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cAMP response element binding protein (CREB) is a complex transcription 

factor that integrates various cellular signals and outputs specific transcriptional 

programs.  In response to extracellular stimuli, CREB is post-translationally 

modified, most notably by phosphorylation.  This, in turn, alters CREB-dependent 

transcription and affects such processes as neuronal development and survival, drug 

addiction, and learning and memory.  Here, we review the literature on CREB 

regulation and function in the nervous system. 

 
 Cyclic-AMP response element binding protein (CREB) is a key transcription 

factor that translates extracellular stimuli into specific gene programs1-3.  CREB is 

expressed in all cells in the brain3 and complete knockout of CREB in mice is lethal4.  

CREB is a member of a family of transcription factors that includes CREB, CREM, and 

ATF-1 and binds as a homo- or heterodimer to cyclic-AMP response elements (CREs) 

containing the DNA sequence TGACGTCA1.  CREB consists of four domains: glutamine 

rich Q1 and Q2 domains, a central kinase inducible domain (KID) and a bZIP domain.  

The KID domain contains the majority of known CREB phosphorylation sites2, including 

the major phosphorylation site at Ser133, and is necessary for phosphorylation-induced 

CREB activity.  The bZIP domain is necessary for CREB to bind the DNA.  The Q2 

domain, primarily, and the Q1 domain, secondarily, are important for interactions with 

the basal transcriptional machinery and have been shown to mediate CREB 

transactivation independent on stimulus5.   
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Post-Translational Modifications of CREB 

Phosphorylation.  The best-studied post-translational modification of CREB is 

phosphorylation of CREB at Ser133.  Many different kinases, including CaMK, PKA, 

PCK, PKG, Rsk, and MEK, and many different stimuli, including growth factors, 

neurosignalling molecules, cytokines, and environmental stress2 all phosphorylate CREB 

at Ser133.  This phosphorylation event promotes the interaction between CREB and the 

coactivators CREB binding protein (CBP) and its paralogue p300, dramatically enhances 

CREB activity, and drives the expression on different CREB-mediated gene programs.  

Although phosphorylation at this site has been extensively studied and is often associated 

with CREB activation, it appears to be neither necessary6 nor sufficient2 for CREB 

activation. 

CREB is phosphorylated at Ser142 by CaMKII7 and this phosphorylation is 

modulated by a number of different stimuli, including formalin injection into the spinal 

cord, a model for peripheral noxious stimulation8, circadian rhythm, light, and glutamate 

in the suprachiasmatic nucleus (SCN)9, and calcium influx in cultured cortical neurons 

(which also leads to phosphorylation of Ser143)10.  Ser142 phosphorylation is necessary 

for complete light-induced expression of c-fos and mPer1 and for light-induced phase 

shifts of the circadian clock in the SCN9.  Ser142Ala CREB, mutants show enhanced, 

while Ser142Ala / Ser143Ala double mutants show repressed, CREB activity in response 

to neuronal depolarization but no effect on CREB activity in response to increased cAMP 

levels compared to WT CREB10.  Mechanistically, Ser142 phosphorylation has been 

shown to cause the dissociation of CREB dimers7 as well as to block the interaction 

between CREB and the KIX domain of CBP10. 
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Hypoxia induces hyperphosphorylation of CREB at sites other than Ser13311, 

although the exact sites are unknown.  Ionizing radiation, which causes DNA damage, 

promotes the phosphorylation of a cascade of CREB phosphorylation sites by ATM, 

CK1, and CK2 starting with Ser111 followed by Ser108, Ser114, Ser117, and Ser121, 

which finally blocks the interaction between CREB and CBP12.  Alternatively, CREB 

undergoes cell-cycle-dependent phosphorylation at Ser108, Ser111, and Ser114, and 

CREB with Ser111 and Ser114 mutated to glutamic acid to mimic phosphorylation show 

enhanced transcription on non-induced CREB13.  Furthermore, DNA damage leads to 

CREB phosphorylation at Ser271 by HIPK2, which enhances CREB transactivation by 

recruiting CBP14.  Finally GSK-3 phosphorylates CREB at Ser129 subsequent to 

phosphorylation of Ser133, and this phosphorylation event is required for CREB 

transactivation by forskolin in PC12 cells15. 

 

Other Post-Translational Modifications.  Along with phosphorylation, CREB is also 

modified by acetylation, glycosylation, ubiquitination, and SUMO-ylation.  CREB is 

acetylated by CBP at Lys91, Lys96, and Lys136, and mutations that replace these lysines 

with alanines or arginines enhance both basal and PKA-induced CREB activity16.  CREB 

is glycosylated in vivo within amino acids 259–26117.  Finally, following onset of 

hypoxia, CREB is phosphorylated, ubiquitinated, and degraded11, but after prolonged 

hypoxia, CREB is SUMO-ylated at Lys285 and Lys304, which stabilizes CREB, and in 

the case of Lys304 SUMO-ylation, may lead to increased nuclear localization18.  Taken 

together, the abundance of post-translational modifications on CREB suggests that CREB 

is tightly controlled in response to stimuli and that, although Ser133 phosphorylation may 
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be a predominant post-translational modification for activating CREB, these other 

modifications may be important for the finely tuned modulation of CREB activity. 

 

CREB-Interacting Proteins 

 CREB interacts directly with a variety of different proteins that either activate or 

repress CREB activity.  Two of the most widely studied CREB-interacting proteins are 

CBP / p300 and transducer of regulated CREB activity (TORCs).  CBP / p300 are 

transcriptional transactivators that interact with multiple transcription factors, including 

CREB.  The interaction between CREB and CBP is modulated by phosphorylation of 

CREB at Ser133, which is necessary but not sufficient for CBP to bind CREB19.  CBP / 

p300 promote the recruitment of RNA polymerase II through RNA helicase A and have 

histone acetyltransferase activity, which facilitates the opening of chromatin to allow 

access to the DNA20. 

TORCs are a recently discovered family of proteins that coactivate CREB 

transcription independent of CREB Ser133 phosphorylation6,21 and have been shown to 

contribute to important physiological and disease processes such as gluconeogenesis22 

and diabetes23.  TORCs bind to the bZIP domain of CREB, likely through ionic 

interactions24, and have been proposed to enhance CREB transactivation by promoting 

the interaction between CREB and TAFII130, a component of the basal transcriptional 

machinery6.  TORCs are actively shuttled out of the nucleus, and thus, in untreated cells, 

TORCs are found predominantly although not exclusively in the cytoplasm25.  TORCs 

are modified by phosphorylation and O-GlcNAc glycosylation.  In response to low-

energy signals such as low ATP levels or low glucose levels, AMPK in hepatic cells and 
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the hypothalamus and SIK in hepatic cells phosphorylate TORC2 at Ser17122,26, and in 

response to low glucose in islet cells, MARK2 phosphorylates TORC2 at Ser27527.  Both 

of these phosphorylation events recruit the 14-3-3 protein, which causes TORC to be 

sequestered in the cytoplasm.  Alternatively, in response to high glucose, TORC2 is O-

GlcNAc glycosylated at Ser70 and Ser17123 in hepatic cells or dephosphorylated by 

calcineurin in islet cells24,27, which blocks the interaction with 14-3-3, and allows TORC2 

to accumulate in the nucleus and enhance CREB activity.  In neurons, TORC1 and 

TORC2 translocate into the nucleus downstream of calcinuerin in response to neuronal 

depolarization28, where they are required for activity-dependent gene expression of SIK, 

activity-dependent dendritic growth29, stress sensitivity30, and maintenance of L-LTP in 

the Schaffer collateral–CA1 pathway28. 

 CREB can also interact with other proteins both to alter CREB activity as well as 

to alter the activity of the other protein.  For example, CREB binds TAFII130/135, which 

interacts with the Q2 domain of CREB and activates CREB31, as well as YY-1, which 

inhibits CREB activity by bending the DNA around CREB and thus blocking the 

interaction between CREB and the basal transcriptional machinery32.  Alternatively, 

CREB interacts with MeCP2, which modulates MeCP2 function such that it activates 

rather than represses genes33, and CREB bridges p53 and CBP, thereby enhancing p53 

transcriptional activation34. 

 

CREB Targets 

The complement of confirmed and predicted CREB target genes is extensive and 

continues to grow.  1349 mouse and 1663 human putative CREB binding sites have been 
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identified35 and 6302 CREB loci have been mapped from PC12 cells using a serial 

analysis of chromatin occupany (SACO) approach36.  CREB has been shown to regulate 

the expression of many different classes of proteins, including proteins important in 

neurotransmitter release, cell structure, signal transduction, and metabolism1.  

Furthermore, microarray analysis of CREB knockdown in myeloid leukemia cells37, 

CREB overexpression in the nucleus accumbens, and S133A CREB overexpession in the 

nucleus accumbens38 identified many transcripts whose expression was modified in 

response to modified CREB activity. 

 

Specificity of CREB Signal 

 CREB integrates a diversity of extracellular signals and translates them into 

unique gene programs.  Yet how CREB differentiates each of these signals and 

transcribes the correct set of genes for the correct time period and for a given signal 

within a given cell type remains an open and pressing question in the field.  For example, 

tyrosine hydroxylase, a CREB-dependent gene, is expressed in only specific cell types 

throughout the brain39 and c-fos expression has a distinct time-course that returns to basal 

levels within an hour, independent of stimulation time, in 3T3 cells40.  The post-

translational modifications of CREB (discussed above), which can be induced or 

repressed in response to different stimuli, may account for some of these effects.  

Nevertheless other signals and events are also likely required to differentiate the set of 

targets transcribed following CREB activation. 

The exact duration of CREB Ser133 phosphorylation may in part contribute to 

CREB transactivation.  H2O2 induces transient (15 min) CREB phosphorylation without 
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CREB transactivation, whereas estradiol induces prolonged (5 hr) CREB phosphorylation 

and CREB activation41.  Nevertheless the kinetics of CREB phosphorylation are not the 

sole mediator of CREB activity as forskolin, which activates PKA, and phorbol 12-

tetradecanoate 13-acetate (TPA), which activates PKC; both phosphorylate CREB 

equally in NIH3T3 cells but only forskolin induces CREB activity42, and, similarly, 

forskolin and TPA both produce comparable levels of CREB phosphorylation in PC12 

cells, but only forskolin induces expression of the CREB target gene Icer43.  Interestingly, 

in the latter case, only forskolin was found to promote the formation of a nuclear CREB–

CBP complex although both forskolin and TPA promoted the formation of cytoplasmic 

CREB–CBP complexes43. 

Chromatin modification and accessibility may also contribute to stimuli-specific 

differences in CREB-mediated transcription.  CREB forms a stable complex with 

HDAC1 and PP1, which is disrupted by forskolin44.  Furthermore, treatment with 

Trichostatin A (TSA), an HDAC inhibitor, enhances the expression of a subset of CREB-

mediated genes, including c-fos and NUR77, following forskolin treatment while 

blocking the activation of a different subset of CREB-mediated genes, including ICER 

and NOR-145.  Similarly, BDNF, a CREB-target gene, has exon-specific changes in 

chromatin modifications on its promoter following NMDA treatment46.  Finally, CREB 

occupancy of different promoters, including the somatostatin promoter, differs depending 

on the cell type, possibly in response to different availability of the promoter for protein 

binding47. 

Finally, post-translational modifications of CREB coactivators or corepressors 

may specify which stimuli activate CREB transcription.  CBP is phosphorylated48, 
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methylated49, SUMO-ylated50, and glycosylated51.  CBP Ser301 phosphorylation is 

induced by NMDA in hippocampal neurons and is required for full CREB 

transactivation48.  Furthermore, methylation at Arg300 blocks the interaction between 

CREB and CBP and represses CREB transcription.  Finally, CBP can be SUMO-ylated at 

Lys999, Lys1034, and Lys1057, which recruits the transcriptional corepressor Daxx and 

represses CBP transcriptional activity50.  Thus, signals that modify the duration of CREB 

phosphorylation, the chromatin modifications around CREB target genes, and the activity 

of CREB coactivator and corepressor, in addition to activating CREB, may be important 

in differentiating specific stimuli and activating unique CREB-dependent gene programs. 

 

Pathways that Activate CREB Following Neuronal Activity 

 Three major kinase pathways regulate CREB activity in neurons in response to 

neuronal activity — PKA, CaMK, and Ras/ERK.  PKA is regulated by cAMP levels, 

which are themselves regulated by adenylate cyclase activity.  Adenylate cyclase activity 

can be regulated downstream of G-protein-coupled receptors (GPCRs) for 

neurotransmitters as well as directly through Ca2+ flux1,52.  Ca2+ flux also activates both 

MAPK and calmodulin.  MAPK and calmodulin further active Rsk kinases and CaMK, 

respectively, which directly phosphorylate CREB53.  Once phosphorylated, two 

phosphatases are able to directly dephosphorylate CREB, PP1 and PP2A1.  Inhibition of 

calcineurin is also known to enhance CREB phosphorylation but calcineurin has yet to be 

shown to directly dephosphorylate CREB in vivo54.  
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Functions of CREB in the Nervous System 

 CREB performs a number of different functions in the nervous system.  Among 

the best studied include its role in neuronal development and survival, in drug addiction, 

and in learning and memory. 

 

CREB and Neuronal Development and Survival.  Inhibition of CREB family members in 

vitro and CREB knockout studies in vivo substantiate a critical role for CREB in neuronal 

survival55-58.  In vitro transfection with a dominant-negative CREB construct blocks 

BDNF-mediated cell survival in cerebellar granular neurons55 and NGF-mediated cell 

survival in sympathetic neurons56.  Furthermore, overexpression of a constitutively-active 

CREB construct was sufficient to promote sympathetic neuron survival in the absence of 

NGF56.  Finally, CREB null mice have a reduction in the size of the corpus callosum and 

the anterior commissures, as well as enhanced apoptosis of sensory and sympathetic 

neurons57, and dentate gyrus neuronal survival following ischemic insult depends on 

CREB-dependent gene expression58. 

 CREB has also been shown to contribute to neuronal development.  Studies have 

shown that CREB, through the expression of Wnt-2, in hippocampal neurons59 and 

CREB and TORC1 in cortical neurons29,60 are necessary for activity-dependent dendrite 

growth both in vitro.  Furthermore, CREB knockout studies indicate axonal growth 

defects in DRG neurons57. 

 

CREB and Drug Addiction.  CREB activation, expression, and activity appear intricately 

linked to the process of drug addiction.  Multiple regions of the brain demonstrate up-
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regulation of the cyclic AMP pathway following opiate addiction61.  In the locus 

coeruleus, morphine administration inhibits, whereas morphine withdrawal activates, 

CREB phosphorylation62.  Alternatively morphine and cocaine administration induces 

CREB activity in the nucleus accumbens and striatum63,64.  Furthermore, mice lacking 

CREB in the entire brain show decreased development of morphine dependence65.  More 

specifically, overexpression of a dominant-negative form of CREB in the nucleus 

accumbens or the caudal ventral tegmental area (VTA) increases the rewarding effects of 

morphine and cocaine whereas overexpression of WT CREB decreases them66-68.  

Alternatively, overexpression of WT CREB in the rostral VTA makes cocaine more 

rewarding and overexpression of a dominant-negative form of CREB makes cocaine less 

rewarding68. 

 

CREB and Memory.  CREB is a key transcription factor for regulating long-term memory 

across many different species.  Long-term facilitation, a model of memory, can be 

blocked or induced in Aplysia by injecting CRE oligonucleotides or phosphorylated 

CREB, respectively, demonstrating that CREB is necessary and sufficient for this 

process69.  Additionally, activation of long-term facilitation activates CREB-mediated 

transcription in Aplysia70.  Induction of a dominant negative CREB transgene blocks 

while induction of a CREB activator isoform enhances long-term memory in 

Drosophila71,72.  In mice, learning tasks are associated with an increase in CREB 

phosphorylation at Ser13373,74.  Furthermore, injection of CREB antisense oligos into the 

hippocampus of WT CREB causes deficits in spatial memory75,76.  Moreover, CREB αΔ 

knockout mice show a deficit in long-term but not short-term memory following 
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contextual and cued fear conditioning76 and social transmission of food preferences77 as 

well as a deficit in the Morris Water maze test, which could be caused by learning or 

memory impairment76.  Although follow-up experiments have shown that these effects 

depend, in part, on the specific mouse strain used for the study and may require knockout 

of additional CREB isoforms78,79, they nevertheless suggest a significant role for CREB 

in long term memory formation.   Similarly, induction of a dominant-negative CREB 

blocks consolidation of long-term memory whereas overexpression of WT CREB 

enhances this consolidation80,81.  Taken together, these studies demonstrate that CREB 

contributes to critical and complex functions in the brain. 

 

Conclusions 

CREB is a complex transcription factor that is activated by multiple, distinct 

signaling pathways in neurons and that is essential for many critical neuronal functions.  

Although CREB has been well studied, a number of open questions remain:  How does 

CREB distinguish between the different pathways that induce phosphorylation at Ser133?  

Do other CREB post-translational modifications contribute, and if so, what are these 

other modifications, how are they regulated, and how do they affect CREB function?  

Finally, given a variety of inputs, how does CREB activate transcriptional programs 

specific for the context?  Addressing these questions will provide in-depth information on 

the function of CREB in neurons.  Moreover, insofar as CREB is a model for other 

transcription factors, additional data of CREB will more broadly inform our 

understanding of transcription. 
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