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Abstract 
 

The cyclic AMP response element-binding protein (CREB) is a gene 
regulatory protein: a protein whose presence on the DNA affects the rate of 
transcription initiation. CREB is able to bind to a short DNA sequence, called 
the cyclic AMP response element (CRE). The transcription of the gene at the 5� 
end of the CRE sequence can be induced by activating the CREB protein 
through an elevation of either cyclic adenosine monophosphate (cAMP) or Ca2+ 
levels in the cytoplasm. CREB is activated by a phosphorylation of a single 
serine residue. The binding of CREB and the transcription of the gene can be 
stimulated by the CREB binding protein (CBP). In this literature study, the role 
of CREB in the nervous system is discussed, in particular its function in long-
term memory (LTM) and its putative neuroprotective value. Its role in long-term 
memory is rather clear. CREB plays a role in the long-term facilitation, while the 
short-term facilitation has a pathway without CRE-mediated gene expression 
and therefore without CREB. CREB induces long-term memory by activating the 
transcription of ubiquitin hydrolase, leading to persistent phosphorylation of a 
number of proteins also involved in short-term memory. Additionally, CREB 
activates proteins which are important for the growth of active zones and the 
development of new synaptic connections. Its neuroprotective value lies in the 
fact that selective CREB phosphorylation in the dentate granule cells activates a 
survival program. CREB acts as a regulator of a general survival program in 
neurons. This explains the fact that during neuronal cell apoptosis, CREB is 
cleaved by caspases; the survival program is being destroyed. This 
neuroprotective function however is not proven yet and still needs a lot of 
further research. This research should, for example, determine which genes are 
activated during CREB-mediated neuroprotection. Finally, other functions and 
effects of CREB in the nervous system, like neuronal compensation, should be 
researched. 
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1. Introduction 
 

1.1. CREB: a transcription factor. 
 

Transcription factors are proteins that are required to initiate or regulate 
transcription in eucaryotes. The transcription process, the copying of one strand 
of DNA into a complementary RNA sequence by the enzyme RNA polymerase, 
in eucaryotes is presented in Figure 1. 
 

 
Figure 1: The eucaryotic transcription process (adapted from Alberts et al., 1994). 
 

The promoter is the DNA sequence where the general transcription 
factors and the polymerase assemble. The most important feature of the 
promotor is the TATA box, a short sequence of T-A and A-T base pairs that is 
recognized by the general transcription factor TFIID. The start point of 
transcription is typically located about 25 nucleotide pairs downstream from the 
TATA box. The regulatory sequences serve as binding sites for gene regulatory 
proteins, whose presence on the DNA affects the rate of transcription initiation 
(Johnson and McKnight, 1989). These sequences can be located adjacent to 
the promoter, far upstream of it, or even downstream of the gene. DNA looping 
is thought to allow gene regulatory proteins bound at any of these positions to 
interact with the proteins that assemble at the promoter (Adhya, 1989). 
Whereas the general transcription factors that assemble at the promoter are 
similar for all polymerase II transcribed genes, the gene regulatory proteins and 
the locations of their binding sites relative to the promoter are different for each 
gene (Mitchell and Tjian, 1989). 

One of the gene regulatory proteins is the cyclic AMP response element-
binding protein (CREB). CREB is able to bind to a short DNA sequence, called 
the cyclic AMP response element (CRE). The transcription of the gene at the 5� 
end of the CRE sequence can be induced by activating the CREB protein 
through an elevation of either cyclic adenosine monophosphate (cAMP) or Ca2+ 
levels in the cytoplasm. CREB is activated by a phosphorylation of a single 
serine residue (Nichols et al., 1992). If this serine residue is mutated, CREB is 
inactivated and no longer stimulates gene transcription in response to a rise in 
cAMP levels. 

CREB is a member of a large family of structurally related transcription 
factors, including activating transcription factor 1 (ATF1), ATF2 (also known as 



 Introduction  

 5  

CREBP1), ATF3 and ATF4, which bind to CRE promoter sites on target genes 
(Walton and Dragunow, 2000). In common with the inducible transcription 
factors Fos and Jun, the CREB/ATF proteins consist of three functional 
domains: a leucine-zipper domain that mediates dimerization, a basic DNA-
binding domain and the transcriptional activation domain, which contains 
important phosphorylation sites. These domains will be discussed in paragraph 
2.1. 
 
 

1.2. The subject of this study 
 

In this study the role of CREB in the nervous system will be discussed, in 
particular its role in long-term memory (LTM) and its putative neuroprotective 
value (chapters 5 and 6). Before these functions will be explained, the structure 
and activation of CREB, by an elevation of either the cytosolic cAMP level or the 
cytosolic Ca2+ level, and the role of CREB binding protein (CBP) in CREB-
induced transcription will be discussed (chapters 2, 3 and 4). 
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2. CREB structure 
 

2.1. CREB structural domains 
 

Before the functions of CREB can be studied, the structure of CREB has 
to be discussed. CREB is a 43 kDa protein, made up of ~330 amino acids. It 
contains, as already has been mentioned in the introduction, some structural 
domains, like a leucine-zipper domain that mediates dimerization, a basic DNA-
binding domain and the transcriptional activation domain, which contains 
important phosphorylation sites. Figure 2 shows the complete amino acid 
sequences of the three CREB isoforms CREBα (Hoeffler et al., 1990), CREBβ 
(Blendy et al., 1996) and CREB∆ (Hoeffler et al., 1988). 
 
CREBα 1 MTMESGAENQ QSGDAAVTEA ENQQMTVQAQ PQIATLAQVS MPAAHATSSA
CREBβ 1 MPAAHATSSA
CREB∆ 1 MTMESGAENQ QSGDAAVTEA ENQQMTVQAQ PQIATLAQVS MPAAHATSSA
 
 

CREBα 51 PTVTLVRCPM GQTVQVHGVI QAAQPSVIQS PQVQTVQSSC KDLKRLFSGT
CREBβ 11 PTVTLVRCPM GQTVQVHGVI QAAQPSVIQS PQVQTVQSSC KDLKRLFSGT
CREB∆ 51 PTVTLVRCPM GNS QVHGVI QAAQPSVIQS PQVQTV
                                                                                                                              α-peptide 
 

CREBα 101 QISTIAESED SQESVDSVTD SQKRREILSR RPSYRKILND LSSDAPGVPR
CREBβ 61 QISTIAESED SQESVDSVTD SQKRREILSR RPSYRKILND LSSDAPGVPR
CREB∆ 86 QISTIAESED SQESVDSVTD SQKRREILSR RPSYRKILND LSSDAPGVPR
                                                                                           phosphorylation site 
 

CREBα 151 IEEEKSEEET SAPAITTVTV PTPIYQTSSG QYIAITQGGA IQLANNGTDG
CREBβ 111 IEEEKSEEET SAPAITTVTV PTPIYQTSSG QYIAITQGGA IQLANNGTDG
CREB∆ 136 IEEEKSEEET SAPAITTVTV PTPIYQTSSG QYIAITQGGA IQLANNGTDG
 
 

CREBα 201 VQGLQTLTMT NAAATQPGTT ILQYAQTTDG QQILVPSNQV VVQAASGDVQ
CREBβ 161 VQGLQTLTMT NAAATQPGTT ILQYAQTTDG QQILVPSNQV VVQAASGDVQ
CREB∆ 186 VQGLQTLTMT NAAATQPGTT ILQYAQTTDG QQILVPSNQV VVQAASGDVQ
 
 

CREBα 251 TYQIRTAPTS TIAPGVVMAS SPALPTQPAE EAARKREVRL MKNREAAREC
CREBβ 211 TYQIRTAPTS TIAPGVVMAS SPALPTQPAE EAARKREVRL MKNREAAREC
CREB∆ 236 TYQIRTAPTS TIAPGVVMAS SPALPTQPAE EAARKREVRL MKNREAAREC
                                                                                                                         basic DNA-binding 
 

CREBα 301 RRKKKEYVKC LENRVAVLEN QNKTLIEELK ALKDLYCHKS D
CREBβ 261 RRKKKEYVKC LENRVAVLEN QNKTLIEELK ALKDLYCHKS D
CREB∆ 286 RRKKKEYVKC LENRVAVLEN QNKTLIEELK ALKDLYCHKS D
                      domain                          leucine zipper domain 
 
Figure 2: The amino acid sequences of the three CREB isoforms, in one-letter amino acid 
code. The most important domains are displayed beneath the sequences. 
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These different forms of CREB are created by alternative splicing. 
CREBα and CREB∆ differ only by the presence of a 14-residue insert, termed 
the α-peptide, in the longer form (amino acids 87 � 100). CREBβ misses the 
first 40 residues of both CREBα and CREB∆. Through alternative splicing, 
several other forms of CREB than the three forms mentioned are generated, but 
these are far less abundant. Serine residue 133 is the phosphorylation site of 
the CREB protein, a part of the transcriptional activation domain. When this 
amino acid is phosphorylated, the protein is activated. The amino acids 284 � 
309 form the basic DNA-binding domain. This domain mediates binding to the 
CRE sequence of the DNA. The DNA-binding domain is a lysine- and arginine-
rich stretch of amino acids just amino-terminal to the leucine-zipper domain 
(Dwarki et al., 1990). This leucine-zipper domain is formed by amino acids 311 
� 332. This domain contains five leucine residues, which can bind to leucine 
residues of other CREB proteins and mediate dimerization this way (Yun et al., 
1990). The formation of heterodimers, however, is also determined by the 
presence of intervening polar residues, which form salt bridges to further 
stabilize heterodimer formation. The basic DNA-binding domain and the 
leucine-zipper domain together form the bZIP region, which is present in a 
whole series of transcription factors, like c-Fos, c-Jun and c-Myc. These 
transcription factors all belong to the bZIP transcription factor family (Shaywitz 
and Greenberg, 1999). 
 
 

2.2. CREB antagonists 
 

The three discussed isoforms CREBα, CREBβ and CREB∆, are 
uniformly expressed in all tissues. However, there are also some other isoforms 
which are expressed at particularly high levels in the testis (Ruppert et al., 1992, 
Waeber and Habener, 1992). The  biological functions of these isoforms have 
not been well characterized. However, available data suggest that certain 
alternatively spliced exons present in these rarer CREB isoforms generate 
inhibitory forms of CREB that might be important for regulating expression and 
activity of the active CREB isoforms in germinal cells (Waeber et al., 1991). 

Another protein highly related to CREB, is the cAMP response element 
modulator (CREM, Foulkes et al., 1991). The gene coding for this protein has 
extensive sequence identity with the CREB gene. By alternative splicing of the 
CREM gene, either activator or repressor forms of CREM are generated. The α, 
β and γ isoforms of CREM all bind to CREs, but function as inhibitors of CREB 
and cAMP-mediated transcription. However, splicing of two additional exons 
generates a CREM isoform, CREMτ, which is the most similar to CREB with 
respect to amino acid sequence, that functions as an activator of CRE-mediated 
transcription (Foulkes et al., 1992, Laiode et al., 1993). Two particularly short 
forms of CREM are generated through use of either an internal translation 
initiation site or an internal intronic promoter (Delmas et al., 1992). The resulting 
products are essentially composed of a DNA-binding and dimerization domain 
and function as CRE-binding repressors. Unlike CREB, the various isoforms of 
CREM are not expressed uniformly across different tissues (Laiode et al., 
1993). CREMτ mRNA is particularly enriched in testis, with some expression in 
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brain (Foulkes et al., 1992), whereas expression of the truncated CREM 
isoforms appears to be confined to tissues of the neuroendocrine axis (Delmas 
et al., 1992). 

In this chapter, the structure of CREB has been discussed, which is 
needed to understand the following chapters: chapter 3 explains the 
mechanisms of activation, chapter 4 discusses the role of the CREB binding 
protein (CBP). The subsequent chapters will discuss the functions of CREB. 
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3. Activation of CREB 
 

3.1. Multiple activation pathways 
 

As has been mentioned, CREB is activated by phosphorylation of only 
one residue. This residue is always the same: the serine at position 133 
(CREBα numbering). However, this residue can be phosphorylated by many 
different kinases, including Ca2+/calmodulin-dependent kinases (CaMKs, Sheng 
et al., 1991), ribosomal protein SG kinases (RSKs, Xing et al., 1996), protein 
kinase A (PKA), protein kinase C (PKC) and mitogen-activated protein kinase 
(MAPK, also called extracellular-signal-regulated kinases (ERKs, Nishida and 
Gotoh, 1993)). The activation of these kinases is induced by a rise in either 
Ca2+ or cAMP levels in the cytosol. These two induction pathways, in 
combination with several kinases, will be discussed now. 
 
 

3.2. Activation by an elevation of the cytosolic cAMP level 
 

Many agents, including neurotransmitters and hormones, act to increase 
the intracellular level of cAMP. Typically, such a ligand binds to its cognate 
receptor, most often of the seven-transmembrane domain class of receptors 
(Strader et al., 1994). Ligand binding of the receptor leads to the activation of a 
coupled heterotrimeric G-protein, whose activated subunits stimulate one or 
more of the adenylyl cyclase isoforms, the enzymes catalyzing cAMP 
production (Gilman, 1987). Production of cAMP is counteracted by the action of 
phosphodiesterases, the enzymes that cleave cAMP. In most cells, the primary 
target of cAMP is the cAMP-dependent protein kinase (PKA or cAPK). In the 
absence of cAMP, PKA consists of an inactive heterotetramer of two catalytic 
subunits bound to two regulatory subunits (Taylor et al., 1990). Upon binding 
cAMP, the regulatory subunits dissociate and release the catalytic subunits, 
which are now free to phosphorylate target proteins. The released catalytic 
subunits may also translocate to the nucleus (Hagiwara et al., 1993), and the 
best characterized nuclear substrates of PKA are CREB family members. 
Pharmacological studies with PKA inhibitors implicated PKA as the mediator of 
cAMP�s effects on gene expression. In particular, PKA was shown to be 
required for forskolin induction of transcription of somatostatin promoter-driven 
reporter genes (Montminy et al., 1986). PKA activation of the somatostatin 
promoter required an intact CRE, thus implicating CREB as a mediator of the 
effects of PKA. Subsequent studies have identified a wide range of genes 
induced by elevated levels of cAMP through a PKA/CRE-dependent mechanism 
(Montminy, 1997). 

The exact mechanism of the cAMP-dependent CREB activation is shown 
in Figures 3  and 4. The cAMP-dependent protein kinase contains two 
regulatory subunits, with binding sites for cAMP, and two catalytic subunits 
(Figure 3). The tetrameric protein is enzymatically inactive because the 
regulatory subunits block the catalytic sites on the catalytic subunits. Binding of 
cAMP, which occurs cooperatively, causes dissociation of the catalytic subunits, 
which activates the protein kinase (Nichols et al., 1992). 
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Figure 3: Activation of cAMP-dependent protein kinase by cAMP (adapted from Lodish et al., 
1995). 
 

When the cAMP-dependent protein kinases are activated by cAMP, they 
translocate to the nucleus (purple arrow, Figure 4), where they phosphorylate 
and activate CREB. This stimulates transcription of genes controlled by the 
DNA regulatory element CRE, which is regulated by CREB. 
 
 

 
Figure 4: Activation of CREB through the cAMP pathway. �C� = catalytic subunit, �R� = 
regulatory subunit (adapted from Lodish et al., 1995). 
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3.3. Activation by an elevation of the cytosolic Ca2+ level 
 

Like cAMP, Ca2+ functions as a second messenger in a variety of cellular 
processes (Ghosh and Greenberg, 1995). In the nervous system, changes in 
membrane potential can increase intracellular Ca2+ levels via several 
mechanisms. Release of neurotransmitter at a synapse activates ligand-gated 
ion channels, such as the N-methyl D-aspartate (NMDA) receptor, a major 
glutamate receptor subtype which permits Ca2+ entry. Changes in membrane 
depolarization can open voltage-gated Ca2+ channels (VSCCs), stimulating 
influx of extracellular Ca2+. Other neurotransmitter receptors, including 
muscarinic acetylcholine receptors, are G-protein-coupled receptors that 
activate enzymes that provoke a rise in intracellular Ca2+ by stimulating release 
of Ca2+ from internal stores. 
 

 
Figure 5: Activation of CREB through the Ca2+ pathway (adapted from Shaywitz and 
Greenberg, 1999). 
 

Ca2+ is a pleiotropic second messenger that activates a variety of signal 
transduction pathways. Identification of the kinase(s) that catalyzes Ser133 
phosphorylation in membrane-depolarized cells has proved to be difficult. Many 
kinases, some of whose activities are enhanced by Ca2+, are capable of 
phosphorylating CREB in vitro, including Ca2+/calmodulin-dependent kinases I, 
II and IV (CaMKI, II and IV), RSK1, RSK2, RSK3, PKC and PKA. More thorough 
biochemical and cell biological analysis is necessary to determine which of 
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these kinases mediates a Ca2+ response under a particular circumstance. 
However, an emerging view is that, in a given cell type, Ca2+ may activate 
several distinct signaling pathways that each culminate in CREB 
phosphorylation (Figure 5). The ability to achieve stoichiometric phosphorylation 
of CREB could possibly require that more than one CREB kinase is activated. In 
addition, CREB kinases activated with distinct kinetics could provide a 
mechanism to prolong response. 

The best characterized Ca2+ activated CREB kinases are the CaMKs. 
When intracellular Ca2+ concentration rises, the concentration of 
Ca2+/calmodulin (CaM) complex increases. Ca2+/CaM binds to and activates the 
CaMK family of serine/threonine kinases either directly, e.g. CaMKII, or 
indirectly via activating the upstream enzymes, e.g. CaMKI and CaMKIV 
(Tokumitsu et al., 1995). The sequence containing Ser133 corresponds to the 
consensus for phosphorylation by CaMKs (RXXS). Phosphopeptide mapping 
indicates that CaMKI, CaMKII and CaMKIV all phosphorylate CREB at Ser133 
in vitro (Enslen et al., 1994). 

CaMKs are not the only kinases that phosphorylate CREB at Ser133 in 
response to membrane depolarization. Under conditions in which CaMKIV is not 
expressed or is inhibited, membrane depolarization can still induce CREB 
Ser133 phosphorylation and lead to the activation of CREB-dependent 
transcription. For example, in PC12 cells, although there is no detectable 
CaMKIV expression (Finkbeiner et al., 1997), membrane depolarization still 
induces CREB Ser133 phosphorylation and activates CREB-dependent 
transcription (Sheng et al., 1991). In AtT20 cells, the CaMK inhibitor, KN-62, 
effectively blocks membrane depolarization-induced CaMK activity (Bading et 
al., 1993), but does not block phosphorylation at Ser133 (Chawla et al., 1998). 
In certain neuronal subtypes, Ca2+ influx leads to activation of PKA, which then 
phosphorylates CREB at Ser133. Ca2+ influx activates Ca2+-sensitive adenylyl 
cyclase isoforms, increasing the level of cAMP, which activates PKA. This 
pathway may trigger Ser133 phosphorylation in AtT20 cells, where membrane 
depolarization stimulates CREB phosphorylation even when CaMK inhibitors 
are present (Chawla et al., 1998). 

Another pathway that may contribute to Ca2+ stimulation of Ser133 
phosphorylation is the Ras/mitogen-activated protein kinase (Ras/MAPK) 
pathway. The Ras/MAPK pathway is a well-characterized mediator of the 
effects of growth factor receptor-tyrosine kinases. However, it has been found 
that Ca2+ influx (via either NMDA receptors  or L-VSCCs) can also trigger 
activation of the Ras/MAPK cascade (Bading and Greenberg, 1991). In some 
cells, neurotransmitter stimulation evokes Ser133 phosphorylation through a 
pathway that is both Ca2+ and MAPK dependent (Pende et al., 1997). 
Pizzorusso et al. (2000) observed that CREB can also be activated by brain-
derived neurotrophic factor (BDNF), through the MAPK pathway, without 
calcium changes being necessary. Their results indicate that MAPK and CREB, 
but not intracellular calcium, are important mediators of neurotrophin actions in 
the visual cortex, like the regulation of the plastic processes occurring during its 
development (Lodovichi et al., 2000). 

Recent research by Hardingham et al. (2001) shows that in hippocampal 
neurons, signaling to CREB can be activated by nuclear calcium alone and 
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does not require import of cytoplasmic proteins into the nucleus. This suggests 
that calcium itself, rather than a calcium/calmodulin complex, is the messenger 
that couples synaptic activity to the nuclear machinery that regulates 
transcription. However, it cannot be ruled out that signaling through the 
calcium/calmodulin complex does occur in certain experimental conditions 
and/or cell types, other than the hippocampal neurons they used. In these 
cases it would be likely to augment or support nuclear calcium-dependent 
signaling to CaM kinase IV, the key regulator of neuronal gene expression, or a 
closely related nuclear CaM kinase. 
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4. The role of the CREB-binding protein (CBP) 
 

4.1. CBP is critical for stimulus-induced activation of CREB 
 

As has been mentioned, CREB induces transcription of a gene through 
binding to the DNA-regulating element CRE of the particular gene. This 
mechanism is already shown in Figure 4. The phosphorylated and dimerized 
CREB molecule recognizes the consensus motif 5�-TGACGTCA-3� of CRE and 
binds to it, which stimulates the transcription of the gene controlled by the 
cAMP-response-element. However, phosphorylation and dimerization is not 
enough for the activation of CREB, which was discovered by Chrivia et al. 
(1993). To search for factors that associate with CREB in a phosphorylation-
dependent manner, a human thyroid cDNA expression library was screened 
with 32P-labeled CREB and a protein was isolated that specifically bound to 
Ser133-phosphorylated CREB. This factor, CREB-binding protein (CBP), is a 
265-kDa nuclear protein that associates with phosphorylated CREB through a 
region at the N terminus of CBP known as the KID interaction (KIX) domain. 
The core KIX domain is a 94-residue sequence (positions 586-679, Parker et 
al., 1996). The same residues of KID most critical for transcriptional activation 
by CREB (positions 140 to 160) are also required for interaction of CREB with 
the KIX domain of CBP, suggesting that CBP binding is important for CREB 
activity. 

Other data support the idea that CBP is critical for stimulus-induced 
activation of CREB: (a) coexpression of CBP increases stimulus-induced CREB 
transcription of a CRE reporter gene, an effect that is lost when Ser133 is 
mutated to an alanine (Kwok et al., 1994); (b) microinjection of cells with 
neutralizing anti-CBP antibodies inhibits cAMP-induced activation of a CRE 
reporter gene (Arias et al., 1994); and (c) microinjection of a KIX peptide into 
cells inhibits stimulus-induced activation of a CRE reporter gene, presumably 
because the KIX peptide competes with CBP for interaction with CREB (Parker 
et al., 1996). The KID/KIX interaction may not be sufficient for CREB-mediated 
transcription because it is possible to mutate a particular residue within the 
CREB KID and inhibit transcriptional activation without affecting CBP binding 
(Sun and Maurer, 1995). 
 
 

4.2. KID/KIX domain interaction 
 

Structure of Ser133-phosphorylated CREB KID complexed to the CBP 
KIX domain has been solved using NMR spectroscopy and suggests how 
phosphorylation promotes association (Radhakrishnan et al., 1997). In the 
absence of phosphorylation or of binding to the CBP KIX domain, the KID of 
CREB is not highly ordered. However, when phosphorylated at Ser133 and 
bound to the KIX domain of CBP, the KID assumes a structure consisting of two 
α-helices that kink close to the phosphorylation site of Ser133 (Figure 6). The 
helix C terminal to the kink is bound tightly within a hydrophobic pocket created 
by a palisade of three α-helices of the KIX domain. This hydrophobic interaction 
presumably contributes significantly to the KID/KIX domain interaction because 
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functional data show that the corresponding segment of CREB (residues 140-
144) is critical for transcriptional activation in vivo (Shih et al., 1996). 
 

 
Figure 6: Ribbon diagram of the interaction between the phosphorylated KID domain of CREB 
(in blue; Ser-133  in green) and the KIX domain of CBP (in red). PDB ID: 1KDX (Radhakrishnan 
et al., 1997). 
 
 

4.3. CBP functions 
 

CBP seems to stimulate the activity of a target gene through its intrinsic 
histone acetyltransferase (HAT) activity (Ogryzko et al., 1996), and through its 
association with functional RNA polymerase II complexes (Nakajima et al., 
1997) (Figure 7). The HAT activity is responsible for the acetylation of lysine 
residues in the N-termini of histones, making the DNA template more accessible 
to the transcriptional machinery (Struhl, 1998). The mechanism through which 
this occurs has not yet been clearly elucidated. The RNA polymerase II 
transcription complexes are necessary for the transcription itself. They are 
recruited and stabilized at the TATA box by CREB. 
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Figure 7: The CREB-binding protein as a general mediator of signal-dependent transcription. 
�NR� = nuclear receptor, �L� = ligand (adapted from Montminy, 1997). 
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5. An inducer of long-term memory 
 

5.1. Short- and long-term memory 
 

Memory can be divided into at least two temporally and mechanistically 
distinct forms: short-term memory, which lasts no longer than several hours, 
and long-term memory, which lasts days or longer (Goelet et al., 1986). The 
synthesis of new proteins and mRNA is a universal requirement for the 
consolidation or formation of long-term memory (Tully et al., 1994). The 
prevailing model is that learning increases the expression of proteins that 
generate long-term structural changes in the neuronal circuitry that encodes 
memories. 
 
 

5.2. Long-term memory and CREB 
 

Another common feature of long-term memory in vertebrates and 
invertebrates is a requirement for coincident increases in the second 
messengers calcium and cAMP (Silva et al., 1992). Indeed, activation of 
cAMP/PKA signaling may be necessary and sufficient for the induction of 
neuronal plasticity and learning (Abel et al., 1997) and plasticity-induced gene 
expression (Impey et al., 1996). Although the role of specific transcriptional 
cascades in learning and memory has remained elusive, the cAMP/calcium 
response element (CRE) pathway has several interesting properties that 
implicate it in long-term memory. Coactivation of calcium and cAMP signaling 
synergistically increases CRE-mediated gene expression in neurons (Sheng et 
al., 1990). In addition, CRE-mediated transcription is increased following long-
lasting long-term potentiation (L-LTP, Impey et al., 1996), a form of 
transcription-dependent neuronal plasticity proposed as a model for long-term 
memory formation (Stevens, 1998). Accordingly, accumulating evidence in both 
vertebrates and invertebrates suggests that CREB is a key regulator of long-
term memory consolidation. For example, inhibition of CREB-mediated 
transcription attenuates long-term facilitation in Aplysia (Martin et al., 1997). In 
Drosophila, expression of an inhibitory isoform of CREB blocks the acquisition 
of long-term memory (Yin et al., 1994), whereas expression of an activating 
CREB isoform enhances memory formation (Yin et al., 1995). Furthermore, 
long-term memory formation following massed training is deficient in mice that 
lack α and ∆CREB (Bourtchuladze et al., 1994). 
 
 
5.3. Mechanism of CREB-induced long-term memory compared to short-

term memory 
 

Figure 8 shows the differences between short-term facilitation (without 
CREB) and long-term facilitation (CREB-induced) in Aplysia. In this model, 
serotonin (5-HT), a transmitter released by facilitatory neurons, acts on a 
sensory neuron to initiate both the short-term facilitation and the long-term 
facilitation that contribute to the memory processes. 
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Figure 8: Schematic outline of short-term and long-term facilitation in Aplysia. (1) Short-term 
memory through closing of K+ channels. (2) Short-term memory through changes in transmitter 
availability and release. (3) Long-term memory through the activation of CREB (adapted from 
Kandel et al., 1995). 
 

Short-term facilitation (lasting minutes to hours) involves covalent 
modification of preexisting proteins (pathways 1 and 2). Serotonin acts on a 
transmembrane receptor to activate a GTP-binding protein that stimulates the 
amplifier, the enzyme adenylyl cyclase, to convert ATP to the second 
messenger cAMP. In turn, cAMP activates protein kinase A, which 
phosphorylates and covalently modifies a number of target proteins (Weisskopf 
et al., 1994). These modifications include closing of K+ channels (pathway 1) as 
well as steps involved in transmitter availability and release (pathway 2). The 
duration of these modifications represents the retention or storage of a 
component of the short-term memory. 

Long-term facilitation (lasting one or more days) involves the synthesis of 
new proteins (pathway 3). The switch for this inductive mechanism is initiated 
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by the protein kinase A, which translocates to the nucleus where it is thought to 
phosphorylate one or more transcriptional activators that bind to CREs located 
in the upstream region of cAMP-inducible genes. The transcriptional activators, 
thought to belong to the family of CREB proteins (Bourtchuladze et al., 1994, 
Yin et al., 1994), activate two classes of effector genes that encode two classes 
of proteins. Inhibiting protein synthesis during learning blocks the expression of 
these two classes of proteins. These two sets of proteins have distinct 
functions. One protein, a ubiquitin hydrolase, is a component of a specific 
protease that leads to downregulation of the regulatory subunit. This results in 
persistent activity of kinase A, leading to persistent phosphorylation of the 
substrate proteins of pathways 1 and 2. This persistent phosphorylation may 
explain why long-term facilitation appears to be a graded extension of the short-
term process. The second set of proteins (� in figure 8) is important for the 
growth of active zones and the development of new synaptic connections. This 
change was delineated in the sensory and motor cells involved in the gill-
withdrawal reflex by examining the synaptic terminals with the electron 
microscope. The sensory neurons in sensitized animals had twice as many 
presynaptic terminals as those in untrained animals (Bailey and Chen, 1983). 
Moreover, long-term sensitization increased the number of active zones from 
40% of the synaptic terminals in untrained animals to 65% in trained animals. 
Finally, in the sensitized animals the dendrites of the motor neurons grew to 
accommodate the additional synaptic input. Such morphological changes seem 
to be characteristic only of long-term sensitization; they do not occur with short-
term sensitization. 
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6. The neuroprotective value of CREB 
 

6.1. Introduction 
 

Selective neuronal vulnerability is a feature of a number of 
neurodegenerative diseases, but the processes that target specific neurons for 
death while allowing others to remain healthy are unclear. The differential 
activation of an internal death program in vulnerable neurons has been 
proposed as a mechanism to explain the selective death of neurons (Schreiber 
and Baudry, 1995). However, it is equally likely that specific neuronal 
populations contain an intrinsic survival mechanism. The presence or activity, or 
both, of such a pathway in different cell types could partly explain their varying 
sensitivities to detrimental brain insults. Research in this cell-survival area has 
focused on identifying the key mediators in this survival cascade and has 
concentrated on endogenous neuroprotective messengers, such as 
neurotrophic factors and various cytokines (Mattson, 1997). The CREB kinases 
induced by neurotrophins include ribosomal S-6 kinase-2 (RSK-2), MAPK-
activated protein kinase-2 (MAPKAP-2), Ca2+- and calmodulin-dependent 
kinase IV (CaMKIV) and possibly protein kinase B (PKB/Akt, Finkbeiner, 2000). 
Recently, several studies implicated CREB not only in the signaling pathway 
activated by neurotrophines, but also as a possible regulator of a general 
survival program in neurons. In this chapter, this putative neuroprotective value 
of CREB will be discussed. 
 
 

6.2. CREB inhibits apoptosis 
 

Apoptosis, a quick, clean cellular execution, includes shrinkage of 
neurons, condensation of chromatin, and finally complete cell disintegration 
(Nijhawan et al., 2000). It is carried out through the activation of caspases, 
which proteolytically cleave and activate downstream factors that disassemble 
the cell, such as the actin-severing protein gelsolin and DNase (cleavage of 
ICAD releases the DNase CAD, Enari et al., 1998). Caspases also inactivate 
proteins required for survival, such as poly-ADP-ribose polymerase (PARP) and 
several anti-apoptotic signal transduction molecules, including Ras-GAP, Raf-1, 
MEKK1 and Akt. Since caspase activity plays a role in the pathogenesis of 
neurodegenerative disease, and caspase inhibition delays progression of 
neurodegeneration, for example in mouse models of Huntington�s disease (Ona 
et al., 1999), it is of biological interest to characterise caspase substrates in 
neural apoptosis. 

CREB, as has been mentioned, regulates many aspects of neuronal 
function such as nerve cell excitation, CNS development, long-term memory 
formation (see chapter 5), and circadian rhythms. CREB also plays a key role in 
regulating neuronal survival and differentiation in response to neurotrophic 
factors NGF, BDNF, FGF and IGF-1 (Pugazhenthi et al., 1999). Furthermore, 
CREB appears to be a primary transcriptional activator of the anti-apoptotic 
gene, bcl-2 (Finkbeiner, 2000, Pugazhenthi et al., 2000). Inhibition of CREB 
activity induces apoptosis in sympathetic neurones (Riccio et al., 1999), while 
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CREB overexpression inhibits apoptosis induced by okadaic acid (Walton et al., 
1999). 

Many metabolic pathways are regulated in both forward and reverse 
directions, which ensures that futile cycles, reactions in both directions 
simultaneously, do not occur. The emerging picture is that the regulation of 
apoptosis follows the same scheme: signaling proteins that turn off the cell 
death programme are selectively destroyed. François et al. (2000) present 
evidence that CREB is a target of caspase-3 or -7 during neural cell apoptosis 
both in vitro and in vivo. CREB appears to be a key target for destruction, being 
downstream of both Raf-1 and Akt, which are also cleaved by caspases, and 
upstream of the important survival protein Bcl-2. The inactivation of CREB is 
thus accomplished by proteolysis rather than by dephosphorylation. 
 
 

6.3. Selective vulnerability in the hippocampus 
 

Walton and Dragunow (2000) suggest that the selective vulnerability of 
the hippocampus to brain injury can be explained by the passive involvement of 
CREB in an active process of neuroprotection. The hippocampal subregions 
show a distinct pattern of cell death in response to a number of insults, in 
particular after prolonged seizures and hypoxic-ischemic (HI) episodes 
(Schreiber and Baudy, 1995). The CA1 pyramidal cells undergo apoptosis after 
these types of insult, whereas the dentate granule cells remain resistant to 
damage. A number of years ago it was speculated that this selective 
vulnerability was due to differential activation of cell-death (in CA1) and cell-
survival (in granule cells) programs. In order to identify these programs, the 
expression of genes for various transcription factors (Fos, Jun, Egr) were 
examined after a HI insult (Dragunow and Preston, 1995). The CA1 neurons 
that undergo apoptosis showed a delayed and prolonged expression of Jun, 
Fos and Nur77 combined with a loss of GER1. Although the resistant dentate 
granule cells also expressed Jun, as well as Fos, Jund, Junb, Fosb, Nur77 and 
Egr1, the induction was rapid in onset and more transient. On the basis of these 
results, the now widely accepted hypothesis, that Jun is involved in neuronal 
death (Dragunow et al., 1993), was formulated. However, the expression of the 
genes encoding transcription factors alone does not differentiate between 
sensitive (CA1) and resistant (dentate granule cells) neurons (although their 
kinetics of induction are vastly different in the two cell populations, which is 
likely to have functional consequences). This clearly demonstrates that other 
factors must be involved in neuronal death, one of which might be CREB 
activation. 

After HI, there is a delayed increase in the phosphorylation of CREB 
within apoptosis-resistant neurons of the dentate granule-cell layer and 
neocortex, whereas a dramatic loss of CREB (phosphorylated and 
unphosphorylated) is found in the dying CA1 pyramidal cells (Walton et al., 
1996). The prolonged increase in CREB phosphorylation within the dentate 
granule cells and its loss in the CA1 neurons, which precedes the onset of cell 
death, are both consistent with the hypothesis that activated CREB is important 
for survival of hippocampal neurons. Furthermore, this differential distribution of 
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CREB protein and its phosphorylation is not confined to this model system; it 
has been both replicated and demonstrated in another global ischemic 
paradigm that displays a comparable pattern of cell death (Hu et al., 1999), and 
after a focal ischemic insult that is characterized by wide-spread neuronal death 
leading to infarct formation (Tanaka et al., 1999). In the focal-ischemia model, 
the peri-infarct area shows marked levels of pCREB, while the infarcted core 
reveals a significant reduction in the number of CREB immunoreactive cells 
(Tanaka et al., 1999). 

However, this association does not extend to all members of the 
CREB/ATF family, as demonstrated by the fact that ischemia-induced ATF2 
phosphorylation (at Thr69 and Thr71) is found in the CA1 pyramidal cells 
undergoing apoptosis but not in the dentate granule cells (Hu et al., 1999, 
Walton et al., 1998). Interestingly, the peak in ATF2 phosphorylation within the 
CA1 (48 h post-insult) precedes the appearance of any apoptotic markers and 
shows a strong temporal relationship with JUN protein synthesis (Walton et al., 
1998). Phosphorylated ATF2 and JUN share a common expression profile and 
also act as Jun kinase (JNK) substrates, suggesting that an interaction between 
these proteins might be important for neuronal apoptosis. Thus, the working 
hypothesis to account for the selective vulnerability of hippocampal neuronal 
populations is that dual JUN and ATF2 activation in CA1 neurons leads to their 
demise, whereas selective CREB phosphorylation in the dentate granule cells 
activates a survival program (Table 1). 
 
Location Dentate gyrus CA1 
Period Early (3-12 h) Late (48-72 h) Early (3-12 h) Late (48-72 h) 
CREB - - - ↓  
PCREB ↑  ↑↑  ↓  ↓  
PATF2 - - - ↑↑  
JUN ↑  - - ↑↑  
Table 1: Hippocampal location of various proteins after hypoxic ischemia. ↑↑  = strong increase, 
↑  = increase, ↓  = decrease, - = no change (obtained from Walton and Dragunow, 2000). 
 
 

6.4. CREB activation and cell survival 
 

The persistent phosphorylation of CREB in response to stressful stimuli 
is not restricted to the in vivo situation, and has been demonstrated in PC12 
cells following hypoxia (Beitner-Johnson and Millhorn, 1998) and okadaic-acid 
treatment (Woodgate et al., 1999). Although, in both cases, increased levels of 
pCREB are likely to underlie numerous adaptive changes, many of which will be 
unrelated to cell viability, the delayed timecourse is consistent with the idea that 
at least part of this induction is involved in a cell-survival mechanism. In support 
of this hypothesis, PC12 cells that overexpress the gene for CREB have a 
decreased susceptibility to okadaic-acid-induced apoptosis, and a significant 
proportion of this effect is dependent on prolonged phosphorylation of CREB at 
Ser133 (Walton et al., 1999). The ability of CREB to promote cell survival has 
also been clearly demonstrated in other cell systems. The transfection of human 
melanoma cells with an expression vector containing a dominant-negative 
CREB that is mutated within its DNA-binding domain, decreased the resistance 
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of these cells towards UV-radiation-induced (Yang et al., 1996) and 
thapsigargin-induced apoptosis (Jean et al., 1998). Transgenic mice that 
synthesize this dominant-negative form of CREB have thymocytes and T cells 
with a profound proliferative defect, and show increased sensitivity to apoptosis 
(Barton et al., 1996). Moreover, suppressed production of CREB has been 
associated with influenza-A-virus-induced apoptosis of human monocytes 
(Bussfeld et al., 1997). 

The anti-apoptotic effects of CREB might also extend to the 
neuroprotection conveyed by environmental enrichment. Recently, it was shown 
that rats exposed to an enriched environment had reduced spontaneous 
apoptotic cell death in the hippocampus and were protected against kainate-
induced seizures and excitotoxic injury (Young et al., 1999). Some of the 
resistant cell populations in the hippocampus showed increased CREB 
phosphorylation, which might account for their increased resistance to damage 
after environmental stimulation. An interaction between CREB activation and 
the polysialylated form of the neural cell-adhesion molecule (PSA-NCAM) in this 
system is another possibility, as double immunolabeling showed their co-
localization in the apoptotic-resistant precursor cells that align along the hilar-
granule-cell border (Young et al., 1999). PSA-NCAM is a cell-to-cell adhesion 
molecule that is associated with dentate granule-cell neurogenesis, precursor 
differentiation and migration (Seki and Arai, 1993). In addition, this glycoprotein 
might activate cell-survival pathways by stimulating CREB phosphorylation in 
neurons through the RAS-mitogen-activated protein kinase (MAPK) pathway 
(Schmid et al., 1999). Indeed, disruption of the NCAM receptor by crosslinking 
induces programmed cell death in neurons (Azizeh et al., 1998). 

As has been made clear, many articles suggest that CREB has a 
neuroprotective value. However, there are also studies that don�t support this 
suggestion. Hata et al. (1998), for example, shows that after middle cerebral 
artery occlusion, CREB knockout mice do not show altered neurological scores 
after three hours, which would be expected if CREB indeed has a protective 
value in the brain. The fact that CREB is involved in therapies for several 
neurodegenerative diseases, like depressions and Huntington�s disease (Beal 
and Hantraye, 2001, Tanaka et al., 2000), however, strengthens the view that 
CREB is involved in the protection of neurons. Thome et al. (2000) 
demonstrated that antidepressant treatment increases CREB phosphorylation 
and CRE-mediated gene expression in limbic brain regions. Steffan et al. (2001) 
showed that CBP, in combination with CREB, interacts with the Huntington�s 
disease (HD) protein, as well as with other polyglutamine containing proteins. 
Beal and Hantraye (2001) suggested that CBP is sequestered in poly-glutamine 
diseases, resulting in a diminished response to trophic factors, which are 
essential for neuronal survival. Tanaka et al. (2000), finally, showed that CBP-
deficient embryos exhibit defective neural tube closure and defective blood 
vessel formation in the central nervous system. 
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7. Discussion 
 

The structure of CREB, the different activation pathways of CREB and 
the role of CBP have been made clear by several researches. This knowledge 
provides a foundation for the research on the functions of CREB in the nervous 
system. Of the two (possible) functions of CREB, inducing long-term memory 
and protecting neurons, the first has already been studied intensively. The 
overall conclusion of these studies is that CREB induces long-term memory by 
activating the transcription of ubiquitin hydrolase, a component of a specific 
protease that leads to downregulation of the regulatory subunit. This results in 
persistent activity of kinase A, leading to persistent phosphorylation of a number 
of proteins also involved in short-term memory, and the activation of a second 
set of proteins, important for the growth of active zones and the development of 
new synaptic connections. This function of CREB has been widely accepted 
now and does not need an extensive further investigation. The second function 
however, the protection of neurons, still needs a lot of further research. 

It still has to be proven that CREB phosphorylation is neuroprotective in 
the brain, and that various neuroprotective agents (for example, IGF1) produce 
neuroprotection by the activation of CREB. Studies on neurons derived from 
CREB-knockout mice are now required to resolve these issues. In this regard, 
one recent study has shown that after middle cerebral artery occlusion, CREB 
knockout mice do not show altered neurological scores (Hata et al., 1998); 
however, these mice were monitored for only 3 h after the insult, which is before 
CREB-mediated neuroprotection would be activated. In addition, these mice 
had a targeted disruption of the α and ∆ isoforms of CREB with compensatory 
increases in other forms. Furthermore, Duman et al. (2000) suggests that there 
are other convergent factors, beside CREB, that mediate the actions of neural 
plasticity and cell death, like BDNF. This could also explain the absence of 
CREB in the research by Hata et al.. Perhaps the best way of assessing the 
importance of endogenous CREB phosphorylation to neuronal survival would 
be to use viral transfection of hippocampal neurons with a dominant-negative 
CREB construct. If the hypothesis is correct, then this treatment should worsen 
HI- and seizure-induced hippocampal injury, and block the neuroprotective 
effects of compounds such as IGF1 and BDNF. Conversely, overexpressing the 
gene for CREB could protect neurons from various insults, as demonstrated 
recently in primary cerebellar granule cells (Bonni et al., 1999). 

An important issue in the identification of CREB as a neuroprotective 
protein, could be the discovery made by François et al. (2000), that CREB is 
cleaved by caspases during neural cell apoptosis both in vitro and in vivo. This 
corresponds with other processes in the body, like many metabolic pathways, in 
which the inhibitors of the process are inactivated or even destroyed. The 
observation that CREB is inactivated by proteolysis rather than by 
dephosphorylation also needs an explanation. Caspase-mediated cleavage of 
key proteins involved in survival signaling makes their inactivation irreversible 
and eliminates possible conflicting signals. That this occurs at a late stage of 
apoptosis enforces no possibility of escape from execution, and avoids a 
possibly messy �undead� state somewhere between life and death. In addition, 
CREB may function without activation by phosphorylation. It has been reported 
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that non-phosphorylated CREB has anti-apoptotic activity and can suppress 
AP-1 (c-Jun/c-Fos heterodimer) transcriptional  activity by competing for the AP-
1 binding site on target genes (Masquilier and Sassone-Corsi, 1992). 

In addition to its neuroprotective value, CREB might also have a function 
in neuronal compensation. Kim et al. (2000) suggested that the activation of 
CREB plays a role in the initial events of vestibular compensation in rats. 
Because of this observation, and because of CREB having a function in both 
memory formation (through both persistent activation of kinase A and the 
development of new synaptic connections) and neuronal survival, CREB-protein 
targeting might be an ideal way to achieve neuroprotective cognitive 
enhancement. This strategy will have major implications for treating Alzheimer�s 
disease, although genes activated by CREB after learning may not be the same 
as those activated during neuronal stress. For example, differences in the 
degree and kinetics of CREB phosphorylation might lead to different functional 
outcomes. The challenge for the future is to determine which genes are 
activated during CREB-mediated neuroprotection (and plasticity), and to 
develop novel approaches that either mimic the actions of CREB in long-term 
memory and survival, or enhance its endogenous activity within the brain. In 
addition, other effects of CREB should be taken into account when developing 
these new approaches, for its role in the nervous system might not be restricted 
to the functions mentioned here. 
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