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Abstract

Ketamine exerts rapid antidepressant action in depressed and treatment resistant depressed patients 

within hours. At the same time, ketamine elicits a unique form of functional synaptic plasticity 

that shares several attributes and molecular mechanisms with well-characterized forms of 

homeostatic synaptic scaling. Lithium is a widely used mood stabilizer also proposed to act via 

synaptic scaling for its antimanic effects. Several studies to date have identified specific forms of 

homeostatic synaptic plasticity that are elicited by these drugs used to treat neuropsychiatric 

disorders. In the last two decades extensive work on homeostatic synaptic plasticity mechanisms 

have shown they diverge from classical synaptic plasticity mechanisms that process and store 

information, and thus present a novel avenue for synaptic regulation with limited direct 

interference with cognitive processes. In this article, we discuss the intersection of the findings 

from neuropsychiatric treatments and homeostatic plasticity studies to highlight a potentially 

wider paradigm for treatment advance.

Introduction

The National Institute of Mental Health estimates 21.4% of U.S. adults experience a mood 

disorder, these include Major Depressive Disorder or Bipolar Disorder, at some point in their 

lives (https://www.nimh.nih.gov/health/statistics/any-mood-disorder.shtml). Identification of 

rapid acting treatments with predictable outcomes for these disorders is an urgent societal 

need. Since the middle of the 20th century, neuropharmacological treatments primarily 

targeting monoaminergic neurotransmission have reached the clinic with varying degrees of 

efficacy for the treatment of certain mood disorders. While existing treatments are effective 

in some patients in their ability to alleviate symptoms and improve the quality of life, they 

are ineffective in other patients and have raised the possibility that better understanding their 

mechanisms of action may lead to the identification of approaches with wider applicability 

and fewer side effects (Monteggia et al., 2014). While a large number of studies have 
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focused on neuronal mechanisms that underlie neuropsychiatric drug action the findings 

have not had a major impact on treatment advance.

The unexpected discovery that ketamine exerts rapid antidepressant action provides an 

opportunity to identify specific synaptic substrates that are key to triggering antidepressant 

effects, which may ultimately serve as new targets for drug development. In the past decade, 

clinical studies have demonstrated that intravenous administration of a low dose of ketamine 

triggers a rapid antidepressant response in patients with major depression including 

treatment resistant depression and bipolar depression (Berman et al, 2000; Zarate et al., 

2006; Price et al., 2009; Daly et al., 2018). As classical monoaminergic antidepressants 

typically take several weeks to exert antidepressant effects, their mechanism of action has 

been posited to involve long-term processes that rewire neuronal circuits and are dependent 

on transcriptional processes as well as chromatin remodeling (Nestler et al., 2000). In 

contrast, ketamine exerts its action within hours, shortly after its clearance, thus indicating a 

fundamentally different mechanism of action. Ketamine’s ability to exert rapid 

antidepressant effects indicates that major symptoms of depression can be alleviated without 

a requirement for substantial circuit rewiring. The fast-acting nature of ketamine action 

provides an opportunity to elucidate the types of acute synaptic plasticity changes that can 

be recruited to counter depression symptoms. Multiple studies from our group as well as 

others have demonstrated that ketamine administration elicits a unique form of synaptic 

plasticity that shares several attributes and molecular mechanisms that were previously 

identified in homeostatic synaptic scaling (Kavalali and Monteggia, 2012; Kavalali and 

Monteggia, 2015). Recent studies have started to examine synaptic plasticity processes 

elicited by lithium, a well-documented mood stabilizer used for the treatment of bipolar 

disorder. While lithium administration takes several weeks to exert its mood stabilizing 

effects, rather unexpectedly it has been shown to induce specific effects on homeostatic 

synaptic scaling (Gideons et al., 2017). In this article, we examine recent findings 

demonstrating that ketamine and lithium, two well documented treatments for mood 

disorders, trigger homeostatic plasticity mechanisms and discuss the intriguing possibility 

that these homeostatic forms of synaptic plasticity mediate the therapeutic effects of these 

drugs and may be viable targets for the treatment of mood disorders.

A Comparison of Adaptive versus Homeostatic Forms Plasticity

Acute and chronic alterations in the environment can induce various forms of plasticity in 

neuronal networks. Some forms of plasticity act in an adaptive fashion where changes in 

neuronal excitability or synaptic strength follow the direction of the manipulation and thus 

act to reinforce the demand imposed on the system via positive feedback regulation of 

neuronal or synaptic biophysical parameters (Figure 1). An example of such adaptive 

regulation occurs with short-term synaptic plasticity and presynaptic function and is 

observed in numerous biological systems. Studies in mammalian central synapses and 

invertebrate neuromuscular junction preparations have shown that synaptic release dynamics 

can be converted from tonic to phasic (or vice versa) in response to chronic changes in 

activity to meet or adjust to the demands in neurotransmitter release output (Lnenicka and 

Atwood, 1985, Lnenicka et al., 1986; Reid et al., 2003; Virmani et al., 2006). In these forms 

of plasticity, neuronal activity or synaptic efficacy diverge from their initial set point to adapt 
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to the extrinsic influences. In many respects, classical Hebbian forms of plasticity can be 

considered within this context as synaptic efficacy increases — as in the case of Long Term 

Potentiation (LTP) — or weakens — as in the case of Long Term Depression (LTD) — 

based on the strength of the incoming neuronal activity (Bienenstock et al., 1982; Malenka 

and Bear, 2004).

In addition to the forms of plasticity guided by positive feedback regulation, studies in the 

last two decades uncovered an array of mechanisms that counter global changes in neuronal 

network activity or alterations in synaptic inputs by adjusting synaptic strengths in a 

negative feedback manner to bring neuronal activity patterns back to their initial set point 

(Turrigiano et al., 1998; Styr et al 2019; Turrigiano and Nelson, 2004). These homeostatic 

plasticities respond to deviations from specific network activity patterns by triggering a 

negative feedback response. In this way, they either directly adjust neuronal excitability, to 

counter environmental or cell autonomous challenges (such as genetic mutations), or up- or 

down-regulate synaptic weights on a given neuron by a multiplicative factor in a process 

commonly referred to as “synaptic scaling”. During these forms of plasticity, synaptic 

weights are scaled up or down to counter the chronic activity levels detected in the cell. As a 

rule, “homeostatic synaptic scaling” is expected to preserve relative strengths of synapses 

and not alter the “information” content of synaptic inputs (Figures 1 and 2). This feature of 

homeostatic synaptic scaling makes it a desirable target for the treatment of nervous system 

disorders as the cognitive functions — that are thought to rely on relative values of synaptic 

weights — are expected to be minimally impaired.

Homeostatic Synaptic Plasticity Exists in Multiple Forms

Homeostatic synaptic scaling comprises a specific form of homeostatic synaptic plasticity 

where in response to long-lasting changes in neuronal activity quantal amplitude of all 

synapses onto a postsynaptic neuron are scaled up or down in a multiplicative manner. In 

mammalian central synapses scaling can be assessed using rank order plots of postsynaptic 

quantal amplitudes where unitary synaptic amplitudes (typically carried out by α-amino-3-

hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors) line up in a linear fashion 

and the slope increases or decreases without a significant change in the shape of the linear 

plot (Figure 2 and 3) (Turrigiano et al., 1998, Kim et al., 2012). This linear transformation is 

critical as it preserves the relative strengths of synaptic inputs. In this manner, neurons are 

expected to alter the strength of incoming synaptic inputs to arrive at a specific set point of 

action potential firing or metabolic activity (Styr et al 2019).

In contrast to synaptic scaling, homeostatic or negative feedback responses to chronic 

alterations in network activity may also involve presynaptic forms of plasticity (Murthy et 

al., 2001, Jakawich et al., 2010) possibly via retrograde regulation following postsynaptic 

signaling (Jakawich et al., 2010; Lindskog et al., 2010). However, presynaptic alterations in 

synaptic strength — typically based on changes in presynaptic release probability — violate 

the “scaling” rule as they do not necessarily preserve the relative strengths of postsynaptic 

efficacy. This is a critical distinction between pre- versus postsynaptic forms of homeostatic 

plasticity as alterations in presynaptic release probability not only up- or downregulate 

synaptic strength but also alter its frequency response thus modifying information 
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processing dynamics in a synapse (Tsodyks and Markram, 1997). Thus, presynaptic forms 

of plasticity do not necessarily preserve relative strengths of synaptic input and may interfere 

with the transfer of information (Turrigiano and Nelson, 2004).

Early studies identified neuron wide activity as a key regulator of incoming synaptic inputs. 

However, subsequent work in a variety of systems —including hippocampal neurons, 

embryonic spinal cord, and the drosophila neuromuscular junction —also revealed a critical 

role of neurotransmitter release in regulating synaptic inputs. These findings have led to the 

hypothesis that a critical role for spontaneous release is in homeostatic synaptic plasticity, 

wherein synaptic strength is adjusted in response to sustained changes in the extent of 

neurotransmitter input independent of neuronal action potential firing (Gonzalez-Islas et al., 

2017). Studies have isolated the contribution of neurotransmitter release events to this form 

of plasticity either by targeting spontaneous release-specific regulatory mechanisms to elicit 

direct and selective molecular interference with spontaneous release mediated signaling 

(Crawford et al., 2017; Ramirez et al., 2017), or by employing optogenetic stimulation to 

clamp cell wide action potential firing levels while manipulating neurotransmitter input 

pharmacologically. Collectively, these studies demonstrate a specific role for 

neurotransmitter input, in particular spontaneous release, in the regulation of synaptic 

strength (Fong et al., 2015; Garcia-Bereguiain et al., 2016).

These forms of homeostatic plasticity, independent of whether they sense and respond to cell 

wide activity or the level of neurotransmitter release input, are not directly involved in 

information storage or processing. The impairment of homeostatic plasticity may alter the 

dynamic range to elicit conventional forms of Hebbian plasticity (Yee et al., 2017; 

Turrigiano et al., 2017), however they typically play a modulatory role via global or local 

adjustment of synaptic strength. There is long standing evidence that these processes play a 

key role in recovery or plasticity of peripheral or central nervous system function in response 

to denervation, neuronal degeneration (Cannon and Rosenblueth, 1949), or during visual 

system plasticity (Turrigiano and Nelson, 2004), yet their precise function in normal 

physiological processes remains largely unclear. Recent studies have suggested that distinct 

phases of sleep may activate similar mechanisms to maintain neuronal network stability (de 

Vivo et al., 2017; Diering et al., 2017, but see Hengen et al., 2016) but there is more work 

needed in this area of study.

To date, research efforts have largely emphasized the malfunction in homeostatic plasticity 

processes identified in models of neurological, neuropsychiatric or neurodevelopmental 

disorders. However, treatment strategies targeting homeostatic processes have received 

relatively little attention. The increasing number of studies that have suggested impairments 

in homeostatic plasticity as underlying particular disorders (see below) may conversely 

provide therapeutic targets for treatment advance.

Chemical and Genetic Manipulations that Elicit Homeostatic Synaptic 

Plasticity

As indicated above, homeostatic forms of plasticity occur in response to negative feedback 

signals from neuronal circuits to re-establish a set point of activity or of synaptic strengths. 
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These forms of plasticity can also operate at a local level in neurons targeting a set of 

synapses on a particular dendritic branch or can be synapse specific thus targeting the 

strength of a particular synapse rather than the firing of a neuron. Although, physiological 

circumstances that trigger homeostatic plasticity are expected to show neuronal circuit 

and/or synapse specificity, this is not necessarily the case for systemically administered 

drugs as they act on their targets and can modify neuronal circuits globally. Small molecules 

targeting key ion channels or synaptic signaling cascades can also trigger the same type of 

homeostatic mechanisms on a more global scale. Indeed, most experimental approaches to 

examine homeostatic plasticity forms have employed blockers of voltage-gated Na+ 

channels and postsynaptic ionotropic receptors (e.g. AMPA, NMDA, GABA receptors) in a 

variety of systems (see Table 1). These same receptors have been pharmacologically targeted 

for the treatment of numerous neurological and neuropsychiatric conditions. Despite the 

potential global effects of these pharmacological agents, a subset of these drugs act on their 

targets in a state-dependent manner selectively affecting open channels, inactivated channels 

or distinct allosteric states of receptors. The state dependence of these targets can provide 

circuit specificity versus simply targeting every receptor in a given circuit. An example of 

such state selective action is exhibited by NMDA or AMPA receptor antagonists that 

specifically block open channels via accessing the ion conduction pore (Huettner and Bean, 

1988, Sara et al., 2011; Peled et al., 2014). NMDA receptor blockers such as MK-801, 

ketamine and memantine or the AMPA receptor blocker philanthotoxin possess this property 

and thus are expected to preferentially impact synapses with relatively high neurotransmitter 

release probability and postsynaptic channel open probability (Huettner and Bean, 1988; 

Gideons et al., 2014; Johnson et al., 2015, Sara et al., 2011; Peled et al., 2014).

Extrinsic pharmacological manipulation of neurotransmitter receptors or voltage-gated ion 

channels can lead to either chronic suppression or elevation of neuronal activity. Previous 

experiments suppressed neuronal activity using the voltage-gated Na+ channel blocker 

tetrodotoxin (TTX) or by genetic overexpression of an inwardly rectifying K+ channel that 

impedes membrane depolarization (Burrone et al., 2002). In contrast, neuronal activity can 

be enhanced by blocking GABAA receptors with bicuculline or picrotoxin (Turrigiano et al., 

1998; O’Brien et al., 1998) as well as by optogenetic activation of neurons (Goold and 

Nicoll, 2010). The application of these compounds to neuronal cultures elicits multiplicative 

up- or down-scaling of miniature synaptic currents within 24 to 48 hours. Extensive 

evidence has shown synaptic upscaling triggered after sustained block of Na+ block depends 

on transcriptional regulation and thus operates on a slower time scale (Ibata et al., 2008, 

Schaukowitch et al., 2017). However, re-establishment of neuronal firing rates during 

persistent pharmacological stimulation (e.g. via chronic suppression of GABAergic inputs) 

may not strictly require activity-dependent gene transcription (Tyssowski et al., 2019).

While global activity manipulation on synaptic scaling is rather slow and transcription 

dependent, direct interference of synaptic inputs generates rapid synaptic scaling within 

hours via a mechanism that requires dendritic protein translation. Previous studies have 

shown that block of NMDA receptor-mediated transmission (Sutton et al., 2006, Autry et al., 

2011, Nosyreva et al., 2013; Reese and Kavalali, 2015) or AMPA receptor-mediated 

transmission (Thiagarajan et al., 2005; Jakawich et al., 2010, Lindskog et al., 2010) results 

in local, synapse-specific, forms of homeostatic plasticity that occur within hours rather than 
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days. NMDA receptor blockade by MK-801 or (2R)-amino-5-phosphonovaleric acid (AP5), 

independent of neuronal activity (i.e. in the presence of TTX), augments rapid protein 

synthesis through dephosphorylation of eukaryotic elongation factor-2 (eEF2), a critical 

catalytic factor for ribosomal translocation during protein synthesis (Sutton et al., 2007). 

Notably, application of TTX alone was not sufficient to trigger eEF2 dephosphorylation or 

the homeostatic plasticity (Nosyreva et al., 2013) demonstrating these events are activity 

independent. Taken together, these data show NMDA receptor activity at rest causes chronic 

activation of eEF2 kinase (eEF2K; also called CaMKIII), which phosphorylates eEF2, 

effectively suppressing translation. In contrast, acute NMDA receptor blockade at rest 

prevents eEF2 phosphorylation, thereby increasing rapid protein translation of target 

transcripts, including AMPA receptor subunits. These findings are consistent with genetic 

manipulations in which cell autonomous deletion of postsynaptic NMDA receptors leads to 

a similar augmentation of AMPA receptor mediated responses (Adesnik et al., 2008). Taken 

together, these studies provide a causal link between neurotransmission occurring at rest, in 

the absence of action potentials, and synaptic homeostasis. A key aspect of these studies is 

that spontaneous neurotransmitter release, rather than evoked neurotransmission, is a 

specific regulator of postsynaptic sensitivity to neurotransmitters by suppressing dendritic 

protein translation machinery locally and maintaining receptor composition of synapses 

(Sutton et al., 2004; Kavalali, 2015). This link between postsynaptic receptor block and its 

specific effects on homeostatic synaptic responses appears to be evolutionarily conserved. At 

the Drosophila neuromuscular junction, postsynaptic suppression of glutamate receptor 

signaling leads to retrograde signaling and increases in presynaptic input strength thus 

counteracting the diminished postsynaptic sensitivity (Davis and Muller, 2015). A similar 

form of presynaptic plasticity can also be triggered in mammalian synapses by acute block 

of postsynaptic AMPA receptors or genetic deletion of GluA4 AMPA receptors (Jakawich et 

al., 2010, Lindskog et al., 2010, Devendahl et al., 2019). In addition to pharmacological 

block of postsynaptic excitatory neurotransmitter receptors, denervation or application of 

clostridial neurotoxins, which proteolytically cleave synaptic vesicle fusion machinery 

components, in particular at the neuromuscular junction leads to suppression of 

neurotransmitter release and elicits similar homeostatic plasticity responses (Axelsson and 

Thesleff, 1959; Kim et al, 1984). Furthermore, genetic deletion of presynaptic voltage gated 

P/Q type Ca2+ channels also elicits compensatory changes in presynaptic output (Piedras-

Renteria et al., 2004). Taken together, these studies demonstrate that although manipulations 

altering neuronal activity provided the initial insight into homeostatic plasticity, even subtle 

manipulations that directly interfere with neurotransmission can lead to robust homeostatic 

synaptic scaling (Nosyreva et al., 2013; Crawford et al., 2017). Thus, synapse targeted 

manipulations may provide a more viable path for development of novel therapeutics with 

expedient property profiles.

Homeostatic Synaptic Plasticity Deficits in Nervous System Disorders

Homeostatic synaptic plasticity deficits have been reported in a variety of animal models of 

neuropsychiatric, neurological and neurodevelopmental disorders. Impaired homeostatic 

responses to alterations of neuronal activity has been proposed as a key factor underlying the 

pathophysiology of Alzheimer’s Disease (Frere and Slutsky, 2018; Styr and Slutsky, 2018). 
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Specifically, loss of presenilin — a key component of the gamma secretase complex 

associated with familial versions of Alzheimer’s Disease — in a mouse model of leads to 

specific deficits in homeostatic synaptic plasticity (Pratt et al., 2011). Studies in the field of 

drug addiction have shown incubation of drug craving can be driven by a maladaptive form 

of homeostatic plasticity (Conrad et al., 2008). Homeostatic synaptic deficiencies have been 

observed in a variety of preparations, including the invertebrate neuromuscular junction and 

the mammalian visual cortex, highlighting the evolutionary conserved nature of the deficits 

and may suggest they play a role in the disease pathophysiology (Davis and Bezprozvanny, 

2001). Despite the reports of homeostatic plasticity deficits in nervous system disorders, the 

identification of specific disease related molecular targets that underlie many of these 

disorders have remained elusive.

Mouse models to study diseases of monogenic origin have started to yield insight into 

specific genes that may impact homeostatic plasticity. Mutations in a number of synaptic 

proteins linked to autism have shown particular proteins play critical roles in distinct forms 

of homeostatic plasticity (Zoghbi, 2003; Südhof, 2008). These proteins include synaptic cell 

adhesion molecules, such as neuroligins and neurexins, or synaptic scaffold proteins, such as 

Shank3 where mutations identified in patients lead to neurodevelopmental disorder profiles. 

While the majority of these mutations have been identified in only a few patients, they 

represent a starting point to examine whether there are common impairments, and potential 

points of convergence, in synaptic and circuit function that may ultimately underlie these 

disorders. In contrast to the limited number of patients affected by synaptic protein 

mutations, Rett Syndrome and Fragile X syndrome provide a wider clinical framework as 

they are two prevalent neurodevelopmental disorders of monogenic origin in which mouse 

models show specific deficits in homeostatic synaptic plasticity.

Rett syndrome is a neurological disorder caused by loss of function mutations in the 

transcriptional regulator methyl-CpG binding protein 2 (MECP2) gene. Rett syndrome is a 

rare disorder with estimates of 1:10,000 live female births. However, MeCP2 mutations have 

also been identified in autism patients as well as individuals with other neurodevelopmental 

disorders (Chahrour and Zoghbi, 2007) suggesting alterations in MeCP2 function contribute 

to neuronal dysfunction. Indeed, MeCP2 has been shown to act in a cell-autonomous manner 

to regulate synaptic scaling (Blackman et al., 2012; Zhong et al., 2012). Mouse models that 

express mutant Mecp2, or delete MeCP2, recapitulate similar key phenotypes of Rett 

syndrome making them powerful tools to examine how loss of Mecp2 function impacts 

transcriptional and synaptic processes (Nelson et al., 2006). Studies have shown Mecp2 
knockout mice are unable to undergo homeostatic scaling in neocortex following visual 

deprivation suggesting that alterations in homeostatic plasticity may underlie aspects of Rett 

syndrome (Blackman et al., 2012). Recently generated non-human primate models with 

impaired Mecp2 function recapitulate several key phenotypes and will hopefully contribute 

to a more detailed understanding of the pathophysiology of this disorder (Chen et al., 2017).

Fragile X mental retardation protein (FMRP) is a dendritic RNA-binding protein encoded by 

the Fmr1 gene. Loss-of-function of FMRP in human patients causes Fragile X syndrome, the 

most common inherited form of mental retardation (Bassell and Warren, 2008). FMRP is 

associated with both translationally repressed messenger ribonucleoprotein particles and 
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actively translating polyribosomes (Corbin et al., 1997; Zalfa et al., 2003) and is thought to 

specifically bind to mRNAs and regulate their translation (Laggerbauer et al., 2001; Li et al., 

2001; Bassell and Warren, 2008). FMRP knock-out mice exhibit normal baseline synaptic 

transmission but show altered dendritic spine morphology (Comery et al., 1997; Irwin et al., 

2000) and impairments in certain forms of long-term potentiation (LTP) (Li et al., 2002; 

Larson et al., 2005) and long-term depression (LTD) (Huber et al., 2002). Recent work has 

demonstrated that FMRP is required postsynaptically for a form of homeostatic synaptic 

scaling that requires Retinoic Acid signaling. In the absence of FMRP, Retinoic Acid-

induced local translation of specific mRNAs is impaired resulting in suppression of the 

increase in synaptic strength seen after activity blockade or Retinoic Acid treatment (Soden 

and Chen, 2010). These findings further bolster the link between postsynaptic protein 

synthesis and acute regulation of homeostatic synaptic scaling in central neurons. 

Importantly, a recent study provides compelling evidence that homeostatic synaptic 

plasticity is actually important in the pathophysiology of Fragile X syndrome by 

demonstrating that in neurons from human patients, the FMR1 mutation suppresses this 

form of plasticity (Zhang et al. 2018).

While Rett syndrome or Fragile X syndrome are linked to individual genes, the specific 

impairments in homeostatic plasticity linked to transcriptional (in the case of MeCP2) or 

translational (FMRP) function of the underlying protein targets strongly supports the 

instructive role played by the transcriptional or translational mechanisms mediating 

homeostatic plasticity. However, most neuropsychiatric disorders are not linked to one gene 

but rather likely involve many genes. Therefore, it may be difficult to fully genetically model 

many of these disorders to examine potential alterations in baseline homeostatic plasticity 

processes, however these processes could still be targeted for treatment advance. Indeed, the 

diversity of homeostatic plasticity mechanisms that may coexist in neurons suggests that 

certain forms of homeostatic plasticity may be impaired, while others may be intact, 

allowing for the possibility of precise targeting to correct or bypass homeostatic plasticity 

deficiencies to reinstate specific homeostatic responses.

Homeostatic Synaptic Plasticity Can be Elicited by Neuropsychiatric 

Treatments

Recent studies have started to report the rather unexpected findings that neuropsychiatric 

treatments trigger homeostatic synaptic scaling similar to global regulation of activity or 

alterations in synaptic inputs. Ketamine and lithium are pharmacological treatments which 

trigger homeostatic synaptic upscaling and downscaling respectively (Figure 3). Importantly, 

loss-of-function genetic models that impair their mechanism of action and suppress their 

behavioral outcomes also hinder their impact on synaptic scaling (Autry et al., 2011, 

Nosyreva et al., 2013, Gideons et al., 2017). Taken together these findings implicate synaptic 

scaling as the primary synaptic target for the action of these drugs. Overall, despite their 

widely divergent targets, both treatments appear to focus on the same synaptic process (i.e. 

synaptic scaling), albeit in opposite directions in preclinical models.
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Ketamine elicits homeostatic synaptic upscaling

Ketamine, is an NMDA receptor antagonist, that exerts rapid antidepressant effects in 

patients with treatment resistant depression and depression (Monteggia and Zarate, 2015). 

Clinical studies have shown that ketamine exerts rapid antidepressant effects within a few 

hours with effects persisting for days or in some patients for more than a week. Preclinical 

studies have started to examine the mechanism for ketamine’s rapid effects. While there 

have been various suggested targets for ketamine’s antidepressant action, its role as an 

antagonist of the NMDA receptor is the most widely accepted and the only target which has 

been linked to specific intracellular signaling pathways.

Preclinical studies have shown the antidepressant effects of ketamine are dependent on rapid 

protein synthesis of brain-derived neurotrophic factor (BDNF). Ketamine produces a rapid 

and robust increase in BDNF protein expression that returns to baseline levels by 24 hours. 

This rapid increase in protein expression is required for ketamine’s action as protein 

translation inhibitors block ketamine’s rapid effects (Autry et al., 2011) (Figure 4). This 

rapid increase in BDNF protein translation, which appears to occur at dendrites and involves 

the increased expression of other synaptic proteins, can produce rapid effects on synaptic 

transmission and provide an explanation for how ketamine can exert such rapid behavioral 

effects. The rapid increase in BDNF protein expression is not maintained suggesting its key 

effects may be in triggering downstream effects. The rapid synthesis of BDNF protein 

expression is downstream of eEF2 kinase, specifically requiring deactivation of eEF2 kinase 

and decreased eEF2 phosphorylation. In agreement with the studies outlined above, we have 

shown ketamine-mediated blockade of NMDA receptors at rest deactivates eEF2 kinase, 

resulting in a reduction of eEF2 phosphorylation and desuppression of BDNF translation 

(Autry et al., 2011; Suzuki et al., 2017). It is worth noting that ketamine has a relatively 

short half-live, so it is not persistent blockade of NMDA receptors that mediates the 

behavioral effects, but rather a more transient blockade that then resets the system by 

engaging eEF2 kinase and the downstream intracellular signaling pathway. These findings 

provide a framework for how ketamine, by blocking synaptic NMDA receptors, leads to a 

rapid increase in BDNF protein expression. A key finding of these studies is that these 

effects were not mimicked by alterations in neuronal activity levels in vivo, suggesting that 

spontaneous glutamate release and the subsequent NMDA receptor activation that occurs 

independent of action potentials, comprise the primary substrate for ketamine action. These 

data support the hypothesis that suppression of spontaneous neurotransmission-mediated 

NMDA receptor activation is necessary and sufficient to trigger antidepressant-like 

responses. These results also indicate that rapid up-regulation of BDNF, as well as other 

dendritic proteins, trigger multiplicative synaptic upscaling mechanisms that encompass the 

augmentation of evoked transmission to mediate long-term antidepressant effects (Nosyreva 

et al, 2013; Nosyreva et al, 2014). In a more recent study, although selective presynaptic 

inhibition of spontaneous neurotransmitter occluded this ketamine-induced plasticity, the 

same manipulation did not alter LTP indicating that ketamine induced potentiation and 

Hebbian LTP do not directly influence each other (Crawford et al., 2017). Nevertheless, 

there is evidence that ketamine administration may elicit metaplastic effects on modulating 

LTP and potentially other processes in the long term (Izumi and Zorumski, 2014). The exact 
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nature of the intersection between ketamine-induced potentiation and other forms of 

plasticity that include LTP and LTD requires further investigation.

Lithium elicits homeostatic synaptic downscaling

Lithium was initially reported as a mood stabilizer over 60 years ago (Cade, 1949) and is 

still widely used for the treatment of Bipolar Disorder (Poolsup et al., 2000; Vieta and 

Valentí, 2013). Lithium has effects on a variety of targets and its mechanism of action is not 

well understood. Some of the most widely replicated findings have implicated inhibition of 

GSK3, increased expression of neurotrophins, and decreased expression of AMPA receptors 

(Hashimoto et al., 2002; Pisanu et al., 2016).

Recent work examining the synaptic mechanisms elicited by lithium action have shown a 

robust and significant decrease on mEPSC amplitudes (Wei et al., 2010; Gideons et al., 

2017). This decrease in glutamatergic neurotransmission may counteract increases in 

glutamatergic signaling seen in bipolar patients during mania (Lan et al., 2009; Ongür et al., 

2008). This premise is consistent with other evidence from post-mortem brain tissue of 

individuals with bipolar disorder (Eastwood and Harrison, 2010; Hashimoto et al., 2007) or 

electrophysiological recordings from human induced pluripotent stem cell derived neurons 

from patients with bipolar disorder reporting molecular and functional alterations consistent 

with increase in glutamatergic neurotransmission (Mertens et al., 2015). In addition, there is 

evidence that lithium administration can restore homeostatic synaptic plasticity deficits seen 

in Shank3 loss-of-function mutants associated with autism spectrum disorders (Tatavarty et 

al. 2019).

Subsequent experiments from our group demonstrated that chronic lithium treatment 

decreases AMPA receptor surface expression in the hippocampus of treated mice, as well as 

primary hippocampal cultures, by targeting AMPAR trafficking (Figure 5). These findings 

are consistent with previous in vivo and in vitro studies that have shown lithium decreases 

GluA1 and GluA2 surface expression (Du et al., 2003; Du et al., 2008; Wei et al., 2010). 

Rather intriguingly this decrease in AMPA receptor surface expression requires BDNF and 

signaling via its high affinity receptor TrkB, similar to the anti-manic effects of lithium 

which also require BDNF and TrkB (Gideons et al., 2017). Lithium exerts effects on BDNF 

expression, but in contrast to ketamine, it produces gradual effects on increasing BDNF 

mRNA. The increase in BDNF mRNA is stable, long-lasting and results in a prolonged 

increase in BDNF protein expression.

Further analysis revealed that lithium produces a significant downward multiplicative 

synaptic scaling of all AMPAR-mEPSC amplitudes consistent with an impact on post-

synaptic homeostatic plasticity (Figure 3). In agreement with this result, we found that in 

vivo lithium treatment caused a significant decrease in input-output curves in hippocampal 

slices consistent with synaptic downscaling due to decreased GluA subunit surface 

expression. A key distinction between the actions of acute ketamine administration and 

chronic lithium treatment is the duration of elevations in BDNF they trigger. The findings so 

far indicate that acute transient elevations in BDNF levels elicit synaptic upscaling, while 

sustained elevations in BDNF may exert the opposite effect by downscaling postsynaptic 
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AMPA responses. Here, it is important to note that the difference in BDNF action on 

synaptic efficacy may not only be a consequence of the duration of elevation but also due to 

subcellular location of BDNF action during a specific treatment (Reimers et al., 2014; Lin et 

al., 2018; Song et al., 2017). Despite the current advances in our understanding of the 

relationship of these neuropsychiatric treatments and BDNF signaling as well as their 

synaptic targets, future studies are needed to address how a single ligand-receptor couple 

such as BDNF and TrkB can elicit such versatile effects at the synaptic and behavioral 

levels.

Summary and Conclusion

Given the well-established efficacy of ketamine and lithium in the clinic, it is possible that 

previously unidentified homeostatic mechanisms — multiplicative synaptic upscaling in the 

case of ketamine and synaptic downscaling in the case of lithium — may also be involved in 

the therapeutic response to these drugs. However, the role of synaptic scaling in these 

compounds’ mechanism of action does not necessarily mean that depression or bipolar 

disorder is due to a defect in homeostatic plasticity, but rather that eliciting or augmenting 

homeostatic plasticity may have therapeutic benefits. While these two drugs provide a strong 

rationale for the hypothesis that synaptic scaling may play a key role in the treatment 

response, these findings likely represent a potentially wider paradigm applicable to other 

pharmacological treatments. It is possible that other neuropsychiatric treatments lead to 

global suppression or augmentation of synaptic activity and elicit similar forms of 

homeostatic synaptic plasticity. These include electroconvulsive shock therapy (Zhao et al., 

2012), anesthetics such as isoflurane (Antila et al., 2017) and nitrous oxide (Nagele et al., 

2015), that globally alter neuronal activity and have all been shown to have antidepressant 

effects in the clinic or in preclinical models. Although there had been much discussion over 

the years for the role of ‘plasticity’ in the brain in mediating treatment responses of 

numerous mental disorders, it has been difficult to identify common types of plasticity 

mechanisms that may be involved. The identification that ketamine and lithium can exert 

effects on homeostatic mechanisms in both rapid and sustained effects provides novel 

perspective on the types of plasticity that may actually be involved with the clinical efficacy.

This article provides an overview of our current knowledge on homeostatic synaptic 

plasticity as a substrate for the treatment of neuropsychiatric disorders. Ketamine as a rapid 

antidepressant and lithium as a mood stabilizer elicit homeostatic plasticity albeit via 

different mechanisms. Nevertheless, we posit that the convergence of these drugs on 

homeostatic mechanisms may suggest a common synaptic substrate for their therapeutic 

action. Directly eliciting homeostatic synaptic signaling can strengthen or weaken synaptic 

inputs, which in turn results in functional rewiring of circuits without structural 

reorganization. However, these functional changes may also be eventually coupled to 

alterations in synaptic structure that ensure maintenance of the functional modification for 

extended periods (Moda-Sava et al., 2019). Importantly, this form of functional rewiring via 

synaptic scaling can modify circuit dynamics without substantially altering information 

storage. Future approaches directly targeting the signaling pathways underlying homeostatic 

synaptic plasticity may widely expand the repertoire of available treatments. For instance, 

signal transduction cascades elicited by BDNF-TrkB signaling, translational regulation by 
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eEF2-kinase (Autry et al., 2011; Nosyreva et al., 2013), retinoic acid signaling (Aoto et al., 

2008; Wang et al., 2011) or other signaling pathways associated with homeostatic synaptic 

plasticity (e.g. Stellwagen and Malenka, 2006) may constitute viable options for therapy. 

Moreover, there is evidence that divergent vesicle trafficking pathways regulate homeostatic 

synaptic plasticity both presynaptically by targeting distinct forms of release and 

postsynaptically by mediating non-overlapping pathways for glutamate receptor trafficking 

(Arendt et al., 2015; Crawford et al., 2017). In future studies, specific signaling or vesicle 

trafficking pathways and their potential for treatment advance can be evaluated within the 

context of their impact on homeostatic plasticity.

The pathophysiology of neuropsychiatric disorders may be caused by a variety of genetic 

and environmental processes and therefore treatments may not necessarily be targeting the 

underlying abnormality but instead may be triggering processes that compensate the existing 

pathophysiology. Therefore, without direct evidence it is premature to expect that a 

neuropsychiatric drug actually “fixes” the underlying deficiency associated with a particular 

disease. This premise is consistent with the common observation that in most circumstances 

cessation of drug treatment leads to re-emergence of symptoms. Current neuropsychiatric 

drugs may instead be activating compensatory mechanisms that at least temporarily 

counteract or “mask” disease processes rather than cure the fundamental pathology. In this 

regard, multiplicative up- or downscaling of individual synaptic strengths may be a unifying 

feature of treatment strategies. As homeostatic plasticities rely on multiple parallel forms of 

signaling that converge at a synaptic end point, these treatments can bypass the inherent 

defects associated with a particular disorder and restore or compensate circuit function. 

Alternatively, they can activate dormant mechanisms that are not evoked under normal 

physiological circumstances that lead to treatment. The evaluation of existing and future 

therapies within the context of the rapidly developing literature on homeostatic synaptic 

plasticity may provide valuable novel insight for the treatment of neuropsychiatric disorders.

At this time, homeostatic synaptic plasticity is primarily studied as an in vitro phenomenon, 

as studying these forms of plasticities with the same level of mechanistic insight in vivo is 

subject to multiple obstacles. These include relatively longer time scales involved in these 

processes and the technical limits associated with monitoring a large number of synapses all 

at once for long periods. Nevertheless, testing the behavioral impact of manipulations 

targeting molecular players identified in vitro have provided some key links between cell 

culture and in vivo studies (e.g. Autry et al., 2011; Nosyreva et al., 2013). Moreover, while it 

is difficult to monitor synapse specific processes in vivo, it is easier to assess alterations in 

neuronal firing patterns (e.g. Hengen et al., 2016). Despite the current setbacks, the access to 

novel probes and approaches that can report synaptic function and molecular composition 

with exquisite spatial and temporal specificity will significantly improve our ability to 

examine homeostatic synaptic plasticities under behaviorally relevant settings.

Finally, we hope the concepts we covered in this article will facilitate the dialogue between 

synaptic transmission and translational neuropsychiatry fields. We believe results from 

clinical and translational neuropsychiatry studies may provide a much-needed validation for 

emerging synaptic transmission concepts, whereas basic synaptic transmission research, 
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especially those focused on homeostatic synaptic plasticities, may provide new perspectives 

and targets for treatment advance.
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Figure 1. Hebbian versus Homeostatic Synaptic Plasticity
This figure depicts key distinguishing properties of Hebbian versus Homeostatic synaptic 

plasticity. During Hebbian plasticity, synaptic strength is modified in the same direction of 

the applied stimuli. For instance, strong stimulation (e.g. theta burst; 5 pulses at 100 Hz 

applied every second) or coincidence of presynaptic and postsynaptic activity (also called 

“pairing”) leads to an increase in synaptic strength resulting in Long Term Potentiation 

(LTP). In contrast, sustained low frequency stimulation (e.g. 1 Hz for 10–15 min) weakens 

synaptic strength leading to Long Term Depression (LTD). In contrast, homeostatic 

plasticity changes in neuronal network activity or alterations in synaptic inputs lead to an 

adjustment of synaptic strengths in the opposite direction (i.e. in a negative feedback 

manner) to bring neuronal activity patterns back to their initial set point. For instance, global 

silencing of activity leads to an increase in synaptic strength, whereas augmentation of 

activity results in downregulation of synaptic efficacy.
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Figure 2. Examples of Multiplicative Synaptic Scaling
Multiplicative synaptic scaling involves up- or down-regulation of synaptic weights on a 

given neuron by a constant factor. During these forms of plasticity, synaptic weights are 

scaled up or down in a negative feedback manner to counter the chronic activity levels 

detected in the cell. As a rule, “homeostatic synaptic scaling” is expected to preserve relative 

strengths of synapses. Unlike Hebbian forms of plasticity, synaptic scaling does not alter the 

relative strength of a synapse with respect to its neighbors on a neuron. The figure depicts 

three representative postsynaptic spines on a neuron which possess 15, 10 and 5 receptors on 

their surface. If these synapses go through 20% synaptic downscaling or upscaling, the 

receptor numbers decrease (left) or increase (right) by 20% (±3, ±2, ±1) respectively.
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Figure 3. Ketamine and Lithium Elicit Multiplicative Synaptic Scaling
This figure depicts the synaptic action of ketamine and lithium on a neuron detected via 

whole cell voltage clamp recordings. Brief (1–3 hour) application of ketamine or other 

NMDA receptor blockers results in homeostatic upscaling of unitary synaptic responses (red 

traces). In contrast, chronic (~10–11 days) treatment of neurons with 1 mM lithium chloride 

results in marked synaptic downscaling (yellow traces). Despite their widely divergent 

targets and mechanisms of action, in preclinical models both treatments utilize the same 

synaptic process (i.e. synaptic scaling), albeit in opposite directions. The graph shows the 

tabulation of results from experiments where unitary excitatory postsynaptic current 

amplitudes are ranked from lowest to highest. These plots can be fitted with a line and 

ketamine or lithium treatment selectively increases or decreases the slope of the respective 

linear plot. The difference between the slopes of linear plots depicting unitary EPSC 
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amplitudes after drug treatment and controls correspond to the “multiplicative factor” 

underlying the change in synaptic strength.
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Figure 4. Model for Ketamine Action and Regulation of Protein Synthesis
Left, Spontaneous glutamate release and NMDA receptor activation leads Ca2+ influx (even 

when Mg2+ is present see Reese and Kavalali, 2015). In turn, Ca2+-Calmodulin complexes 

activate eEF2 kinase leading to phosphorylation of eEF2 and suppression of protein 

translation. Right, Ketamine blocks this resting NMDA receptor activity leading to a 

decrease in Ca2+-Calmodulin complexes and deactivation of eEF2 kinase. Subsequent 

decrease in the amount of phosphorylated eEF2 elicits desuppression of dendritic protein 

translation, ultimately triggering synaptic upscaling (Sutton et al., 2006; Autry et al., 2011; 

Nosyreva et al., 2013, Reese and Kavalali, 2015).
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Figure 5. A synaptic model illustrating a putative mechanism by which Li+ treatment leads to 
enhanced AMPAR endocytosis and downscaling of synaptic responses.
Several studies suggest that lithium can impact gene transcription via GSK3-β and β-catenin 

signaling. There is evidence that chronic lithium exposure leads to sustained elevation in 

BDNF levels, which in turn impacts surface levels of AMPA receptors via activation of its 

high affinity receptor TrkB. Importantly, recent work has identified dynamin-dependent 

endocytosis acting in conjunction with BDNF-TrkB signaling as a key target of lithium’s 

effects on synaptic function. According to this model, chronic lithium administration — that 

triggers anti-manic behavior — elicits synaptic downscaling via dynamin-dependent 

endocytosis of AMPA receptors. Here, in addition to alterations in gene transcription, 

lithium may directly impact AMPA receptor endocytosis by regulation of dynamin 

phosphorylation due to its inhibition of GSK3-β (see Gideons et al., 2017).
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Table 1.

An outline of experimental approaches used to examine forms of homeostatic synaptic plasticity.

Manipulation Agent Synaptic Change

Translation/
Transcription 
Dependence Citation

Sodium channel block TTX Upscaling Transcription Turrigiano et al., 1998; Schaukowitch 
et al., 2017

GABA receptor block PtcrotoxirVbicuculline Downscaling Transcription? Tyssowski et al., 2019

NMDA receptor block MK801/AP5/Ketamine Upscaling Translation Sutton et al., 2006, 2007; Autry et al., 
2011; Nosyreva et al., 2013

AMPA receptor block CNOX/NBQX Increase in 
presynaptic function

Translation Murthy et al., 2001; Jakawich et al., 
2010; Lindskog et al., 2010

Calcium chelation EGTA-AM/BAPTA-AM Upscaling Translation Wang et al., 2011

L-type VGCC block Nimodipine Upscaling Translation Wang et al., 2011

Ryanodine receptor 
block

Ryanodine/Dantrolene Upscaling Translation Reese and Kavalali, 2015

K+ channel 
overexpression

Kir1.2 Reduction in 
synapses/increase in 
Pr

ND Burrone et al., 2002

Optogenetic stimulation Channelrhodopsin Postsynaptic 
elimination

Transcription Goold and Nicoll, 2010

Lithium LiCI Downscaling/
restoration of 
homeostatic plasticity

Transcription Gideons et al., 2017; Tatavarty et al., 
2020

Most approaches have employed blockers of voltage-gated Na+ or Ca2+ channels and postsynaptic ionotropic receptors (e.g. AMPA, NMDA, 

GABA receptors) in a variety of systems. In addition, molecular expression of inward rectifier K+ channels or light-gated ion channels such as 

channelrhodopsin have been used to trigger multiple forms of homeostatic synaptic plasticity. It is interesting to note that Li+ administration elicits 
a similar effect as these more commonly used direct manipulations of neuronal activity or synaptic signaling.
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