
Introduction

During aging, brain undergoes several changes at 
structural, molecular and cellular levels leading to 
alteration in its functions. Some of these changes 
are linked to the action of estrogen which binds to 
its cognate estrogen receptor (Er) and interacts with 
target genes after recruiting a host of coregulator 
proteins including cAMP response element-binding 
protein (CrEB) (McKenna and O’Malley, 2002; 
Heldring et al., 2007; Thakur and Paramanik, 2009). 
Several studies have demonstrated that CrEB acti-
vates expression of hundred of genes in response to 
a large number of extracellular stimuli (Lonze and 
Ginty, 2002). It regulates various activity-dependent 
gene expressions in the brain. Extracellular signals 

at the cell surface activate secondary messengers 
such as cAMP and/or Ca+2, that in turn stimulate 
protein kinases, which are translocated into nucleus 
and phosphorylate CrEB. The pCrEB interacts 
with target genes and regulates various biological 
functions, viz. cellular growth, proliferation and 
memory. Similar events also occur in response to a 
variety of intracellular signaling events like facilita-
tion of short-term memory to long-term memory in 
the hippocampus (Silva et al., 1998), synaptic effi-
cacy and long-lasting changes in synaptic plasticity 
(Silva et al., 2009; Saura and Valero, 2011). CrEB 
is expressed in different regions of the brain includ-
ing prefrontal and hippocampus. Its level decreases 
in the brain of aged rodents and dementia patients 
(Porte et al., 2008; Satoh et al., 2009). Any altera-
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tion in CrEB signaling can contribute to cognitive 
deficits during aging and increased incidence and 
progression of neurodegenerative diseases such 
as Huntington’s disease, Alzhemier’s disease and 
Parkinson’s disease (Satoh et al., 2009).
A variety of review and research articles describing 
CrEB, brain functions and aging were consulted 
for this review. The idea of this paper was to dis-
cuss CrEB signaling and aging in brain along with 
new finding from our laboratory. Here, we showed 
expression of CrEB and its interaction with Erβ 
during aging in both sexes, and discussed role of 
CrEB signaling in brain aging and diseases. Such 
understanding of CrEB signaling through Er may 
help to design therapeutic strategies for age related 
cognitive deficits and neurodegenerative disorders.

CREB signaling and brain functions

CrEB was initially identified as a transcription 
factor for the somatostatin gene (Montminy and 
Bilezikjia, 1987). It is a 43 kD protein belonging 
to the CrEB/ATF-1 family of transcription fac-
tors, conserved from Drosophila to humans and 
highly studied in relation to brain (Shaywitz, 1999; 
Carlezon, 2005). In mammals, CrEB family mem-
bers include CrEB, cAMP-responsive element 
modulator (CrEM) and activating transcription fac-
tor 1 (ATF-1). CrEB and ATF-1 are ubiquitously 
expressed in all tissues including brain. CrEB is 
a central signal transduction molecule which acti-
vates a large number of cellular genes containing 
cAMP response elements (CrEs) and regulates 
several functions such as cellular growth, memory 
and neuronal proliferation. CrEB is involved in the 
formation of long-term memory in the marine snail 
Aplysia, Drosophila melanogaster and rats (Dash 
et al., 1990; Bartsch et al., 1995). It is necessary for 
the late stage of long-term potentiation and plays an 
important role in the development of drug addic-
tion (Dirocco, 2009; Nazarian, 2009; Wang, 2009). 
CrEB is also important for the survival of neurons 
in genetically engineered mice, where CrEB and 
CrEM were deleted in the brain. The mechanism 
of CrEB signaling is very complex. Briefly, in 
response to a variety of cellular and mitogen stress 
signals like peptide hormones, neurotransmitters, 
calcium influx and growth factors (Shaywitz, 1999; 

Mayr and Montminy, 2001) at the cell surface, 
secondary messengers such as cAMP and/or Ca+2 
are activated resulting in the activation of protein 
kinases. Thereafter protein kinases are translocated 
into nucleus for phosphorylating CrEB. Several 
kinases including PKA activate CrEB, and phos-
phorylate the kinase inducible domain (KID) at 
serine133 (Johannessen et al., 2004). The pCrEB 
binds as a dimer to CrE (5’-TGACGTCA-3’) via 
its basic leucine zipper (bZIP) domain and recruits 
the coactivator CBP and p300 to mediate transcrip-
tional activation (Chrivia et al., 1993; Kwok et al., 
1994; Arias et al., 2004). These coactivators then 
promote the recruitment of components of the basal 
transcriptional machinery to initiate transcription of 
CrEB target genes (Sandoval, 2009). A schematic 
representation of CrEB signaling through Erβ is 
shown in Fig. 1.
A leading paradigm of regulation is the activa-
tion of CrEB, Ca2+ and CBP (Sheng et al., 1990; 
Johannessen et al., 2004). CrEB can be activat-
ed through phosphorylation at Ser-133 and other 
residues with possible functional consequences 
(Matthews, 1994; Sun et al., 1994), Ser-133 has 
been the predominant focus of studies of transcrip-
tional regulation and it can be caused by electrical 
activity (Davis et al., 2000), neurotransmitter or hor-
mone action on G-protein-coupled receptors (Liu et 
al., 1996; Yan et al., 1999), or neurotrophin effects 
on receptor tyrosine kinases (Ginty et al., 1994; 
Finkbeiner et al., 1997). The richness of CrEB sig-
naling is greatly increased by its responsiveness to 
multiple intracellular signal transduction cascades 
(Wu et al., 2000).
In addition, CrEB activity is regulated by a family 
of cytoplasmic coactivators known as transducers 
of regulated CrEB activity (TOrCs). TOrC mem-
bers, TOrC1, TOrC2 and TOrC3, are strong acti-
vators of CrEB-dependent transcription and bind 
the bZip domain of CrEB in response to extracel-
lular stimuli, such as cAMP, calcium and hormones. 
When activated, TOrCs are translocated into the 
nucleus where they activate CrEB through a phos-
phoserine-133 independent mechanism (Conkright, 
2003; Screaton, 2004). It has been implicated in a 
number of cellular events. CrEB coactivators help 
to discriminate between signals to activate only 
specific cellular processes. However, it has been 
demonstrated that the interaction between CrEB 
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and its coactivators are weak to activate transcrip-
tion of CrEB target genes (Sandoval et al., 2009). 
This suggests that many CrEB interacting proteins 
are yet to be identified which can potentiate CrEB 
activation or confer signal specificity. In addition, 
there are very few papers suggesting the possible 
involvement of CrEB in brain cognitive reserve 
studies. Environmental enrichment increases CrEB 
expression that serve as one of the important fac-
tors in cognitive reserve (Nithianantharajah and 
Hannan, 2009).
For the last one decade, a number of laboratories 
including ours are involved in studying CrEB and 
other interacting proteins of Er in the brain (Brann 
et al., 2008; Thakur and Paramanik, 2009). Such 
studies may be useful to understand estrogen related 
brain functions and disorders.

CREB in aging brain

CrEB is expressed in different regions of the brain 
including prefrontal and hippocampus and shows 
changes during aging (Kim et al., 2010). The levels 
of total or pCrEB are reduced in the hippocampus 
of old mice and rats (Brightwell et al., 2004; Kudo 
et al., 2005; Porte et al., 2008). The effect of aging 
on CrEB seems to be specific for the hippocampus 
because changes in pCrEB are not observed in the 
frontal cortex of old rats (Williams et al., 2008; Xu 
et al., 2010). Further, deregulation of pCrEB after 
learning rather than changes in its level has been 
linked to impairments of synaptic plasticity and 
memory during aging (Kudo et al., 2005; Monti et 
al., 2005; Countryman and Gold, 2007). Decreased 
pCrEB and memory performance occurring during 

Fig. 1. - Schematic representation of CREB signaling through ERβ. In response to multiple extracellular stimuli such 
as neurotransmitters, calcium influx and growth factors), activation of secondary messengers occurs, followed by 
activation of kinases, which phosphorylates CREB in the nucleus. Thereafter pCREB binds to CRE (CREB regulatory ele-
ment) of target gene and recruit ERβ for specific gene regulation. On the other hand, after binding to its cognate lig-
and estrogen in cytoplasm ERβ is dissociated from heat shock protein (HSP), dimerized and translocated to nucleus, 
binding to estrogen responsive element (ERE) of the target gene and recruit CREB for specific gene regulation.
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aging is linked to an increase in Ca+2 influx mediated 
by L-type voltage gated channel and NMDA recep-
tor (Foster and Kumar, 2002). Disruption of CrEB 
function has been associated with several pathways 
during aging. The number of CBP positive cells is 
decreased in CA1, CA3 and dentate gyrus of the 
hippocampus and cortex of aged in comparison to 
adult rats, suggesting the possibility for age-related 
deficits in CrEB-dependent transcription (Chung et 
al., 2002). Decreased levels of CaMKII, CaMKIV, 
MAPK and pCrEB are reported in the hippocampus 
of old rats coinciding with spatial memory deficits 
(Chung et al., 2002; Williams et al., 2008; Xu et al., 
2010). In addition, decreased level of phosphory-
lated PKACβ has been reported in old mice and 
senescence accelerated mouse prone-8 (SAMP8) (Li 
et al., 2009a). Moreover, cAMP/PKA signaling is 
differently affected by aging in the hippocampus and 
frontal cortex of rats and rhesus monkeys (Karege et 
al., 2001; ramos et al., 2003).
In spite of many studies of CrEB with aging, 
interaction of pCrEB and CrEB with Erβ and 
their expression as a function of age and sex are 
not known. So we conducted in-silico studies using 
STrING 8.0, BIND, PIP and DIP to identify Erβ 
interacting proteins in mouse brain. Pull down 
assay using purified and functionally active Erβ 
(Paramanik and Thakur, 2010a, 2011a) showed 
fourteen proteins in the range of 30 kD-185 kD. 
These Erβ interacting proteins were identified as 
estrogen receptor associated protein (ErAP) 140 
(Paramanik and Thakur, 2010b), amplified in breast 
cancer (AIB)1 (Paramanik and Thakur, 2011b), Trk 
A and Src (Thakur and Paramanik, 2011) in the 
brain. They showed age and sex dependent expres-
sion and interaction with Erβ. Erβ interacting pro-
teins of 45 kD and 43 kD were identified as pCrEB 
and CrEB, respectively, by immunoblotting and 
immunoprecipitation (Paramanik and Thakur, 2012). 
For analyzing the age and sex dependent change 
in interaction and expression, immunoprecipitation 
and immunoblotting were performed respectively. 
Interestingly, pCrEB interacted with Erβ in adult 
male only whereas young and old did not show inter-
action in the detectable range. On the other hand, in 
female, the interaction was higher in adult and lower 
in young than old. Further, the interaction of CrEB, 
as compared to young, increased significantly in 
adult and decreased in old male. In female, the inter-

action was higher in young, and lower in adult than 
old (Fig. 2A, B). In male, the expression of pCrEB 
was similar in young and old, but increased signifi-
cantly in adult. However, in female, the expression 
was significantly higher in adult than both young and 
old. The expression of CrEB decreased significantly 
in adult and old as compared to young male, but 
showed no significant change in female (Fig. 2C, D).
Earlier reports suggest that CrEB expression 
decreased in cerebral cortex and in the hippocampus 
(Asanuma et al., 1996), suprachiasmatic nucleus 
(Coll et al., 1998) in aged rats, and in the senescent 
fibroblast of aged hamsters (Zhang et al., 1996). 
Further, downregulation of CrEB-mediated tran-
scription results in decrease of CrEB content in 
the hippocampal neurons of AD brain which may 
contribute to disease progression (Pugazhenthi et 
al., 2011). The interaction of CrEB with Erβ may 
play a significant role as it depends on the level of 
estradiol and Erβ recruitment to promoters, which 
may decline as a function of age in both sexes.
The higher interaction of pCrEB and CrEB with 
Erβ in the brain of young mice of both sexes can be 
correlated with higher neurogenesis, higher learn-
ing capacity and signal transduction for the cell 
migration (Pekcec et al., 2008). The lower interac-
tion of CrEB and pCrEB with Erβ in both sexes 
may be correlated with lower level of neurosteroids 
and estrogen in old mice (Levine and Stadtman, 
2001). Functional loss of CrEB in developing 
mouse embryo leads to death of mice immediately 
after birth, highlighting the critical role of CrEB in 
promoting survival. Thus the lower interaction in 
old age may be correlated to neuronal death, less 
capacity for learning and higher expression of the 
CrEB in old may be correlated for promoting sur-
vival of the neurons. Such alteration of pCrEB and 
CrEB interaction with Erβ and their age and sex 
dependent interaction and expression may be useful 
to understand estrogen mediated signaling through 
Erβ during aging.

Alteration of CREB signaling and 
diseases

Genetically engineered flies over express inac-
tive CrEB and lose their ability to retain long-
term memory (Dworkin and Mantamadiotis, 2010). 
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Fig. 2. - Immunoprecipitation (IP) of nuclear extract from the brain of young (6 weeks), adult (25 weeks) and old 
(70 weeks) mice with ERβ and immunoblotted with pCREB and CREB. (A) Male (B) Female, and immunoblotting (IB) 
of nuclear extract from young (6 weeks), adult (25 weeks) and old (70 weeks) mice brain showing expression of 
pCREB and CREB. (C) Male (D) Female. For both IP and IB, beta tubulin III was used as loading control. Histogram 
represents relative density value (RDV) with SEM from three independent experiments. Data were statistically ana-
lyzed using a one-way ANOVA comparing age, followed by all pairwise multiple comparison procedure (Student-
Newmann-Keuls method). Young was taken as control for comparison with adult and old. The p values < 0.05 were 
considered as significant. * represents significant difference.
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Disturbance of CrEB function in brain can contribute 
to the development and progression of Huntington’s 
disease, AD, PD and cognitive deficits in aging 
(Dworkin and Mantamadiotis, 2010). Deregulated 
phosphorylation of CrEB after learning rather the 
changes in the basal levels of pCrEB has been 
linked to impairment in learning and memory dur-
ing aging (Countryman and Gold, 2007; Saura and 
Valero, 2011). Accumulation of β-amyloid (Aβ) 
peptides and neurofibrillary tangles are typical neu-
ropathological lesions of AD brain and neuronal 
dysfunction with cognitive problem (Jack et al., 
2010). recent evidences showed that the effect of 
Aβ on hippocampal synaptic plasticity, memory and 
synapse loss is mediated by the CrEB signaling. 
Previously, it was demonstrated that Aβ42 reduced 
PKA activity and disrupted long term potentiation 
in hippocampal slices, reduction in pCrEB and 
endocytosis of NMDA (Vitolo et al., 2002; Snyder 
et al., 2005). Aβ42 oligomers inhibit phosphoryla-
tion of CrEB in primary neurons via a mechanism 
involving reduction of NMDA receptors (Ma et al., 
2007). Further, the negative effect of Aβ on CrEB-
dependent transcription was induced by cAMP and 
Ca2+ signals (España et al., 2010). Furthermore, 
evidences of CrEB dysfunction on memory loss 
and neurodegeneration in AD are based on studies 
in presenilin (PS) mutant mice. Inactivation of PS 
in the forebrain of PS conditional double knockout 
(cDKO) mice leads to early hippocampal-depen-
dent spatial and associative memory deficits. These 
deficits are NMDA receptor-mediated responses 
and coincide with reduced expression of CrEB/
CBP-dependent target genes, suggesting the role 
of CrEB signaling (Saura et al., 2004). Pen-2, an 
essential component of the γ-secretase complex that 
triggers endoproteolytic cleavage of PS1 is regu-
lated by CrEB (Wang et al., 2006). These findings 
suggest the possibility for a reciprocal regulation of 
PS/γ-secretase and CrEB signaling during activity-
dependent synaptic function and disturbance leading 
to diseases.
The crucial role of CrEB signaling underlying syn-
aptic plasticity and memory has led to the hypothesis 
that targeting CrEB could be a potential thera-
peutic strategy for memory disorders (Tully et al., 
2003). Plant extracts containing natural antioxidants 
improve learning and memory in aged animals, pre-
sumably by increasing the levels of pCrEB and its 

kinases. Age-related memory deficits in C57BL/6 
and SAMP8 mice improved after long-term treat-
ment with green tea catechins (a type of flavonoid) 
by enhancing CrEB and PKA (Li et al., 2009a, b). 
Treatment of old rats with blueberry extracts, which 
are enriched with flavonoids, does not manifest 
the memory impairment and decreased levels of 
pCrEB with age (Williams et al., 2008). Flavonoids 
increased phosphorylation of CrEB, ErK1/2 and 
CaMKIV in aged memory-impaired rats (Xu et al., 
2010). Long-term treatment with ginsenoside, an 
active component of ginseng root, delays hippo-
campal-dependent memory impairments in very old 
mice by maintaining levels of pCrEB, CaMKII, 
PKA and NMDA receptor (Zhao et al., 2009). 
Altogether, these results indicate that natural plant 
extracts delay memory deficits associated with aging 
by maintaining normal levels of active CrEB.

Concluding remarks and future 
directions

CrEB expression and signaling have been widely 
studied in the brain. Substantial attempts have been 
made to understand the mechanisms regulated by 
CrEB in long-term synaptic plasticity and memory. 
The involvement of CrEB in brain development and 
neurogenesis in the adult, suggests that dysfunction of 
CrEB during neurogenesis can be involved in cogni-
tive deficits. Further, CrEB is known to facilitate 
memory by increasing synaptic efficacy and alloca-
tion of cells, but CrEB signaling within a memory 
circuit in memory decline upon aging and age related 
neurodegenerative diseases is still unclear. Now, spe-
cific CrEB-dependent gene regulation in neuronal 
function is beginning to emerge in the hippocampus 
of dementia patients with cognitive deficits, and here 
we showed a link between CrEB and Erβ in aging 
brain. Taking together, it raises the challenges as well 
as opportunity to understand CrEB signaling through 
Erβ (Fig. 1) in the brain. Such understanding may be 
helpful in the development of therapeutic strategies 
by regulating the level of CrEB and Erβ, affected in 
age and neurological disorders.
CrEB regulates multiple affects in the brain is an 
established fact. Erβ recruits CrEB for age and 
sex dependent gene expression is evident from this 
paper. Thus manipulation of Erβ and/or CrEB may 
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result healthy brain aging and used for the treatment 
of neurodegenerative diseases. The manipulation 
of CrEB could be possible by various means such 
as environmental enrichment, genetic, molecular 
studies in animal and cellular model. On the other 
hand Erβ could be supplemented with food and 
steroid containing compound. Taken together, the 
understanding of CrEB signaling through Er may 
help to design therapeutic strategies for age related 
cognitive deficits and neurodegenerative disorders.
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