained antidepressive efficacy of
NMDAR antagonists (Li et al., 2010; Li et al., 2011; Liu et al., 2012).

4. Rapid antidepressant efficacy requires distinct stages of neuronal
protein synthesis

Evoked versus miniature NMDAR currents

One perplexing concept regarding the effectiveness of NMDAR antagonists as rapid
antidepressant is the requirement that the membrane be depolarized for NMDARS to open.
NMDARs require the binding of two neurotransmitters, glutamate and glycine. Even in the
presence of these molecules the channel remains closed due to Mg?* blocking the ion-
conducting pathway. Depolarization of the membrane dislodges Mg2*, and facilitates the
movement of cations, particularly Ca2*, in and out of the cell (Burnashev et al., 1992).
Considering the strict biophysical properties of the channel, one would predict that NMDAR
antagonists quiet active neurons and neuronal circuits. However, some studies suggest that
the Mg2* block of NMDARSs is partial at the resting membrane potential (Reese and
Kavalali, 2015). Fortunately, since NMDAR antagonists come in many flavors,
pharmacological approaches can dissect NMDAR resting current blockade from evoked and
total NMDAR blockade. For example, MK-801, which selectively blocks open NMDARS,
and memantine, only blocks NMDARs when Mg?2* is dispelled from the pore conducting
pathway, are widely used. It is generally considered that MK-801 blocks both evoked and
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resting NMDAR currents, whereas memantine only blocks NMDARs engaged in firing
Remarkably, rodents treated with MK-801 display improvement on behavioral despairs,
while with memantine they do not (Autry et al., 2011; Gideons et al., 2014). Thus, NMDAR
antagonists that are used as rapid antidepressants (e.g. MK-801) are effective at reducing the
activity of neurons engaged in firing, as well as a population of NMDARSs that are open at
rest via spontaneous activity.

NMDAR blockade-induced translation initiates two phases of antidepressant efficacy

Studies suggest that antidepressant efficacy requires two phases induction and sustained.
While it is clear that mMTORC1-dependent protein synthesis is required for the long-lasting
effects of rapid antidepressants, the molecular changes that initiate the process remain
unclear. Does the initiation phase require protein synthesis? Work on local homeostatic
synaptic scaling demonstrates that acute blockade of spontaneous NMDAR activity
increases the miniature excitatory synaptic current (mMEPSC) mediated by the glutamate
receptor that contains a.-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 1
subtype (GluAl). Such AMPAR-mediated synaptic scaling requires de novo dendritic
protein synthesis of GIuA1 (Sutton et al., 2006).

Notably, several groups have observed increased expression of GluAl with administration of
NMDAR antagonists /n vivo (Autry et al., 2011; Li et al., 2010; Nosyreva et al., 2013;
Workman et al., 2013). A separate set of studies have also demonstrated that blocking
spontaneous NMDAR activity increases evoked AMPAR-mediated synaptic potentiation in
the CAL region of hippocampal slices. This form of potentiation was sustained and further
amplified an hour after the antagonist had been washed away (Nosyreva et al., 2013).
Interestingly in a BDNF knockout mouse, the initial synaptic potentiation due to NMDAR
antagonists was present and similar to wildtype slices; however, the sustained potentiation
was absent. In contrast, the inclusion of a protein synthesis inhibitor blocked the early and
sustained potentiation induced by NMDAR blockade, indicating a requirement for protein
synthesis in both plasticities (Nosyreva et al., 2013). These results confirm the necessity of
BDNF for the long-lasting effects on synaptic potentiation due to NMDAR blockade and
perhaps hint at a separate requirement for protein synthesis for the initial potentiation phase.

If MTORC1 activity mediates translation of mMRNAs that are required for the sustained
antidepressant effects of NMDAR antagonists, what mediates protein synthesis in the
initiation phase? Schuman and colleagues proposed that Ca2* entry through open NMDARSs
promotes the kinase activity of the eukaryotic elongation factor 2 kinase (eEF2K), which
inhibits eEF2 an elongation factor that promotes global mRNA translation. As they had
predicted, NMDAR blockade with AP5 in the presence of tetrodotoxin (TTX), which
inhibits action potential, reduced Ca2* entry, inactivated eEF2K, and increased local protein
synthesis. These results led the authors to conclude that NMDAR-mediated mEPSCs inhibit
local protein synthesis (Sutton et al., 2006; Sutton and Schuman, 2006; Sutton et al., 2004).
These studies, for the first time, assigned a function to spontaneous release and mEPSCs, as
a critical regulator of homeostatic protein synthesis (Sutton et al., 2004). In light of MDD,
do NMDAR-mediated mEPSCs occur more often or have a greater impact in “depressed”
neurons or neuronal circuits? There is no direct experimental evidence that addresses this
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question. However, work on rapid antidepressants demonstrates that eEF2-dependent
translation is upregulated with NMDAR antagonists /7 vivo. Furthermore, NMDAR-
antagonist-induced antidepressant response can be bypassed completely by treating rodents
with drugs that directly activate eEF2 (Autry et al., 2011).

5. NMDAR antagonists induce structural homeostasis that correlates with

antidepressant efficacy

One of the most striking effects of rapid antidepressants is increased spine density (Ohgi et
al., 2015). Dendritic spines are the primary location of excitatory synapses in the adult brain.
Spine shape, size, and number vary over the normal lifetime of an individual, and many
neuropathologies display atypical spine distribution, shape, and number (Bourne and Harris,
2008). Structural homeostasis is defined by neuronal architecture changes in response to
long-term fluctuations in activity (Yin and Yuan, 2014). Over the years, sensory paradigms
that prompt homeostatic plasticity also induce morphological changes in spines (Butz et al.,
2009; Keck et al., 2011). For example, sensory deprivation results in enlarged spine heads
and increased postsynaptic AMPAR expression (Keck et al., 2013; Wallace and Bear, 2004).
Moreover, whisker trimming paradigms that reduce sensory inputs to the cortex decreased
spine elimination (Zuo et al., 2005).

In 1999, Kirov and Harris found that blocking NMDARSs in an acute hippocampal slice
preparation significantly increased the spine density in dendrites (Kirov and Harris, 1999).
Duman and colleagues, a decade later, also reported that NMDAR antagonism increased
dendritic spines /in vivo by using mice that sparsely expressed yellow fluorescent protein in
the prefrontal cortex (Li et al., 2010; Li et al., 2011). With new synapse formation one would
expect increased pre- to postsynaptic signaling. As predicted, mEPSC frequency in layer
[1/111 cortical neurons increased 24 hours post-rapid antidepressant injection (ketamine or Ro
25-6981) (Miller et al., 2014).

mMTOR mediates NMDAR antagonist-induced spine formation

MTOR activity increases spine density. In neurons with hyperactive mTOR signaling,
elevated spine number can be reduced with the mTORCL1 inhibitor rapamycin (Tavazoie et
al., 2005). It has been suggested that mMTORC1-dependent protein synthesis is required for
new spine formation and may be the key link for remission from depression (Li et al., 2010;
Li et al., 2011). In support of this view, direct rapamycin infusion into the prefrontal cortex
prevents the ketamine-induced increase in spine number (Li et al., 2010; Li et al., 2011). Of
note, BDNF, which is translated via eEF2 and mTORC1, is necessary for the increased
expression, maturation and stability of spines (Bennett and Lagopoulos, 2014). In light of
how BDNF is translated, speculations abound that BDNF synthesis is required for the
expression of the early and late phases of NMDAR antagonist-mediated antidepressant
response, whereby the “early” synthesized BDNF is secreted to act upon postsynaptic TrkB
receptors that bind BDNF with high affinity (Autry et al., 2011). Upon BDNF binding, TrkB
signals cascade to turn mTOR on (Kavalali and Monteggia, 2012, 2015; Takei et al., 2004).
BDNF secretion from the postsynaptic neuron is likely to require L-type calcium activity,
perhaps through the activation of GABAgRS (Lepack et al., 2015; Workman et al., 2013).
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Further work is needed to test this hypothesis and to identify the intermediate events that
lead to new synapse formation. In spite of incomplete mechanistic details, these data suggest
that altering neuronal activity with natural stimuli such as light, experimentally with whisker
trimming, or pharmacologically with NMDAR antagonists promotes changes in spine shape,
size and density to maintain homeostasis.

6. Evidence for alternative ways of inducing homeostatic plasticity to

remedy depression

Intrinsic Excitability

If NMDAR antagonists exert their action by lowering synaptic activity to engage
homeostatic mechanisms, then directly altering ion channel function or density (intrinsic
excitability) of the dendritic membrane may serve the same function as NMDAR
antagonism. For example, knockdown of the HCN1 channel produces an antidepressant
behavioral phenotype and increases mMTOR and BDNF, two molecular mediators of rapid
antidepressant efficacy (Kim et al., 2012). While ketamine is best known for its ability to
block NMDARs, it has been shown to also block HCN channels (Chen et al., 2009).
Moreover, as mentioned above, switches in receptor-channel signaling are involved in
formation and reversal of depressive symptoms. Specifically upon NMDAR antagonism,
GABAGgR signaling to GIRK channels decreases while L-type channel activity increases.
This switch in turn enhances mTOR activity and BDNF expression (Workman et al., 2013).
Blocking the decoupling of GABAgR from GIRK in the presence of NMDAR antagonists
restores GABAgR-mediated hyperpolarization and prevents rapid antidepressant efficacy /n
vivo (Workman et al., 2015). Interestingly, sleep deprivation also mediates a rapid
antidepressant effect (McClung, 2007). In fruit flies, a screen designed to find mutants with
a short sleeping phenotype identified the shaker locus (Kv1) (Cirelli et al., 2005), a channel
whose expression is repressed by mTORC1 activity (Niere et al., 2016; Raab-Graham et al.,
2006; Sosanya et al., 2015a; Sosanya et al., 2015b; Sosanya et al., 2013). It will be
interesting if like HCN, reduced levels of Kv1.1 feedback to increase mMTORC1/BDNF
signaling resulting in antidepressant behaviors. All in all, these findings suggest that changes
in intrinsic excitability can regulate the mTOR/BDNF antidepressant pathway.

Regulation of Autophagy

Aberrant autophagy has been suggested to underlie depression (Abelaira et al., 2014).
Autophagy is triggered when the cell is deprived of nutrients or placed in stressed conditions
and serves to recycle organelles, clear protein aggregates, and eliminate non-essential
macromolecules in order to aid in cell survival. In certain cases, cell signaling events that
induce autophagy eventually lead to apoptosis (Marino et al., 2014). Tissue studies in human
and animal models have shown that depression is characterized by the loss of neural and
glial cells due to chronic stress (Banasr and Duman, 2008; Krishnan and Nestler, 2008;
Pittenger and Duman, 2008). Various stress paradigms in rats have been shown to upregulate
levels of pro-apoptotic proteins that are released through mitochondrial outer membrane
permeablization as well as the release of caspase 3 (Bachis et al., 2008; Kosten et al., 2008).
Furthermore, a transcriptome-wide profile of post-mortem human prefrontal cortex brain
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tissue from 14 pairs of subjects analyzed by microarray revealed the over-expression of
apoptosis factors and inflammatory cytokines (Shelton et al., 2011). Notably, antidepressants
have been shown to upregulate levels of anti-apoptotic proteins, particularly members of the
Bcl-2 family involved in the suppression of mitochondrial outer membrane permeabilization,
a key step in the intrinsic apoptosis pathway (McKernan et al., 2009).

mTOR is known to control the homeostasis between cell growth (synthesis of new
molecules) and autophagy (breakdown of current cell structures and macromolecules).
mMTOR is a negative regulator of autophagy but its mechanism of control is poorly
understood. mTOR phosphorylation of ULK1 prevents activation of the ULK1 complex, a
regulator of autophagy and inducer of apoptosis (Ganley et al., 2009; Jung et al., 2009; Lee
and Tournier, 2011; Mukhopadhyay et al., 2015). Importantly, a reduction in both
phosphorylation and expression of components of the mTOR signaling pathway has been
observed in a postmortem examination of prefrontal cortex tissue obtained from depressed
subjects in a series of studies. These proteins include NR2A, NR2B, mGIuR5, PSD-95 as
well as mTOR and its downstream targets involved in the control of translation p70SKS6,
elF4E, p-elF4E, elF4B, and p-elF4B (Deschwanden et al., 2011; Feyissa et al., 2009;
Jernigan et al., 2011). All of this suggests an important role for mTOR in the homeostatic
balance between autophagy and protein synthesis that may be relevant in the context of
depression.

Finally, the NMDAR antagonists, 3-methyladenine (3-MA) and Ro-25-6981, have been
shown to suppress the induction of autophagy and neuronal cell death (Bigford et al., 2009;
Sadasivan et al., 2010; Xin et al., 2011). Bigford and colleagues demonstrated that
Ro-25-6981 blocked the induction of autophagy and lowered the levels of autophagic
proteins both /n vitro and /n vivo. This and previously discussed work suggest the possibility
that the Ro-25-6981-mediated repression of NR2B signaling may by neuroprotective
through the mTOR pathway. Thus, mTOR may be uniquely positioned (1) to promote the
growth of new spines, (2) to regenerate dendritic architecture through protein synthesis, and
(3) to suppress autophagy-mediated apoptosis in neurons injured by chronic stress (Jia and
Le, 2015). Future studies will be needed to determine the manner in which NR2B-specific
antagonists are able to trigger these effects.

7. Perspectives and Open Questions

Insight into depression and antidepressant therapies through the identification of proteins
synthesized when mTORCL1 is inhibited

Avre there other ways to coax the compromised or diseased neuron to self-correct? Clues
may come from recent work that examines dendritic protein synthesis in the presence of the
mTORC1 inhibitor rapamycin /n vivo (Niere et al., 2015). While the role of mMTORC1
activity to promote translation of mMRNAs is grounded in its established function of
phosphorylating elF4BP and ribosomal S6 kinase (Hay and Sonenberg, 2004), a few studies
suggest a separate and likely just as important role for mTORCL activity in repressing
mMRNA translation of specific transcripts (Niere et al., 2015; Raab-Graham et al., 2006;
Sosanya et al., 2013). Interestingly, Niere et al., using the unbiased approach of mass
spectrometry, demonstrates that the number of proteins that increase at the synapse with
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mTORC1 inhibition is approximately equal in number to those whose expression is reduced
(Niere et al., 2015). Is it possible that some of these MRNAs are homeostatic in nature, and
that the proteins they encode may predispose the neuron to turn mTORC1 back on? Notably,
some of the proteins that are synthesized with brief mTORC1 inhibition overlap with
proteins previously associated with depression and antidepressant properties (Figure 3A-C
(Aragam et al., 2011; De Vry et al., 2016; Dekker et al., 2012; Dlugos et al., 2009; Fatemi et
al., 2001; Galeotti and Ghelardini, 2011; Gatt et al., 2015; Gray et al., 2015; Lee et al.,
2010b; Liu et al., 2015; Luo et al., 2010; Ogawa and Kunugi, 2015; Ray et al., 2014;
Rietschel et al., 2010; Sakaida et al., 2013; Shyn et al., 2011; Skoog et al., 2015; Stachowicz
et al., 2015; Tadic et al., 2007; Unschuld et al., 2009; Wagner et al., 2015; Yoshimasu et al.,
2015)). For example, Homer 1a was found to be upregulated in several paradigms of
antidepression therapy including sleep deprivation, electroconvulsive shock, ketamine,
imipramine, and fluoxetine (Serchov et al., 2015). Moreover, the Homer1 knockout mouse
displays phenotypes consistent with anxiety and depression (Szumlinski et al., 2005). To
date, it is unclear as to what protein synthesis pathways and translation factors are utilized to
translate these homeostatic mMRNAs. One would predict that eEF2 is involved but may not be
the only factor. Notably, eEF2 is a protein whose expression is differentially regulated by
mTORC1 activity, in a subcellular specific manner (Figure 3c). Is synthesis of eEF2 protein
required to turn mTORCL activity on with NMDAR blockade (Figure 2)? Such a result
would suggest that additional translational mechanisms upstream of eEF2 are required for
antidepressant efficacy. Nevertheless, coordinated stages of protein synthesis utilizing
different translational mechanisms such as eEF2 and mTORC1 are required for rapid
antidepressant efficacy, and mTORC1-dependent translation of BDNF is critical for the
sustained effects of NMDAR antagonists (Lepack et al., 2015).

The unexplored role of RNA-binding proteins in rapid antidepression therapy

Targeting new protein synthesis pathways as a means to treat depression is a relatively new
idea. As noted above, protein synthesis of specific proteins is orchestrated to mediate short-
and long-term effects. Spatial accumulation of MRNAs in dendrites is widely believed to be
a mechanism that regulates temporal gene expression. Cis-acting elements such as
noncoding RNAs and RNA binding proteins (RBP) reversibly bind to the mRNA and ensure
that the message is made into protein only when needed (Fernandez-Moya et al., 2014).To
date, little work has been done to determine the role of RNA binding factors in
antidepression efficacy. Considering the importance of new synaptic connections, RBPs that
regulate synapse structure and function are likely to be important for long-lasting
antidepressant effects with NMDAR antagonism. Here we will highlight some of the RBPs
that are critical for new synapse formation and synaptic scaling.

NMDAR-mediated RNA granule formation—mRNA-silencing foci are RNA granules
that contain silenced mRNAs and RBPs that repress translation. Distinct mRNA-silencing
foci are formed and dispersed with different forms of synaptic plasticity (Thomas et al.,
2014). One particular foci that forms with NMDAR stimulation is the synaptic XRN1 bodies
(SX-bodies). While XRNL1 is an RBP that is best known for its role in mRNA decay, SX-
bodies lack decapping activity and therefore serve to sequester mRNAs (Luchelli et al.,
2015). Since these bodies increase upon NMDAR stimulation, it is interesting to ask, what
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happens to SX-bodies with NMDAR antagonism? Moreover, are the sequestered mMRNAS
needed for the induction of rapid antidepressant efficacy?

MRNA trafficking—A network of RBPs have been implicated in dendritic and synapse
morphology. Remarkably, there is little functional redundancy among them. A single
knockdown or a mutation in any one RBP disrupts translational regulation of its target
mRNAS resulting in dendritic/spine defects. Some of the most compelling data for the
importance of RBPs in synapse formation is the knockdown of the RBPs that affect mMRNA
trafficking (Doyle and Kiebler, 2011). The Staufen proteins are best known for their role in
mRNA trafficking into the dendrites and are required for synaptic plasticity (Tang et al.,
2001).

Knockdown of Stau2 results in 40% fewer mRNAs in dendrites that are retained in the soma.
Moreover, Stau2-knockdown neurons show a significant reduction in synapse number
(Goetze et al., 2006). Many depression studies have examined total mMRNA expression;
however synaptic changes in mRNA levels may be obscured. To the best of our knowledge,
none have examined synaptic mRNA levels. Future studies regarding RBP-mediated mRNA
trafficking deficits with MDD and with rapid antidepressant treatment are needed.

Dendrite and Spine Morphology

Neurodegenerative diseases with synaptic deficiencies may serve as a clue as to which RBPs
may be required for new synapse formation with rapid antidepressants. For example,
mutations in two nuclear proteins TAR DNA-binding protein 43 (TDP-43) and fused in
sarcoma (FUS) are associated with frontotemporal dementia and amyotrophic lateral
sclerosis (ALS). Newly discovered roles for TDP-43 and FUS in dendritic branching and
synapse formation, respectively, are emerging (Lu et al., 2009; Sephton et al., 2014). For
example, FUS accumulates in dendritic spines to regulate morphology upon mGIuR5
stimulation (Fujii and Takumi, 2005). Mutations in FUS result in reduced dendritic
branching and spine maturation (Sephton et al., 2014). One might predict that even modest
changes in the expression or subcellular localization of TDP-43 and FUS may contribute to
the observed synaptic dysfunction, synapse loss, and neuronal atrophy in MDD.

Synaptic Scaling

Two RBPs have been implicated in homeostatic synaptic scaling, the retinoic acid receptor
(RAR) a and fragile X mental retardation protein (FMRP). Both RBPs repress translation of
their target MRNAs. During synaptic scaling the increase in GIuA1 synthesis arises from the
upstream intracellular synthesis of retinoic acid (RA), which in turn, causes dissociation of
RARa from GIuA1 mRNA, allowing it to be translated (Aoto et al., 2008). Interestingly,
Soden and Chen demonstrated that AMPAR-mediated synaptic scaling is absent in CA1
hippocampal neurons of Fmr1 knockout mouse. Moreover, RA-induced mRNA translation
of GIuAl, GIuA2, and eEF2 observed in hippocampal neurons isolated from wildtype mice
does not occur in Fmr1 knockout neurons (Soden and Chen, 2010). How FMRP regulates
RA-induced synaptic scaling is still an open question. Furthermore, it is unknown whether
FMRP- and RA-mediated mRNA translation is required for the rapid antidepressant efficacy
induced by NMDAR antagonists.
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The RBPs discussed here is a representative sample of RBPs that may be essential to restore
proper communication between neurons that will relieve depressive symptoms. Many more
are likely to be required. Future work examining the roles of RBPs with NMDAR
antagonists is therefore crucial. Moreover, targeting specific RBPs may be critical in
revealing more specific therapies for MDD.

8. Conclusion

Rapid antidepressants activate local homeostatic processes. The efficacy of these drugs relies
on their ability to engage homeostatic mechanisms that trigger protein synthesis pathways.
Interestingly the antidepressant efficacy remains long after the drug has left the patient’s
system (Abdallah et al., 2015). The acute dose of NMDAR antagonists engages numerous
synaptic mechanisms that produce a sustained and lasting increase in synaptic connections
that require protein synthesis. Perhaps these new synapses can reestablish an activity state in
the brain that remediates a depressed system. Utilizing native mechanisms of homeostasis,
rapid antidepressants offer a novel treatment that may have many applications outside of
MDD.
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Highlights
. Herein, we review seminal studies on protein synthesis dependent
homeostatic plasticity underlying the effectiveness of NMDAR
antagonists as rapid antidepressants.
. Rapid antidepressant efficacy is likely to require a cascade of mMRNA

translational regulation.

discussed.
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Figure 1. Model for rapid antidepressant activation of homeostatic mechanisms
(A) MDD leads to a network that is outside of the ideal homeostatic range, as indicated by

the out of balance scale. (B) NMDAR antagonists (green circle) pushes the network further
outside the ideal range activating homeostatic mechanisms (C) that result in relief from
MDD and remission (D).
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Figure 2. Cartoon describing molecular pathways triggered by NMDAR antagonists
(left panel) Activation of GABAgRs signal to open GIRK channels reducing dendritic

calcium levels. Calcium entry through NMDARSs activates the translation elongation factor
kinase eEF2K that in turn phosphorylates eEF2, inhibiting global translation. (right panel) In
the presence of NMDAR antagonists GABARgR signaling shift to facilitating L-type calcium
channel activity and activates mTOR-dependent protein synthesis. This requires the protein
synthesis and insertion of new GABARgRS into the dendritic membrane. What RNA binding
protein (RBP) mediates GABAgR mRNA repression (left) and or translation (right) is an
open question. In addition, Reduced NMDAR signaling to eEF2K increases the activity of
eEF2 allowing for global translation. eEF2 protein expression increases when mTOR
activity is reduced. If new eEF2 mRNA translation and the RBPs that regulate its expression
is unknown.
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Figure 3. Protein expression regulated by mTORCL1 activity overlap with depression
(A) Venn diagram illustrating several proteins identified by mass spectrometry of synapses

with brief /n vivomTORCL inhibition overlap with proteins associated with depression. (B)
Heat map of 16 overlapping proteins in the postsynaptic density fraction (P) and soluble
fraction (S) of synaptoneurosomes isolated from cortices of control and rapamycin injected
rats. Note, many of those proteins increase with mTORC1 inhibition (yellow). (C) Heat map
of EEF2, demonstrating increased expression in soluble fraction of synaptoneurosomes with
brief mMTORCL inhibition. Data obtained from Niere et al., 2015 and (Aragam et al., 2011,
De Vry et al., 2016; Dekker et al., 2012; Dlugos et al., 2009; Fatemi et al., 2001; Galeotti
and Ghelardini, 2011; Gatt et al., 2015; Gray et al., 2015; Lee et al., 2010b; Liu et al., 2015;
Luo et al., 2010; Ogawa and Kunugi, 2015; Ray et al., 2014; Rietschel et al., 2010; Sakaida
etal., 2013; Shyn et al., 2011; Skoog et al., 2015; Stachowicz et al., 2015; Tadic et al., 2007;
Unschuld et al., 2009; Wagner et al., 2015; Yoshimasu et al., 2015) for bioinformatics
analysis.
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Table 1
Homeostatic Response to NMDAR antagonism
Mechanism NMDAR antagonist  Brain Region Effect References
AP5 HPC Induces GABAgR shift from Workman et
opening K channels to facilitating ~ al 2013
L-type calcium channel activity
HPC Potentiates AMPAR-mediated Nosyreva et
evoked neurotransmission at rest al 2014
Ketamine HPC Low-dose ketamine promotes Akinfiresoye
low-dose AMPA-induced and Tizabi,
synaptogenesis (synapsin) 2013
Plasticity PFC Increases of spine number Li etal 2010
PFC Increases serotonin-induced EPSC  Li et al 2010
MK-801 PFC Switches HPC-induced LTD to Thomases et
LTP al 2014
Ro-25-6981 HPC Rescues LTP and gamma Hanson et al
oscillation in LTP-deficient 2013
Tn65DN mouse
HPC Impairs gamma oscillation in Hanson et al
normal mouse 2013
Structural Plasticity Ketamine PFC Promotes spine growth Lietal 2011
AP5 HPC cultures 14-3-3 eta decouples GABAgRS Workman et
from GIRK channels al 2015
Intrinsic excitability Ketamine Cortex Inhibits in 1, current in layer 5 Chen et al.,
cortical pyramidal cells 2009
HPC Knockdown of HCNL1 in the Kim et al.,
dorsal hippocampal produced 2012
antidepressant-like behaviors in
the FST, similar to ketamine
injected rats
AP5 HPC cultures Increases expression of HDAC4 Chenetal
mRNA and protein 2014
Ketamine IC Increases expression Homerla Bartolomeis
mMRNA etal 2013
AC, SS Increases expression of Arc Bartolomeis
mMRNA etal 2013
CcP Decreases expression of PSD95 Bartolomeis
o mMRNA etal 2013
Transcription
MC Decreases expression of Homerlb  Bartolomeis
mMRNA etal 2013
MK-801 CP Decreases expression of PSD95 Bartolomeis
mMRNA etal 2013
HPC astrocyte cultures  Increases expression of BDNF, Yuetal
GFAP and TrkB mRNAs 2015
Ketamine HPC, FC Increases expression of BDNF Autry et al
2011
Translation (eEF2-dependent /Global) MK-801 HPC Increases expression of BDNF ,ZO\SJltiy etal
HPC, FC Increases expression of Arc Autry etal
2011
. AP5 HPC cultures Baclofen promotes expression of Workman et
Translation (mTOR-dependent) BDNF al 2013
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Mechanism NMDAR antagonist Brain Region Effect References
Ketamine PFC Increases expression of synaptic Li et al 2010
proteins (GluA1, PSD95,
Synapsin 1)
AP5 HPC cultures Increases expression of Workman et
GABAgR?2 protein al 2015
Translation (unknown mechanism) )
Ro-25-6981 HPC Increases expression of Workman et
GABAgR?2 protein al 2015
AP5 HPC cultures Increases expression of pro- Chen et al
apoptotic genes expression 2014
Apoptosis
Ro-25-6981 CTX Delays the expression of TBI- Bigford et al
induced autophagic proteins 2009
Autophagy Neuronal cultures Inhibits glutamate excitotoxicity- Bigford et al
induced cell death 2009

Brain Res. Author manuscript; available in PMC 2017 September 15.



	Abstract
	1. Introduction Engaging homeostatic mechanisms with pharmacological intervention to treat Major Depressive Disorder
	Are new antidepression therapies necessary?
	What are Rapid Antidepressants?

	2. NMDAR antagonism leads to homeostatic plasticity
	NMDAR subunit composition underlies the homeostatic mechanism of Metaplasticity

	3. Mammalian Target of Rapamycin (mTOR) serves as a thermostat in NMDAR antagonist-induced homeostatic response
	mTOR senses the functional, operating range of a neuron
	NMDAR activity at rest shapes the ability of metabotropic GABABR signaling to turn mTORC1 activity up

	4. Rapid antidepressant efficacy requires distinct stages of neuronal protein synthesis
	Evoked versus miniature NMDAR currents
	NMDAR blockade-induced translation initiates two phases of antidepressant efficacy

	5. NMDAR antagonists induce structural homeostasis that correlates with antidepressant efficacy
	mTOR mediates NMDAR antagonist-induced spine formation

	6. Evidence for alternative ways of inducing homeostatic plasticity to remedy depression
	Intrinsic Excitability
	Regulation of Autophagy

	7. Perspectives and Open Questions
	Insight into depression and antidepressant therapies through the identification of proteins synthesized when mTORC1 is inhibited
	The unexplored role of RNA-binding proteins in rapid antidepression therapy
	NMDAR-mediated RNA granule formation
	mRNA trafficking

	Dendrite and Spine Morphology
	Synaptic Scaling

	8. Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

