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Abstract

ΔFosB is a member of the Fos family of transcription factors. While other family members are 

induced rapidly but transiently in response to a host of acute stimuli, ΔFosB is unique in that it 

accumulates in response to repeated stimulation due to its unusual protein stability. Such 

prolonged induction of ΔFosB, within nucleus accumbens (NAc), a key brain reward region, has 

been most studied in animal models of drug addiction, with considerable evidence indicating that 

ΔFosB promotes reward and motivation and serves as a mechanism of drug sensitization and 

increased drug self-administration. In more recent years, prolonged induction of ΔFosB has also 

been observed within NAc in response to chronic administration of certain forms of stress. 

Increasing evidence indicates that this induction represents a positive, homeostatic adaptation to 

chronic stress, since overexpression of ΔFosB in this brain region promotes resilience to stress, 

whereas blockade of its activity promotes stress susceptibility. Chronic administration of several 

antidepressant medications also induces ΔFosB in the NAc, and this induction is required for the 

therapeutic-like actions of these drugs in mouse models. Validation of these rodent findings is the 

demonstration that depressed humans, examined at autopsy, display reduced levels of ΔFosB 

within the NAc. As a transcription factor, ΔFosB produces this behavioral phenotype by regulating 

the expression of specific target genes, which are under current investigation. These studies of 

ΔFosB are providing new insight into the molecular basis of depression and antidepressant action, 

which is defining a host of new targets for possible therapeutic development.
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1. Introduction

The study of transcriptional mechanisms of depression is based on the hypothesis that 

regulation of gene expression is one important mechanism by which chronic exposure to 

© 2014 Elsevier B.V. All rights reserved.

Address correspondence to: Eric J. Nestler, Fishberg Department of Neuroscience, One Gustave L. Levy Place, Box 1065, New York, 
NY 10029, USA. Tel: +1 212 659 5656; Fax: +1 212 659 8510; eric.nestler@mssm.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

Published in final edited form as:
Eur J Pharmacol. 2015 April 15; 753: 66–72. doi:10.1016/j.ejphar.2014.10.034.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stress causes depression or related abnormalities in vulnerable individuals (Krishnan and 

Nestler, 2010). A corollary of this hypothesis is that the ability of a host of antidepressant 

medications, after prolonged administration, to reduce the symptoms of depression in some 

individuals is likewise mediated in part by altered gene expression in relevant brain regions.

Work over the past 20 years has provided increasing evidence for a role of gene regulation 

in depression models, as several transcription factors—proteins that bind to specific 

response elements in the promoter regions of target genes and regulate those genes’ 

expression—have been implicated in these models. Examples of transcription factors that 

have been studied prominently in stress models include CREB (cAMP response element 

binding protein), glucocorticoid receptor, and NFκB (nuclear factor kB), among others 

(Nestler et al., 2002; Carlezon et al., 2005; Holsboer and Ising, 2010; Christoffel et al., 

2011; Licznerski and Duman, 2013).

The focus of this review is on another transcription factor, ΔFosB, which has been mostly 

studied in drug addiction models (Nestler, 2008, 2012). More recent work has demonstrated 

that ΔFosB, a member of the Fos family of proteins, is also regulated in stress and 

depression models and appears to play a unique role in promoting resilience and 

antidepressant responses. This discussion also illustrates the types of experimental 

approaches that have been used to investigate transcriptional mechanisms of depression in 

mouse models.

2. Induction of ΔFosB in nucleus accumbens by chronic stress

ΔFosB is encoded by the FosB gene (Figure 1) and shares homology with other Fos family 

transcription factors, which include c-Fos, FosB, Fra1, and Fra2 (Morgan and Curran, 1995). 

These Fos family proteins heterodimerize with Jun family proteins (c-Jun, JunB, or JunD) to 

form active AP1 (activator protein-1) transcription factors that bind to AP1 sites (consensus 

sequence: TGAC/GTCA) present in the promoters of certain genes to regulate their 

transcription. Fos family proteins are induced rapidly and transiently in specific brain 

regions after acute administration of several forms of stress (Perrotti et al., 2004). These 

responses are seen most prominently in nucleus accumbens (NAc), which is best 

characterized as an important mediator of reward and motivation. All of these Fos family 

proteins, however, are highly unstable and return to basal levels within hours of the stress 

exposure.

Very different responses are seen after chronic exposure to stress. Biochemically modified 

isoforms of ΔFosB (Mr 35–37 kD) accumulate within the same brain regions after repeated 

stress exposure, whereas other Fos family members show desensitization (i.e., reduced 

induction compared with initial drug exposures) (Perrotti et al., 2004; Vialou et al., 2010a; 

Lehmann and Herkenham, 2011). Such accumulation of ΔFosB has been observed for 

several forms of active stress, such as chronic restraint stress, chronic unpredictable stress, 

and chronic social defeat stress (Perrotti et al., 2004; Vialou et al., 2010a; Lehmann and 

Herkenham, 2011), whereas chronic social isolation of adult animals strikingly causes the 

opposite effect: a decrease in ΔFosB levels in NAc (Vialou et al., 2010a).
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For chronic restraint stress and chronic social defeat stress, induction of ΔFosB in NAc has 

been shown to occur in both major subtypes of medium spiny neurons (MSNs)—those that 

express predominantly the D1 dopamine receptor (D1-type MSNs) or the D2 dopamine 

receptor (D2-type MSNs), which together represent ~95% of all neurons in this brain region 

(Perrotti et al., 2004; Lobo et al., 2013). In contrast, no induction is seen in any of several 

types of interneurons or in non-neural cells. One of the advantages of the social defeat 

paradigm is that a subset of mice do not develop depression-like behavioral abnormalities, 

that is, they remain resilient unlike the majority which are susceptible (Krishnan et al., 

2007). Interestingly, the modest induction of ΔFosB seen in the NAc of susceptible mice 

occurs primarily in D2-type MSNs, where the more robust induction that occurs in resilient 

mice is specific to D1-type MSNs (Lobo et al., 2013). This cellular specificity of ΔFosB 

induction has important functional implications as discussed in Section 4.

The 35–37 kD isoforms of ΔFosB dimerize predominantly with JunD to form an active and 

long-lasting AP1 complex within these brain regions (Chen et al., 1997; Hiroi et al., 1998). 

However, recent in vitro evidence has indicated that ΔFosB can also form homodimers with 

distinct physico-chemical properties compared to ΔFosB:JunD heterodimers (Jorrisen et al., 

2007). An important focus of current research is to determine whether such ΔFosB 

homodimers form in vivo and what physiological function they subserve.

The 35–37 kD ΔFosB isoforms accumulate after chronic stress or other repeated stimuli due 

to their extraordinarily long half-lives, which has been demonstrated both in cultured cells in 

vitro and within the NAc in vivo (Nestler, 2008). As a result of its stability, therefore, the 

ΔFosB protein persists in neurons for at least several weeks after cessation of stress 

exposure. We now know that this stability is due to two factors (Figure 1): (1) the absence 

from ΔFosB of two degron domains, which are present at the C-terminus of full length FosB 

and all other Fos family proteins and target those proteins to rapid degradation, and (2) the 

phosphorylation of ΔFosB at its N-terminus (Ser27) by Ca2+/calmodulin-dependent protein 

kinase II (CaMKII) and casein kinase 2 and perhaps by other protein kinases (Ulery et al., 

2006; Carle et al., 2007; Ulery-Reynolds, 2009; Robison et al., 2013). The mechanism by 

which phosphorylation of ΔFosB at Ser27 increases its stability remains unknown. The 

stability of the ΔFosB isoforms provides a novel molecular mechanism by which stress-

induced changes in gene expression can persist long after the stress exposure. ΔFosB is also 

phosphorylated at two threonine residues near its DNA-binding and transactivation domains, 

and phosphorylation of one of these sites (Thr149) dramatically increases the transcriptional 

activity of the protein (Cates et al., 2014). Further work is needed to define the role of these 

phosphorylation sites in stress responses.

3. Induction of ΔFosB in nucleus accumbens by chronic antidepressant 

treatment

Recent studies have shown that chronic administration of fluoxetine, a serotonin-selective 

reuptake inhibitor antidepressant, induces ΔFosB in the NAc (Vialou et al., 2010a). ΔFosB is 

also induced in response to chronic administration of other antidepressants including the 

tricyclic antidepressant imipramine (unpublished observations) and the rapidly-acting, novel 

antidepressant ketamine (Donahue et al., 2013). Interestingly, similar to the pattern of 
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induction seen in resilient mice after chronic social defeat stress, ΔFosB induction in NAc in 

response to chronic fluoxetine treatment is selective for D1-type MSNs, with no induction 

seen in NAc interneurons or glia (Lobo et al., 2013). It would be interesting moving forward 

to characterize the induction of ΔFosB in NAc by several other classes of antidepressant 

medications. Recent work, for example, has shown that environmental enrichment during 

rearing increases basal levels of ΔFosB in the NAc (Zhang et al., 2014). Since such 

environmental enrichment is thought to enhance resilience (Lehmann et al., 2012), these 

findings raise the interesting possibility that non-medication antidepressant approaches 

might induce ΔFosB in this brain region as well.

Chronic administration of fluoxetine has recently been shown to increase levels of full-

length FosB within the NAc 24 hr after the last drug exposure (Vialou et al., 2014b). This is 

a surprising finding, since full-length FosB is highly unstable and, in chronic stress or 

chronic drug abuse models, its levels are not elevated beyond 2–4 hr after each exposure. 

These findings suggest that repeated administration of fluoxetine might cause sustained 

increases in neural activity in this brain region, which might be expected to drive sustained 

increases in FosB levels. Further work is needed to study the validity of this possibility as 

well as to determine if this phenomenon occurs with other antidepressants.

4. Role of ΔFosB in nucleus accumbens in regulating behavioral responses 

to stress and antidepressant treatments

Insight into the role of ΔFosB in stress and antidepressant responses has come from a 

combination of experimental approaches. First, we have developed bitransgenic mice in 

which ΔFosB can be induced selectively within the NAc and dorsal striatum of adult 

animals (Chen et al., 1995; Kelz et al., 1999). Importantly, these mice overexpress ΔFosB 

selectively in D1-type MSNs. Second, we have developed a series of viral vectors that 

selectively overexpress ΔFosB in the NAc, without expression in dorsal striatum, although 

this expression occurs in all neurons, not just D1-type MSNs (Zachariou et al., 2006). 

Conversely, we have developed bitransgenic mice that overexpress a truncated Jun protein, 

called ΔcJun, within NAc, dorsal striatum, and several other brain regions (Peakman et al., 

2003), as well as viral vectors that selectively overexpress a different truncated Jun protein, 

called ΔJunD, in the NAc (Winstanley et al., 2007). These truncated Jun proteins serve as 

dominant negative antagonists of ΔFosB- or other AP1-mediated transcription.

By use of these complementary approaches, we have established that increased expression 

of ΔFosB within D1-type MSNs of the NAc reduces an animal’s sensitivity to the 

deleterious effects of chronic stress, promotes stress resilience, and mediates antidepressant-

like responses. Thus, bitransgenic mice inducibly overexpressing ΔFosB in D1-type MSNs, 

or mice injected intra-NAc with a viral vector encoding ΔFosB, show increased resilience to 

subsequent chronic social defeat stress (Vialou et al., 2010a; Ohnishi et al., 2014). They also 

display reversal of depression-like behavioral abnormalities after chronic social defeat 

stress. Conversely, bitransgenic mice inducibly overexpressing ΔcJun in NAc and several 

other brain regions, or mice injected intra-NAc with a viral vector encoding ΔJunD, show 

increased susceptibility to sub-threshold levels of social defeat stress. They also fail to 
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respond to chronic fluoxetine administration, which reverses depression-like behavioral 

abnormalities, after chronic social defeat stress (Vialou et al., 2010a).

Further support for the view that ΔFosB induction in NAc promotes resilience is the more 

recent finding that mice that constitutively lack expression of full length FosB, but show 

increased expression of ΔFosB, display reduced sensitivity to stress (Ohnishi et al., 2011). 

Likewise, further support for the view that ΔFosB induction in NAc elevates mood and 

promotes antidepressant-like responses are the findings that ΔFosB overexpression in D1-

type MSNs opposes the elevation of brain stimulation reward thresholds induced either by 

chronic social defeat stress or by a κ opioid agonist which is pro-depressant (Muschamp et 

al., 2012; Donahue et al., 2013). Moreover, ΔFosB overexpression in NAc promotes several 

rewarding behaviors, including wheel-running, sucrose drinking, consumption of high-fat 

food, and sexual activity, with most of these effects seen upon selective expression in D1-

type MSNs, while overexpression of ΔcJun or ΔJunD exerts the opposite effect (Werme et 

al., 2002; Olausson et al., 2006; Teegarden et al., 2008; Wallace et al., 2008; Hedges et al., 

2009; Pitchers et al., 2010, 2013; Been et al., 2013).

In contrast to the behavioral phenotype mediated by ΔFosB induction in D1-type MSNs, it 

has been harder to decipher the effect of ΔFosB induction in D2-type MSNs. As noted 

earlier, such induction is seen selectively in mice that are susceptible to chronic social defeat 

stress. However, bitransgenic mice that inducibly overexpress ΔFosB in D2-type MSNs 

(Chen et al., 1995; Werme et al., 2002) do not show a prominent pro-depression-like 

phenotype in chronic stress models (unpublished observations), although they do show 

reduced wheel-running activity (Werme et al., 2003). Further complicating the situation is 

the observation that several rewarding behaviors, including sucrose drinking and being 

reared in an enriched environment, induce ΔFosB roughly equally in NAc D1- and D2-type 

MSNs (Lobo et al., 2013). Additional studies are thus needed to better understand the 

behavioral consequences of ΔFosB induction in D2-type MSNs. Of note, the recent 

development of viral vectors, which make it possible for the first time to overexpress ΔFosB 

selectively in either D1-type MSNs or in D2-type MSNs within the NAc (Grueter et al., 

2013), should help in these efforts.

5. Mechanism of ΔFosB induction in nucleus accumbens

The upstream signaling pathways through which chronic stress or antidepressant treatment 

induces ΔFosB in NAc remain largely unknown. Recent work, however, has defined the 

transcription factors that are required for ΔFosB induction by chronic stress. The ability of 

chronic social defeat stress to induce ΔFosB in NAc requires SRF (serum response factor): 

local knockout of this transcription factor completely blocks stress induction of ΔFosB, 

whereas knockout of another transcription factor, CREB, is without effect (Vialou et al., 

2010b). Surprisingly, cocaine induction of ΔFosB in this same brain region requires both 

SRF and CREB: local knockout of both factors completely blocks the ability of cocaine to 

induce ΔFosB, whereas knockout of either factor alone is without effect (Vialou et al., 

2012). These observations demonstrate that different stimuli can invoke different molecular 

mechanisms to induce ΔFosB even within the same brain region and presumably cell type 
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(D1-type MSNs). Further work is needed to understand the molecular basis of such stimulus-

specific actions.

6. Target genes for ΔFosB in nucleus accumbens

Since ΔFosB is a transcription factor, it presumably produces its interesting behavioral 

phenotypes in NAc by enhancing or repressing expression of other genes. As shown in 

Figure 1, ΔFosB is a truncated product of the FosB gene that lacks most of the C-terminal 

transactivation domain present in full-length FosB but retains the dimerization and DNA 

binding domains (Nestler, 2008, 2012). Some in vitro studies suggest that, because ΔFosB 

lacks much of its transactivation domain, it functions as a negative regulator of AP-1 

activity, while several others show that ΔFosB can activate transcription at AP1 sites (see 

Nestler, 2008, 2012). An earlier study using our inducible, bitransgenic mice that 

overexpress ΔFosB or its dominant negative ΔcJun, and analyzing gene expression on 

Affymetrix chips, demonstrated that—in the NAc in vivo—ΔFosB functions primarily as a 

transcriptional activator, while it does serve as a repressor for a smaller subset of genes 

(McClung and Nestler, 2003). Current research, focused on chromatin mechanisms recruited 

along with ΔFosB to its target genes, is exploring the underlying molecular basis for these 

opposite, gene-specific actions of ΔFosB (Nestler, 2014).

Several target genes of ΔFosB have been established using a candidate gene approach. One 

target is GluA2 (GluR2), an AMPA glutamate receptor subunit. ΔFosB overexpression in 

inducible bitransgenic mice selectively increases GluA2 expression in NAc, with no effect 

seen for several other AMPA glutamate receptor subunits analyzed (Kelz et al., 1999). AP1 

complexes comprised of ΔFosB bind a consensus AP1 site present in the GluA2 promoter. 

Furthermore, GluA2 overexpression in NAc via viral-mediated gene transfer promotes 

resilience to chronic social defeat stress (Vialou et al., 2010a), much like ΔFosB 

overexpression. Since GluA2-containing AMPA channels are impermeable to Ca2+ and 

have a lower overall conductance compared to AMPA channels that do not contain this 

subunit, the chronic stress- and ΔFosB-mediated upregulation of GluA2 in NAc could 

account, at least in part, for the reduced glutamatergic responses seen in these neurons of 

resilient mice (Vialou et al., 2010a).

Another candidate target gene of ΔFosB in NAc is the opioid peptide, dynorphin, which is 

suppressed by ΔFosB (Zachariou et al., 2006). Recall that ΔFosB is induced in the NAc of 

resilient mice after chronic social defeat stress specifically in D1-type MSNs, the subtype of 

MSNs which also express dynorphin. The suppression of dynorphin by ΔFosB has not yet 

been demonstrated directly in the context of chronic stress, nevertheless, such dynorphine 

downregulation would be expected to produce pro-resilient- and antidepressant-like 

responses given the aversive actions of dynorphin acting at κ opioid receptors in this NAc 

reward circuit. Work is now needed to directly test this possibility in stress models.

We recently showed that Camk2a is a target gene for ΔFosB within D1-type MSNs in drug 

abuse models. Chronic cocaine administration induces CaMKII in these neurons of the NAc 

and, interestingly, functions as part of a positive feed-forward loop, whereby CaMKII 

phosphorylates and stabilizes ΔFosB (see above), promoting further CaMKII induction 
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(Robison et al., 2013). In the context of chronic stress and chronic fluoxetine administration, 

however, the two proteins function very differently (Robison et al., 2014). Chronic social 

defeat stress does not alter ΔFosB binding to the Camk2a gene promoter, while chronic 

administration of fluoxetine decreases ΔFosB binding to the promoter, despite the fact that 

ΔFosB levels are increased under both of these conditions. The depletion of ΔFosB from the 

Camk2a promoter in response to chronic fluoxetine occurs in tandem with reduced histone 

H3 acetylation and increased H3 methylation (at Lys9) at the Camk2a promoter and with 

suppression of Camk2a expression. Indeed, we know that these chromatin modifications in 

the NAc have broad effects on depression-related behavioral abnormalities (Covington et al., 

2009, 2011). These findings suggest that specific chromatin modifications at subsets of 

genes are responsible for gene-specific effects of transcriptional regulation, in this case, with 

ΔFosB binding to and activating Camk2a in D1-type MSNs after chronic cocaine, but being 

depleted from the Camk2a gene in concert with its repression within the same neuronal cell 

type after chronic fluoxetine. These actions of fluoxetine appear to be functional important. 

First, the same pattern of chromatin modifications and CaMKII repression is seen in the 

NAc of depressed patients treated chronically with antidepressant medications but not n 

medication-free individuals (Robison et al., 2014). Second, viral-mediated overexpression of 

CaMKII in the NAc prevents the antidepressant-like effects of fluoxetine in the chronic 

social defeat procedure (Robison et al., 2014). It will be interesting in future studies to 

identify the proteins whose reduced phosphorylation as a consequence of suppressed 

CaMKII levels contributes to antidepressant action.

The second approach used to identify target genes of ΔFosB in NAc is unbiased and utilizes 

genome-wide methods. First, as noted earlier, we have identified genes whose expression 

levels are up- or downregulated upon the inducible overexpression of ΔFosB (or ΔcJun) in 

D1-type NAc MSNs using DNA expression arrays (McClung and Nestler, 2003). More 

recently, we overlaid this list of ΔFosB-regulated genes in NAc with the list of genes that are 

altered in the NAc of resilient mice, based on the hypothesis, stated earlier, that ΔFosB 

induction in D1-type MSNs mediates resilience. The results identify numerous putative 

resilience genes whose regulation might be mediated by ΔFosB (Figure 4). One of the genes 

that is most robustly induced in the NAc under resilience and upon ΔFosB overexpression is 

Sparcl1, which encodes Sparc-like 1 (also known as hevin). Sparcl1 is an anti-adhesive 

matrix molecule that is highly expressed in adult brain, where it localizes in the postsynaptic 

density and is implicated in synaptic plasticity (Lively et al., 2008). Indeed, based on our 

unbiased discovery, we went on to show that Sparc1 levels are downregulated in the NAc of 

depressed humans and that overexpression of Sparcl1 in mouse NAc exerts potent 

antidepressant-like effects (Figure 4).

These findings illustrate the potential power of open-ended approaches in driving innovative 

drug discovery efforts. In parallel, we are now combining such studies of gene expression 

with chromatin immunoprecipitation (ChIP) coupled with deep sequencing (ChIP-seq) to 

identify genes where the binding of endogenous ΔFosB in NAc is regulated by chronic 

stress or antidepressant exposure. Together, we expect these unbiased approaches to enable 

the identification of a large number of previously unappreciated target genes for ΔFosB in 

Nestler Page 7

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NAc in the context of depression-related behavioral abnormalities, as we have accomplished 

in drug abuse models (see Renthal et al., 2009).

7. Induction of ΔFosB in other brain regions

The discussion up to now has focused solely on NAc. While this is a key brain reward 

region and important for depression and antidepressant action, many other brain regions are 

also crucial. A central question, then, is whether ΔFosB acting in other brain regions beyond 

the NAc may also influence depression-related behavioral abnormalities. Increasing 

evidence suggests that this is the case.

We have mapped the induction of ΔFosB throughout the brain in response to chronic 

restraint stress or chronic social defeat stress and have demonstrated robust ΔFosB induction 

in numerous brain regions in both stress models (Perrotti et al., 2004; Vialou et al., 2014a). 

We have also demonstrated ΔFosB induction in numerous brains regions in addition to the 

NAc after chronic fluoxetine administration (Vialou et al., 2014b). A major goal for future 

research is to carry out studies, analogous to those described above for NAc, to delineate the 

neural and behavioral phenotype mediated by ΔFosB for each of the brain regions 

implicated. This represents an enormous undertaking, yet it is crucial for understanding the 

global influence of ΔFosB in depression.

An early example of this effort is a recent study where we characterized the influence of 

ΔFosB, acting in the prelimbic region of medial prefrontal cortex (mPFC) in chronic social 

defeat stress. We had shown previously that decreased neuronal activity, as inferred from 

immediate early gene expression levels, in medial prefrontal cortex (mPFC) is associated 

with social defeat-induced depression- and anxiety-like behaviors in mice (Covington et al., 

2010). More recently, we demonstrated that ΔFosB is induced in the pre-limbic mPFC 

selectively in susceptible mice, and that overexpression of ΔFosB in this region, but not in 

the nearby infra-limbic area, enhances stress susceptibility (Vialou et al., 2014a). ΔFosB 

produces these effects partly through induction of the cholecystokinin (CCK)-B receptor: 

CCKB blockade in mPFC induces a resilient phenotype, whereas CCK administration into 

mPFC mimics the anxiogenic- and depressant-like effects of social stress. We previously 

found that optogenetic stimulation of mPFC neurons in susceptible mice reverses several 

behavioral abnormalities seen after chronic social defeat stress (Covington et al., 2010). We 

therefore hypothesized that optogenetic stimulation of prelimbic mPFC projections would 

rescue the pathological effects of CCK within this brain region. Indeed, following CCK 

infusion in mPFC, we optogenetically stimulated mPFC projections to NAc or basolateral 

amygdala. Stimulation of cortico-NAc projections reversed CCK-induced depression-like 

but not anxiogenic-like effects, whereas stimulation of cortico-amygdala projections blocked 

the anxiogenic- but not depression-like effects of CCK (Vialou et al., 2014a). Thus, the pro-

susceptible role of ΔFosB acting in the prelimbic mPFC is opposite to ΔFosB’s pro-

resilience actions in the NAc, emphasizing the highly region-specific effects that should be 

expected from many regulatory proteins.

Nestler Page 8

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Future Directions

Beyond characterizing the role played by ΔFosB, acting in several regions of the brain, in 

mediating depression- and antidepressant responses, an important question is how this 

information can be mined to improve clinical management of depression and related 

disorders. We believe that work on ΔFosB can contribute to such clinical efforts. First, it 

would be interesting to develop imaging ligands for ΔFosB, which might be used in 

conjunction with PET or MRI, for example, to determine an individual’s susceptibility to 

depression and to track antidepressant responses based on levels of ΔFosB induction 

throughout the brain. As well, we are interested in developing small molecules that directly 

inhibit or potentiate the actions of ΔFosB. We have made early progress in this regard 

(Wang et al., 2012). As test compounds of higher affinity and greater brain penetration are 

generated, it would be useful to administer such molecules systemically to determine the net 

effect of increasing or decreasing ΔFosB activity throughout the brain. One striking feature 

of ΔFosB is that it is expressed at many fold higher levels in NAc and dorsal striatum than 

any other brain region or peripheral tissue studied; we would thus expect effects in NAc to 

predominate. Moreover, studies of ΔFosB are revealing numerous target genes whose 

encoded proteins show greater region-specific regulation by stress and antidepressants than 

that exhibited by ΔFosB itself. Such targets should be used to help drive antidepressant drug 

discovery efforts in future years. Finally, studies of ΔFosB illustrate the ways in which it is 

possible to elaborate detailed transcriptional mechanisms of depression and antidepressant 

action.
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Figure 1. Biochemical basis of ΔFosB’s unique stability
ΔFosB and FosB are encoded by the FosB gene. ΔFosB is generated by alternative splicing 

and lacks the C-terminal 101 amino acids present in FosB. Two mechanisms are known that 

account for ΔFosB’s stability. First, ΔFosB lacks two degron domains present in the C-

terminus of full length FosB (and found in all other Fos family proteins as well). One of 

these degron domains targets FosB for ubiquitylation and degradation in the proteasome. 

The other degron domain targets FosB degradation by a ubiquitin- and proteasome-

independent mechanism. Second, ΔFosB is phosphorylated by several protein kinases at its 

N-terminus which further stabilizes the protein. From Nestler, 2008 with permission.
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Figure 2. Scheme showing the gradual accumulation of ΔFosB versus the rapid and transient 
induction of other Fos family proteins in response to stress or another stimulus
The upper graph shows that several waves of Fos family proteins (comprised of c-Fos, 

FosB, ΔFosB [33 kD isoform], Fra1, and Fra2) are induced in NAc and dorsal striatal 

neurons by acute stress. Also induced are biochemically modified isoforms of ΔFosB (35–37 

kD); they are induced at low levels by acute stress, but persist in brain for long periods due 

to their stability. The lower graph shows that with repeated (e.g., twice daily) stress 

exposure, each acute stimulus induces a low level of the stable ΔFosB isoforms. This is 

indicated by the lower set of overlapping lines, which indicate ΔFosB induced by each acute 

stimulus. The result is a gradual increase in the total levels of ΔFosB with repeated stimuli 

during a course of chronic treatment. This is indicated by the increasing stepped line in the 

graph. From Nestler, 2008 with permission.

Nestler Page 14

Eur J Pharmacol. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. ΔFosB induction in NAc by chronic social defeat stress mediates resilience
A. Inducible bitransgenic mice overexpressing ΔFosB in D1-type MSNs do not develop the 

social aversion which is a hallmark of social defeat stress after either 4 or 10 days of defeat 

with mice tested on days 5 or 11, respectively. B. Conversely, overexpression of ΔcJun 

increases susceptibility to social defeat with increased social aversion seen after 4 days of 

defeat with mice examined on day 5. By day 11, both control and ΔcJun-expressing mice 

exhibit comparable levels of social avoidance. *p<0.05. From Vialou et al., 2010a with 

permission.
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Figure 4. Sparcl1 has pro-resilience, antidepressant-like effects in NAc
A. Changes in gene expression observed in NAc during resilience overlap with those 

observed upon overexpression of ΔFosB (comparison of data sets in McClung and Nestler, 

2003 and Krishnan et al., 2007). Shown are 106 genes that are significantly regulated (>1.5 

fold; *p < 0.05) in NAc by social defeat in resilient mice as compared with controls (upper 

heat map) and how these genes are regulated both in resilient mice versus susceptible mice 

(lower heat map) and by overexpression of ΔFosB in D1-type MSNs of NAc (middle heat 

map). The position of Scarpl1 (SC1) on the heat maps is indicated. (b) Viral overexpression 

of Scarpl1 in NAc reverses the social avoidance induced by chronic (10 days) social defeat. 

C. Overexpression of Scarpl1 has an antidepressant-like effect as measured by a decrease in 

time spent immobile and an increase in latency to immobility in the forced swim test. Rats 

were injected with HSV-GFP or HSV-Scarpl1 into NAc before the test. D. Human NAc 

samples from depressed individuals show a strong trend for lower Scarpl1 concentrations as 

compared with matched controls. From Vialou et al., 2010a with permission.
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