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Abstract

Major depressive disorder is thought to arise in part from dysfunction of the brain's “reward 

circuitry,” consisting of the mesolimbic dopamine system and the glutamatergic and 

neuromodulatory inputs onto this system. Both chronic stress and antidepressant treatment 

regulate gene transcription in many of the brain regions that make up these circuits, but the exact 

nature of the transcription factors and target genes involved in these processes remain unclear. 

Here, we demonstrate induction of the FosB family of transcription factors in ∼25 distinct regions 

of adult mouse brain, including many parts of the reward circuitry, by chronic exposure to the 

antidepressant fluoxetine. We further uncover specific patterns of FosB gene product expression 

(i.e., differential expression of full-length FosB, ΔFosB, and Δ2ΔFosB) in brain regions associated 

with depression – the nucleus accumbens (NAc), prefrontal cortex (PFC), and hippocampus – in 

response to chronic fluoxetine treatment, and contrast these patterns with differential induction of 

FosB isoforms in the chronic social defeat stress model of depression with and without fluoxetine 

treatment. We find that chronic fluoxetine, in contrast to stress, causes induction of the unstable 

full-length FosB isoform in the NAc, PFC, and hippocampus even 24 hours following the final 

injection, indicating that these brain regions may undergo chronic activation when fluoxetine is on 

board, even in the absence of stress. We also find that only the stable ΔFosB isoform correlates 

with behavioral responses to stress. These data suggest that NAc, PFC, and hippocampus may 

present useful targets for directed intervention in mood disorders (ie, brain stimulation or gene 

therapy), and that determining the gene targets of FosB-mediated transcription in these brain 

regions in response to fluoxetine may yield novel inroads for pharmaceutical intervention in 

depressive disorders.
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1. Introduction

Approximately one in five Americans will experience a depressive disorder within their 

lifetime (Kessler et al., 2005), and only about 50% of those will fully respond to available 

treatments (Culpepper, 2010). In recent decades, it has become increasingly clear that the 

variability in depressive disorders and in the response to existing treatments stems, at least in 

part, from individual differences in both genetics (Flint and Kendler, 2014) and gene 

expression (Vialou et al., 2013). Our group and many others suggest that chronic stress or 

exposure to antidepressants causes induction and altered function of transcription factors 

which, in turn, modulate gene expression to alter mood and behavior (Vialou et al., 2013). 

We therefore propose that determining: 1) the specific brain regions, 2) the specific 

transcription factors, and 3) the specific target genes involved in these processes could 

potentially lead to the development of novel therapeutic approaches for the treatment and 

prevention of depressive disorders. Previous studies indicate that the transcription factor 

ΔFosB is induced by both chronic stress and chronic antidepressant treatment, and that it 

plays an essential role in mouse models of depression and antidepressant action (Perrotti et 

al., 2004; Vialou et al., 2010; Ohnishi et al., 2011; Lobo et al., 2013; Robison et al., 2013; 

Vialou et al., 2014).

The brain's reward circuitry centers on dopaminergic neurons in the ventral tegmental area 

(VTA) and their mesolimbic projections to nucleus accumbens (NAc), dorsal striatum, 

amygdala, and hippocampus, as well as their mesocortical projections, in particular to the 

prefrontal cortex (PFC). Previous studies of the role of ΔFosB in stress responses and 

antidepressant action have focused on discrete brain regions within the reward circuitry, 

namely the NAc (Vialou et al., 2010; Robison et al., 2013) and the PFC (Vialou et al., 

2014). However, other forms of stimulation, such as chronic exposure to various drugs of 

abuse, are known to induce ΔFosB in many additional brain regions, both within and outside 

the reward circuitry (Perrotti et al., 2008). Moreover, the FosB message undergoes complex 

splicing resulting in multiple proteins, the most prominent of which have apparent molecular 

weights of 50 kDa (full-length FosB), 35-37 kDa (ΔFosB), and 25 kDa (Δ2ΔFosB) that may 

have distinct transcriptional target genes and may play distinct roles in behavioral responses 

(Ohnishi et al., 2011). For instance, ΔFosB appears to drive spontaneous locomotor activity 

and accumulation of E-cadherin and phospho-Akt, while full-length FosB is essential for 

stress tolerance (Ohnishi et al., 2011). Though the expression of the distinct gene products in 

response to stress and various drugs has been examined extensively in NAc and to some 

degree in PFC (Perrotti et al., 2004), expression of the different FosB gene products outside 

the NAc in mouse models of depression and antidepressant action has not been reported in 

detail. Here, we demonstrate that chronic treatment with the antidepressant fluoxetine 

induces FosB gene products in more than 25 distinct regions of the mouse brain, and that the 

presence of specific FosB splice products varies in select regions of the reward circuitry 

under both stress and antidepressant conditions. We chose to focus on NAc and PFC 
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because our previous studies demonstrate the behavioral importance of FosB in these 

regions (Vialou et al., 2010; Vialou et al., 2014), and we chose hippocampus because is both 

modulates the function of the mesolimbic and mesocortical dopamine system and has been 

directly implicated in many studies of depression, both in humans and in pre-clinical models 

(Duman and Aghajanian, 2012; Eisch and Petrik, 2012).

2. Materials and Methods

2.1. Animals

C57BL/6J male mice (The Jackson Laboratory), 7–8 weeks old and weighing 25–30 g, were 

habituated to the animal facility one week before use and maintained at 22–25°C on a 12 hr 

light/dark cycle. All animals had access to food and water ad libitum. All experiments were 

conducted in accordance with the guidelines of the Institutional Animal Care and Use 

Committees at Icahn School of Medicine at Mount Sinai and Michigan State University. All 

efforts were made to minimize animal suffering, to reduce the number of animals used, and 

to utilize alternatives to in vivo techniques when available.

2.2 Drug Administration

Fluoxetine was dissolved in 0.9% sterile saline solution at 2mg/ml and administered 

intraperitoneally at 20mg/kg daily for 14 consecutive days to naïve animals (Sections 3.1 

and 3.2 below) or 20 days to socially defeated animals (Section 3.4 below). Animals were 

sacrificed 24 hrs after the final injection and tissue was handled as described below.

2.3 Chronic Social Defeat Stress

Chronic (10 days) social defeat stress and social interaction tests were performed essentially 

as described (Krishnan et al., 2007; Golden et al., 2011). Briefly, during each defeat episode, 

intruder mice were allowed to interact for 10 min with an aggressive CD1 mouse, during 

which they were attacked and displayed subordinate posturing, then spent the remainder of 

each 24-hour period in the aggressor's cage, separated from the aggressor by a perforated 

plexiglass divider. For the social interaction test, we measured the time spent in the 

interaction zone during the first (target absent) and second (target present) trials; the 

interaction ratio was calculated as 100 × (interaction time, target present)/(interaction time, 

target absent). Target mice were CD1 males not used for aggressive encounters with the C57 

mice being tested for interaction.

2.4. Immunohistochemistry

Eighteen to 24 hr after their last fluoxetine treatment or defeat exposure, animals were 

anesthetized with chloral hydrate and perfused intracardially with 200 ml of PBS (11.9 mM 

phosphates, 137 mM NaCl, 2.7 mM KCl; pH 7.4), followed by 400 ml of 4% 

paraformaldehyde in PBS. Brains were removed and stored overnight in 4% 

paraformaldehyde at 4°C, then transferred to a 30% sucrose in PBS solution and stored at 

4°C until isotonic. Coronal sections (35 μm) were cut on a freezing microtome (Leica, 

Bannock-burn, IL) and then processed for immunohistochemistry as described (Perrotti et 

al., 2008) using a polyclonal FosB antibody (SC-48, Santa Cruz Biotechnology, Dallas, TX) 

which recognizes all three major FosB gene products. FosB positive cells were visualized 
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using diaminobenzidine (DAB) staining (Vector Laboratories, Burlingame, CA) and counted 

by a double-blind experimenter. The number of FosB immunopositive cells was counted in 

the entire brain area in a given 35 μm slice and divided by the area to give cells/mm2. FosB 

was quantified in several sections through the brain of each mouse, and mean values were 

then calculated for each mouse. Each mouse was considered an individual observation for 

statistical analysis. Brain regions were defined by (Paxinos and Franklin, 2004).

2.5 Western Blotting

24 hr following final injection of fluoxetine or final defeat episode, mice were decapitated 

and brains were removed. Brains were serially sliced in a 1.0 mm matrix (Braintree 

Scientific) and target tissue was removed in phosphate buffered saline containing protease 

and phosphatase inhibitor cocktails (Sigma Aldrich, St Louis, MO) using a 14 gauge punch 

for NAc and PFC and a 12 gauge punch for hippocampus and immediately frozen on dry 

ice. Samples were homogenized by light sonication in modified RIPA buffer: 10 mM Tris 

base, 150 mM sodium chloride, 1 mM EDTA, 0.1% sodium dodecyl sulfate, 1% Triton 

X-100, 1% sodium deoxycholate, pH 7.4, protease and phosphatase inhibitors as above. 

After addition of Laemmli buffer, proteins were separated on 4-15% polyacrylamaide 

gradient gels (Criterion System, BioRad), and Western blotting was performed using a 

polyclonal FosB antibody (5G4, Cell Signaling, Danvers, MA) enhanced chemiluminescent 

detection (Pierce, Rockford, IL). Films were scanned and band intensity was quantified 

using ImageJ software.

To generate line plots (panels labeled B in Western blot figures), a vertical line was drawn 

through the bands centered on the top band of the ΔFosB doublet (∼37kDa). The resulting 

histogram data were averaged for all animals of each group, and the lowest raw pixel 

intensity value was subtracted from all values for each graph, thus removing the background 

(which varied due to exposure time). For analysis of individual isoforms, a box was drawn 

around each of the pertinent bands (50kDa for FosB; the 35-37kDa doublet for ΔFosB; 

25kDa for Δ2DFosB) and average pixel intensity was calculated. A background value for 

each blot was generated from a region containing no specific bands and subtracted from all 

band values. Finally, membranes were stained for total protein with Swift Membrane Stain 

(GBiosciences, St Louis, MO), and all band values were normalized to total protein for each 

lane.

2.6 Statistical Analyses

All statistical analyses were performed using the Prism 6 software package (GraphPad). 

Student's t-tests were used for all pair-wise comparisons (indicated in Results where t value 

is given), and differences were considered significant at p<0.05. Error bars on all graphs 

represent standard error from the mean.

3. Results

3.1 Fluoxetine induction of FosB-like immunoreactivity throughout the brain

Previous studies indicate that FosB gene products are induced in the mouse NAc by chronic 

exposure to fluoxetine, and that induction of NAc ΔFosB is essential for fluoxetine's 
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behavioral effects in the mouse chronic social defeat stress (CSDS) model of depression 

(Vialou et al., 2010). In order to determine whether fluoxetine also induces FosB gene 

products in other brain regions, we used immunohistochemistry to assess levels of FosB 

gene products after chronic exposure to fluoxetine. As expected, we detected the highest 

levels of FosB-positive cells in the core and shell of the NAc in saline treated animals, and 

this was significantly increased in animals treated with chronic fluoxetine (Fig 1A; Table 1). 

Interestingly, we also found significant increases in FosB-positive cells in virtually every 

brain region in which FosB-positive cells could be detected (Table 1). The dorsal 

hippocampus was of particular interest, as there were low levels of FosB-positive cells 

detected in the dentate gyrus (DG) and CA3 regions of control animals, and virtually none 

detected in the CA1 region, but there was very strong induction of FosB-like 

immunoreactivity in all three regions in response to fluoxetine (Fig 1B; Table 1). 

Specifically, the DG had the highest total number of FosB-positive cells per mm2 after 

fluoxetine treatment of any region tested, and the CA1 had the highest fold induction of any 

region tested (Table 1). Other regions of strong induction include parts of the frontal cortex 

(Fig 1C) and hypothalamus (Fig 1D). All regions in which FosB-positive cells were detected 

showed a significant fluoxetine-mediated induction with exception of the subiculum, in 

which a trend for induction was found, but the levels of FosB-positive cells were low and 

variable (Table 1). No FosB-positive cells were found in the cerebellum, with or without 

fluoxetine (data not shown).

3.2 Fluoxetine induction of specific FosB gene products

Although previous work suggests that, in chronic drugs abuse or stress paradigms, only the 

35-37 kDa ΔFosB product of the FosB gene is detectable 24 hours after the final drug or 

stress exposure (Perrotti et al., 2004; Perrotti et al., 2008), it is unknown which FosB gene 

products accumulate with chronic exposure to fluoxetine. To address this, we used Western 

blotting to determine which FosB gene products were present after chronic fluoxetine 

treatment in NAc, PFC, and hippocampus; regions thought to be important in major 

depressive disorder or antidepressant action (Price and Drevets, 2012). In the NAc, we 

found that full-length FosB (50-52 kDa), ΔFosB (35-37 kDa), and Δ2ΔFosB (25 kDa) were 

all significantly upregulated by chronic fluoxetine at the 24 hr time point (Fig 2; FosB: 

t(16)=5.262; p<0.0001; ΔFosB: t(15)=5.064; p=0.0001; Δ2ΔFosB: t(15)=2.437; p=0.0277). 

Surprisingly, full-length FosB was most strongly upregulated (2.8-fold). Given that the 

animals had not received fluoxetine for 24 hours prior to analysis and that the half-life of 

full-length FosB in cells is thought to be around 1.6 hours (Carle et al., 2007), the data 

indicate that chronic fluoxetine causes changes in the functioning of NAc neurons that cause 

them to express all products of the FosB gene in a sustained manner. In the PFC, we found 

that only full-length FosB and ΔFosB were significantly induced by fluoxetine (Fig 2; FosB: 

t(16)=2.227; p=0.0407; ΔFosB: t(16)=4.414; p=0.0004), while Δ2ΔFosB remained 

unchanged. In the hippocampus of control animals, FosB gene product expression was quite 

low, and fluoxetine treatment caused a significant increase only in the ΔFosB isoform (Fig 

2; t(15)=5.387; p<0.0001), though all three isoforms trended toward increase.
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3.3 Social defeat stress induction of specific FosB gene products

In order to determine whether induction of specific FosB gene products in brain regions 

related to mood disorders differs between chronic stress and chronic antidepressant 

treatment, we exposed mice to CSDS (Golden et al., 2011). We exposed 14 mice to CSDS, 

and three mice were found to be resilient to stress and were dropped from the study. The 

remaining 11 mice were deemed susceptible (“depressed”) based on the social interaction 

(SI) test (Krishnan et al., 2007). They exhibited decreased time interacting with a target 

mouse (Fig 3A; t(15)=7.588; p<0.0001), increased time in the corner zones (Fig 3B; 

t(15)=2.633; p=0.0188), and a decreased SI ratio (Fig 3C; t(15)=6.879; p<0.0001).

CSDS in mice is a pharmacologically validated model of major depressive disorder, as 

chronic, but not acute, treatment with antidepressants (including fluoxetine) reverses the 

social defeat phenotype (Berton et al., 2006; Krishnan et al., 2007; Vialou et al., 2010). 

Therefore, we again used Western blotting to determine which FosB gene products 

accumulate in select brain regions following CSDS. In contrast to chronic fluoxetine 

exposure, we found that CSDS caused a significant increase in only the ΔFosB isoform in 

the NAc (Fig 4; t(10)=2.544; p=0.0291), although there was a trend for increased levels of 

full-length FosB that showed strong variability in the control animals. There was no 

significant increase in any FosB gene product in the hippocampus in response to CSDS, 

although this may result from higher levels of all FosB isoforms in the control animals that 

could be due to experimental design (see Discussion). In the PFC, as in the NAc, we saw 

significant induction only of the ΔFosB isoform (Fig 4; t(9)=4.447; p=0.0016). These data 

indicate that CSDS specifically induces ΔFosB in depression-related brain regions, findings 

that agree closely with previous studies (Vialou et al., 2010).

3.4 Fluoxetine induction of specific FosB gene products in stressed animals

Because the pattern of FosB gene products induced by chronic fluoxetine and chronic stress 

exposure differ, we sought to determine whether fluoxetine would induce a similar pattern 

of FosB gene products in stressed and non-stressed animals. We exposed 25 mice to CSDS, 

and four mice were found to be resilient to stress and were dropped from the study. The 

remaining 21 mice were deemed susceptible (“depressed”) based on the social interaction 

(SI) test as they exhibited decreased time interacting with a target mouse (Fig 5, day 1, both 

defeat groups; F(11, 97)=8.376; p<0.0001). We then began daily fluoxetine or saline 

treatment as above, and retested social interaction on days 10 and 20 of treatment. We found 

that after 20 days, fluoxetine-treated animals had social interaction scores that were no 

longer significantly different from controls, while saline treated animals remained defeated 

(p<0.05). Importantly, fluoxetine treatment had no effect on the behavior of control animals, 

as has been previously reported (Berton et al., 2006; Krishnan et al., 2007).

24 hours following the day-20 social interaction test, brains were removed and Western 

blotting was used to measure the expression of FosB gene products as above. Two-way 

ANOVA revealed a significant effect of fluoxetine on ΔFosB (F(1,26)=7.065;p=0.0133) but 

not FosB (F(1,27)=3.721) or Δ2ΔFosB (F(1,25)=0.3145) in NAc; a significant effect of 

fluoxetine on ΔFosB (F(1,29)=8.471;p=0.0069) and FosB (F(1,29)=6.091;p=0.0197) but not 

Δ2ΔFosB (F(1,30)=0.4072) in PFC; and a significant effect on ΔFosB 
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(F(1,30)=17.82;p=0.0002), FosB (F(1,32)=5.830;p=0.0216), and Δ2ΔFosB 

(F(1,32)=8.027;p=0.0079) in hippocampus (Fig 6). No significant effect of stress or 

interaction between drug and stress was revealed in any brain region for any isoform. It is 

important to note that, in these animals, protein expression was assessed 20 days after the 

last defeat episode, and those shown in figure 4 were measured only 24 hours following 

defeat. Therefore, these data suggest that, though the defeat phenotype can persist 20 days or 

more (Fig 5 and see (Berton et al., 2006; Vialou et al., 2010)), accumulation of FosB gene 

products in response to stress does not persist for the same length of time.

3.4 Correlation of ΔFosB induction with extent of social avoidance

Previous studies, along with data from this study, indicate that ΔFosB in NAc is a key 

mediator of resilience to CSDS in mice, but that stress itself induces NAc ΔFosB such that 

susceptible mice also show induction compared to controls (Fig 4 and (Vialou et al., 2010; 

Lobo et al., 2013)). In order to determine whether there is a direct relationship between 

induction of any of the FosB isoforms in any of the brain regions tested and the extent of the 

defeat phenotype, we analyzed the correlation between protein levels and SI ratio in 

untreated defeated mice 24 hours following the final defeat episode (Fig 7). We found that 

only the ΔFosB isoform in NAc and PFC showed an inverse correlation with SI ratio (Fig 7; 

NAc: F(1,11)=14.45; p=0.0029; PFC: F(1,9)=7.83; p=0.0208). These data indicate that, in the 

PFC and NAc, induction of the “depressive” phenotype is directly correlated with 

expression of the ΔFosB isoform. Within the NAc, the opposite effects of ΔFosB in 

promoting resilience under some circumstances, versus being correlated with susceptibility 

in others, can be explained by the selective induction of ΔFosB within completely distinct 

neuronal cell types in the NAc of resilient versus susceptible mice (Lobo et al., 2013).

4. Discussion

Here, we show that FosB gene products are induced throughout the brain by chronic 

exposure to fluoxetine, and that the specific gene products expressed vary by brain region 

and between chronic stress and antidepressant treatment. Because antidepressants are 

administered systemically, they potentially affect signaling throughout the brain. Fluoxetine, 

a selective serotonin reuptake inhibitor (SSRI), could thus directly affect any brain region in 

which serotonin signaling occurs. The serotonin transporter (SERT) is expressed on 

serotonergic nerve terminals that are present throughout the brain, with strong protein levels 

seen in the raphe nuclei, thalamus, hypothalamus and striatum, including NAc, and 

moderate levels in the hippocampus and parts of the PFC, particularly cingulate cortex 

(Saulin et al., 2012). Moreover, because SSRIs like fluoxetine are administered chronically, 

and indeed require weeks of administration to produce behavioral effects in humans 

(Culpepper, 2010) and in CSDS mice (Berton et al., 2006), they likely alter the function of 

brain regions not directly affected by blockade of serotonin reuptake, but that are innervated 

by regions in which serotonin signaling alters activity. Thus, we did not limit our assessment 

of FosB-positive cells in response to fluoxetine to brain regions that are especially rich in 

serotonin signaling, and found that many regions that do not contain high levels of SERT 

(i.e., motor cortex) showed strong induction of FosB-positive cells in response to fluoxetine. 

Although this does not necessarily indicate that all of these varied brain regions are integral 
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to the behavioral effects of fluoxetine, it does suggest that exploration of brain region-

specific treatments, such as deep brain stimulation in humans (Wani et al., 2013) or gene 

therapy in pre-clinical models (Lobo et al., 2012), should not necessarily be limited to a 

small subset of brain areas.

The present study uses daily i.p. injection of fluoxetine to model antidepressant treatment. 

However, as rodents metabolize fluoxetine much more quickly than do humans (T1/2 is 

hours in rodents and days in humans – see (Altamura et al., 1994; Jung et al., 2013)), it is 

likely that daily i.p. injections in mice result in a cycle of serotonin signaling that may differ 

from the steady-state increase in signaling that may be seen in humans in whom fluoxetine is 

maintained at effective levels for long periods of time. It is possible that cycling serotonin 

signaling may result in a different pattern of neural activation and DFosB accumulation than 

steady state increases, as homeostatic scaling may more strongly dampen effects that are 

constant (Nelson and Turrigiano, 2008). It will be important to investigate the differences in 

FosB isoform accumulation in mouse brain regions using additional methods that may more 

closely mimic clinically observed fluoxetine levels, such as oral or osmotic minipump 

administration (Pawluski et al., 2014).

In previous studies with chronic exposure to drugs of abuse (Nye et al., 1995), stress (Vialou 

et al., 2010), or electroconvulsive stimulation (Chen et al., 1995), the major FosB gene 

product seen in NAc 24 hours after the final treatment is overwhelmingly ΔFosB, and our 

results with CSDS here show a similar pattern (Fig 4). However, we found that chronic 

exposure to fluoxetine caused accumulation of multiple FosB gene products in the NAc at 

24 hours after the final injection, and were surprised to find that the full-length FosB gene 

product, which has a half-life in cells of around 1.6 hours (Carle et al., 2007), was strongly 

induced in NAc under basal conditions (Fig 2) and in hippocampus and PFC in control and 

stressed animals under social defeat conditions (Fig 6). Because full-length FosB is an 

immediate early gene product thought to accumulate only when cells are repeatedly 

activated, these data indicate that chronic treatment with fluoxetine causes a persistent 

increase in activation of multiple brain regions. This could be a direct result of increased 

serotonin signaling causing increased cell activation, but may also be the result of increased 

glutamatergic signaling, possibly due to synergistic glutamatergic signaling between PFC 

and Hippocampus and into NAc (Robison and Nestler, 2011). Because all three areas show 

increased FosB gene product accumulation after chronic fluoxetine exposure, it seems likely 

that the connections between these brain regions are being activated more often leading to 

increased strength, or even that new connections are being formed between these regions. 

Future studies that track brain activity longitudinally during chronic stress or antidepressant 

exposure, perhaps using small animal fMRI, will be useful to determine regional changes in 

brain activity and the path of their progression throughout the brain during treatment.

Previous studies indicate that ΔFosB is produced throughout the PFC in response to CSDS, 

and that it accumulates in the prelimbic cortex of susceptible, but not resilient, mice, where 

it mediates enhanced stress susceptibility through induction of cholecystokinin (CCK) 

(Vialou et al., 2014). Here, we also saw specific accumulation of ΔFosB in the PFC of 

susceptible mice, and now report a correlation between PFC accumulation of ΔFosB, but not 

FosB or Δ2ΔFosB, and the extent of social avoidance (Fig 7). In contrast, chronic fluoxetine 

Vialou et al. Page 8

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment caused an accumulation of both ΔFosB and full-length FosB in the PFC (Fig 1 and 

main effect of drug Fig 6). As systemically-administered fluoxetine clearly promotes 

enhanced resilience, not susceptibility, to stress, these data suggest that full-length FosB 

may prevent or counteract the transcriptional effects of ΔFosB in the PFC, perhaps at the 

level of the CCK receptor gene (Vialou et al., 2014) or through modulation of other genes. 

Alternatively, the changes caused by fluoxetine in other brain regions may be sufficient to 

overcome the behavioral effects of ΔFosB in the PFC. Novel tools that allow chromatin 

immunoprecipitation assays specific to full-length FosB or specific to ΔFosB will be 

required to determine whether and how FosB products control gene transcription in the PFC 

in response to chronic fluoxetine treatment, and whether such changes modulate behavior. 

Expression of specific FosB isoforms in hippocampus has not yet been extensively studied. 

Ongoing work from our group suggests that spatial learning causes induction of FosB gene 

products in hippocampal neurons (Eagle et al., 2013), though their function in these neurons 

is only now being investigated. Here, we demonstrate that chronic fluoxetine causes a very 

strong induction of FosB isoforms in hippocampus (Fig 2 and 6). Saline-treated control 

animals, which never left their home cages, had no detectable FosB gene product 

expression. In contrast, animals exposed to CSDS showed no induction of any FosB gene 

product, but this is clearly due to the increased basal levels of all three FosB gene products 

in the CSDS control animals. This difference in basal FosB gene product expression can be 

explained by the difference in treatment of control animals. While saline-treated control 

animals never left their home cages, CSDS control animals are placed in novel cages each 

day that do not contain an aggressor animal (Golden et al., 2011), in order to control for 

novel environment exposure. Thus, repeated exposure to novel environments, a process 

known to activate the hippocampus, appears to drive FosB gene product accumulation in 

this brain region. Ongoing studies will determine whether this FosB gene product expression 

contributes to spatial learning.

It is interesting to note that animals undergoing CSDS have an elevation of DFosB in the 

NAc and PFC 24 hours after the final stress episode (Fig 4) but not 20 days after the final 

stress episode (compare saline-treated control to saline-treated defeat animals in Fig 6). 

However, the behavior of the animals is similar under these two conditions: the mice show 

social avoidance both 24 hrs and 20 days after the final stress episode compared to control 

mice (Figs 3&5). This may indicate that initial changes mediated by FosB gene products are 

transformed into stable changes in gene expression over time, perhaps through DNA or 

histone modification, or it may indicate that the effects of ΔFosB in susceptible mice are 

negligible, and ΔFosB exerts its behavioral effects only in resilient or antidepressant-treated 

animals.

In the present study, we demonstrate that both chronic stress and antidepressant treatment 

induce differential expression of FosB gene products in a number of mood- and reward-

related brain structures. As deep-brain stimulation of NAc and PFC have been demonstrated 

to cause antidepressant effects (Schmuckermair et al., 2013; Delaloye and Holtzheimer, 

2014), it is clear that understanding the specific gene expression changes in these brain 

regions that mediate their role in the depressive phenotype will be critical to development of 

new therapeutic treatments. Although the gene targets of some of these FosB proteins in 

some brain regions are known and their roles in mood and reward have been studied – for 
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instance, AMPA receptor subunits (Vialou et al., 2010), calcium/calmodulin-dependent 

protein kinase II (Robison et al., 2013), and the CCKB receptor (Vialou et al., 2014) – 

uncovering novel gene targets for the individual FosB gene products in each brain region 

remains a promising avenue for discovery of novel pharmacological targets for intervention 

in depressive disorders.
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Highlights

- Fluoxetine induces FosB gene products in ∼25 distinct regions of adult mouse 

brain

- Patterns of FosB gene products induced by fluoxetine differ by brain region

- FosB gene product induction by fluoxetine differs from induction by stress

- Only ΔFosB levels in PFC and nucleus accumbens correlate with behavioral 

response to stress
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Figure 1. Induction of FosB-positive cells by chronic fluoxetine
FosB-positive cells as visualized by DAB-staining in saline- (top) and chronic fluoxetine-

treated (middle) mice in A) NAc (Bregma 1.10 mm), B) hippocampus (-1.58 mm), C) PFC 

(2.10 mm), and D) hypothalamus (-1.46 mm). Schematics of the location of each brain 

region (red box) within a coronal slice are depicted (bottom; adapted from (Paxinos et al., 

2001)). AC: anterior commissure; DG: dentate gyrus; C1: field CA1 of hippocampus; C2: 

field CA2 of hippocampus; M2: secondary motor cortex; PrL: prelimbic cortex; DM: 

dorsomedial hypothalamus.
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Figure 2. Induction of FosB isoforms in select brain regions by chronic fluoxetine
A) Representative western blots of full-length FosB (50-52 kDa), ΔFosB (35-37 kDa), and 

Δ2ΔFosB (25 kDa) in NAc, hippocampus, and PFC from chronic saline- and fluoxetine-

treated animals. B) Plots of average pixel intensity at given molecular weights of Western 

blots of the indicated brain regions from chronic saline- and fluoxetine-treated animals. 

Solid lines represent average pixel intensity across the group; dotted lines represent 95% 

confidence intervals. C) Average protein levels for FosB, ΔFosB, and Δ2ΔFosB in each 

brain region normalized to saline-treated animals. (n=8-10 mice per group; *: p<0.05; error 

bars represent SEM)
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Figure 3. Production of socially defeated mice
A) Time spent by mice in the social interaction zone with or without a target mouse. B) 

Time spent by mice in corner zones when a target mouse was or was not present in the 

interaction zone. C) Social interaction ratio reveals the defeated phenotype in susceptible 

mice. (n=6-11 mice per group; *: p<0.05; error bars represent SEM)
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Figure 4. Induction of FosB isoforms in select brain regions by chronic social defeat stress
A) Representative Western blots of full-length FosB (50-52 kDa), ΔFosB (35-37 kDa), and 

Δ2ΔFosB (25 kDa) in NAc, hippocampus, and PFC from control and susceptible animals. B) 

Plots of average pixel intensity at given molecular weights of western blots of the indicated 

brain regions from control or susceptible animals. Solid lines represent average pixel 

intensity across the group; dotted lines represent 95% confidence intervals. C) Average 

protein levels for FosB, ΔFosB, and Δ2ΔFosB in each brain region normalized to control 

animals. (n=6-11 mice per group; *: p<0.05; error bars represent SEM)

Vialou et al. Page 16

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Chronic fluoxetine rescues the social defeat phenotype
Social interaction ratios of control mice and mice susceptible to defeat after 1, 10, or 20 days 

of saline or fluoxetine treatment. All defeated mice had reduced social interaction compared 

to control mice, and this effect was reversed only by 20 days of fluoxetine treatment. 

(n=8-10 mice per group; *: p<0.05 compared to control saline day 1; error bars represent 

SEM)
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Figure 6. Induction of FosB isoforms in select brain regions by fluoxetine in stressed animals
A) Representative Western blots of full-length FosB (50-52 kDa), ΔFosB (35-37 kDa), and 

Δ2ΔFosB (25 kDa) in NAc, hippocampus, and PFC from control and susceptible animals 

treated for 20 days after the last defeat episode with daily saline (Sal.) or 20 mg/kg 

fluoxetine (Fluox.). B) Plots of average pixel intensity at given molecular weights of western 

blots of the indicated brain regions. Solid lines represent average pixel intensity across the 

group; dotted lines represent 95% confidence intervals. C) Average protein levels for FosB, 

ΔFosB, and Δ2ΔFosB in each brain region normalized to control animals treated with saline. 

(n=8-10 mice per group; *: p<0.05 compared to saline control by Tukey's multiple 

comparison; error bars represent SEM)
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Figure 7. Correlation of FosB isoforms in select brain regions with defeat phenotype
Graphs depict linear regression plots of FosB isoform levels (x-axes) by SI ratio (y-axes) in 

A) NAc, B) hippocampus, and C) PFC. Dotted lines represent 95% confidence intervals. 

Slope of linear regression plot differs significantly from 0 where indicated by p value. 

(n=8-13 mice; NAc ΔFosB, R2= 0.5677; PFC ΔFosB, R2=0.4652).
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