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Abstract
The transcription factor, ΔFosB, accumulates in a region-specific manner in brain in response to
many types of chronic stimulation due to the unusual stability of the protein. The phosphorylation
of Ser27 in ΔFosB has been shown to promote this stability in vitro. We show here that this
phosphorylation reaction is also important for ΔFosB’s stability in the brain in vivo and for the unique
behavioral plasticity mediated by this transcription factor.

Keywords
nucleus accumbens; cocaine; casein kinase 2; viral gene transfer

ΔFosB, a truncated product of the fosB gene, is a member of the Fos family of transcription
factors. Unlike all other Fos family proteins, however, which are induced rapidly but transiently
in brain in response to diverse types of stimuli (Morgan and Curran, 1995), stable isoforms of
ΔFosB accumulate gradually during a course of chronic stimulation and then persist in brain
for many weeks due to the unusual stability of these isoforms (Chen et al., 1997; Hiroi et al.,
1997; Alibhai et al., 2007). This imbues ΔFosB with the unique ability to function as a sustained
molecular switch, that is, to mediate transcriptional changes that occur gradually in response
to some chronic stimulus and persist for relatively long periods of time after removal of the
stimulus. Such a role for ΔFosB has been demonstrated for several types of stimuli, including
drugs of abuse, stress, natural rewards, antipsychotic drugs, and neuronal lesions, to name a
few (for review, see Cenci, 2002; McClung et al., 2004; Nestler, 2008). Recent work in cultured
cells in vitro has suggested that the phosphorylation of ΔFosB at Ser27 by casein kinase 2 (ck2)
may be one mechanism contributing to ΔFosB’s unique stability (Ulery et al., 2006), however,
the relevance of this mechanism to the in vivo situation has remained unknown. We now
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provide direct evidence that phosphorylation of ΔFosB on Ser27 is important for the protein’s
stability in vivo and, in turn, for its persistent behavioral effects.

EXPERIMENTAL PROCEDURES
To study the effect of Ser27 phosphorylation on the stability of ΔFosB within the brain in
vivo, we generated herpes simplex virus (HSV) vectors encoding either wild-type ΔFosB
(HSV-ΔFosB) or altered forms of ΔFosB with Ser to Ala [HSV-ΔFosB(Ser27Ala)] or Ser to
Glu [HSV-ΔFosB(Ser27Glu)] mutations. The Ser to Ala mutation obliterates Ser27
phosphorylation, whereas the Ser to Glu mutation is a “phosphomimetic” alteration in that the
negatively charged Glu residue can mimic a phospho-Ser residue as demonstrated for many
phosphoproteins (Greengard, 2001). The HSV vectors were then injected into the nucleus
accumbens of male C57Bl/6 mice (initial weight ~30 g), the brain region where drugs of abuse
dramatically induce ΔFosB (McClung et al., 2004), and the animals were analyzed
immunohistochemically 3, 6, 10, or 14 days thereafter for levels of ΔFosB in this brain region
using published methods (Perrotti et al., 2008). HSV vectors are ideal for this type of in vivo
time course experiment because the vectors infect neurons relatively quickly, with maximal
levels of transgene expression seen within 12 h of injection, but transiently, with transgene
levels reverting to normal within 5 days (Barrot et al., 2002).

RESULTS
The question we first addressed was: Does mutation of Ser27 with Ala or Glu alter the
persistence of ΔFosB in brain? As shown in Fig. 1, all three vectors induced roughly
comparable levels of ΔFosB protein within the site of the injection as evaluated on day 3, when
levels of transgene expression are still at maximal levels. By days 6–14, levels of ΔFosB
expression decayed appreciably in all three groups. However, at these later time points, clear
differences were observed in persisting expression of ΔFosB among the treatment groups.
Wild-type ΔFosB showed significant levels of expression at days 6, 10, and 14. This contrasts
dramatically with all other proteins expressed by these HSV vectors to date, all of which fully
dissipate to non-detectable levels within 5–7 days (e.g. see Barrot et al., 2002;Bolaños et al.,
2003;Zachariou et al., 2003;Green et al., 2006,2008;Renthal et al., 2007;Russo et al., 2007).
Since ΔFosB mRNA levels fully dissipate, like the other mRNAs, within 5 days (data not
shown), this finding demonstrates that ΔFosB protein per se is more stable in brain than the
other proteins investigated, which include numerous transcription factors: CREB (cAMP
response element binding protein), CREMτ (cAMP response element modulator-τ), ICER
(inducible cAMP early repressor), ATF2 (activating transcription factor-2), ATF3, ATF4, and
JunD, as well as other signaling proteins, e.g. HDAC4 (histone deacetylase-4), HDAC5,
HDAC9, RGS4 (regulator of G protein signaling-4), RGS9, PLCγ (phospholipase Cγ), ERK
(extracellular signal regulated kinase), IRS2 (insulin receptor substrate-2), and AKT (akt
thymoma viral oncogene).

Interestingly, mutation of Ser27 to Ala decreased this persistent expression of ΔFosB, such
that by day 6 (ANOVA; F=6.591, P<0.05) significantly less ΔFosB immunoreactivity was
evident and this difference persisted through day 14 (ANOVA; F=5.618, P<0.05) after HSV-
ΔFosB(Ser27Ala) injection (Fig. 1). In contrast, mutation of Ser27 to Glu did not affect
ΔFosB’s stability in vivo, as levels of ΔFosB were comparable between HSV-ΔFosB-injected
mice and HSV-ΔFosB(Ala27Glu)-injected mice. The reduced stability of ΔFosB in the
Ser27Ala mutant provides the first evidence that Ser27 regulates ΔFosB’s stability in vivo. The
lack of effect of the Ser to Glu mutant on ΔFosB stability indicates that mimicking
phosphorylation at this site is sufficient to retain ΔFosB’s unique stability. The fact that the
Ser27Glu mutant did not exhibit greater stability than wild-type ΔFosB suggests that
phosphorylation of Ser27 may be saturating under normal conditions, consistent with the
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knowledge that ck2, which is responsible for Ser27 phosphorylation of ΔFosB (Ulery et al.,
2006), is constitutively expressed at high levels in this brain region (Greengard, 2001). Future
studies are needed to determine whether the Ser to Ala or Ser to Glu mutation, or the
phosphorylation of Ser27 per se, changes the structural properties of the ΔFosB protein
(Jorissen et al., 2007).

To study the functional significance of Ser27-mediated stability of ΔFosB, mice received
bilateral intra-nucleus accumbens injections of HSV-ΔFosB, HSV-ΔFosB (Ser27Ala), or
HSV-ΔFosB(Ser27Glu) and, beginning 5 days after surgery when transgene mRNA expression
is back to baseline, mice were given daily i.p. injections of saline or cocaine (15 mg/kg) for 5
days (Fig. 2A, B). Mice overexpressing wild-type ΔFosB showed the expected phenotype:
greater cocaine-induced locomotion after five daily doses of cocaine compared with responses
after the first dose (ANOVA; F(4,24)=3.206, P<0.05). This reflects locomotor sensitization
to repeated cocaine administration. In contrast, mice expressing the Ser to Ala mutant of
ΔFosB showed no significant change between the first and last doses of cocaine (ANOVA; F
(4,28)=1.229, P<0.1), reflecting the absence of locomotor sensitization. This loss of locomotor
sensitization to cocaine in mice expressing a mutant form of ΔFosB which does not persist in
brain (see Fig. 1) is consistent with prior observations that ΔFosB overexpression in this brain
region of inducible bitransgenic mice increases locomotor sensitization (Kelz et al., 1999). In
contrast to the Ser to Ala mutant, mice expressing the Ser to Glu mutant of ΔFosB exhibited
significantly greater locomotor sensitization to cocaine compared with either wild-type or
Ser27Ala ΔFosB. We observed a Drug×Mutation interaction (ANOVA=F(2,36)=57.95,
P<0.05), and Newman Keuls post hoc analysis showed that Ser27Glu mice exhibited greater
locomotor activity after the last dose of cocaine compared with all other groups (P<0.05). The
observation that the Ser27Glu mutant form of ΔFosB exerted a greater effect on cocaine
locomotor sensitization than wild-type ΔFosB, despite the fact that the two proteins are
expressed at roughly comparable levels (Fig. 1), is consistent with recent findings in cell culture
that phosphorylation of ΔFosB at Ser27 promotes the transcriptional activity of the protein at
its AP-1 (activator protein-1) sites (Ulery and Nestler, 2007).

DISCUSSION
The persistent expression of ΔFosB in the nucleus accumbens has been shown to be a crucial
mechanism underlying sensitized responses to cocaine and other drugs of abuse (Kelz et al.,
1999; Colby et al., 2003; McClung et al., 2004; Zachariou et al., 2006) as well as to natural
rewards such as wheel running (Werme et al., 2002), food (Olausson et al., 2006; Wallace et
al., 2008), and sex (Wallace et al., 2008). This persistent expression has been shown to correlate
in previous studies with the enhanced stability of ΔFosB in cultured cells, however, the
mechanism of ΔFosB’s stability in vivo has remained completely unknown. The results of the
present study demonstrate that phosphorylation of ΔFosB at Ser27 is one important mechanism
of this in vivo stability, which is critical for ΔFosB’s prolonged behavioral effects. These results
raise the novel possibility that drugs aimed at blocking ΔFosB phosphorylation, for example,
ck2 inhibitors, may be of use in the treatment of drug addiction or other compulsive disorders.
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casein kinase 2
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histone deacetylase
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herpes simplex virus
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Fig. 1.
Regulation of ΔFosB stability in vivo. HSV-ΔFosB (WT), HSV-ΔFosB(Ser27Ala) (S27A), or
HSV-ΔFosB(Ser27Glu) (S27D) was injected bilaterally into the nucleus accumbens exactly
as described (Barrot et al., 2002). Animals were perfused 3, 6, 10, or 14 days later, and fixed
brains were sectioned and analyzed immunohistochemically for ΔFosB. Photomicrographs are
representative findings for each vector; data in the bar graph are means±S.E.M. and expressed
as % of day 3 (maximum) levels (n=4 animals in each group). * P<0.05 by t-test.
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Fig. 2.
Regulation of the behavioral effects of cocaine by ΔFosB. Mice received bilateral intra-nucleus
accumbens injections of HSV-ΔFosB (WT), HSV-ΔFosB(Ser27Ala) (S27A), or HSV-ΔFosB
(Ser27Glu) (S27D) and, beginning 5 days after surgery, mice were given daily i.p. injections
of saline or cocaine (15 mg/kg) and placed immediately in locomotor chambers with photocell
beams for 5 days. Data are expressed as % of baseline beam breaks. (A) Locomotor responses
over five consecutive days of cocaine exposure. (B) Locomotor responses on day 5. See text
for statistical analysis (n=8 animals in each group).
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