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ABSTRACT 

Alzheimer 's disease (AD) is characterized by cognitive dysfunction and 

neuronal loss, believed to be due to excess amyloid-� peptide (A�). The prevailing 

hypothesis is that A� reduces cAMP response e lement binding protein (CREB) 

phosphorylation and impairs its signaling, leading to synaptic dysfunction and 

neuronal degeneration. However, this hypothesis has not been examined in AD . 

Here, we report that there is no significant change in CREB phosphorylation status 

in a famil ial Alzheimer 's mouse model (TgCRND8) and AD brain, relative to 

Non-Tg (C3H/C57 genetic background mouse) and Non-AD (patients who did not 

die of neurological diseases), respectively. Surprisingly, CREB is expressed 

predominantly in cytoplasm of the TgCRND8 mice and AD brain cells, in contrast 

to their nuclear localization in controls. Consistently, CREB-DNA binding activity 

and cAMP response element (CRE) dependent transcription is suppressed in 

primary cortical neuronal cultures from the TgCRND8 mice, indicating impairment 

in CREB signaling. Coimmunoprecipitation identifies a novel interaction between 

the carboxy-terminal fragment (CTF) of amyloid precursor protein (APP-CTF 1 00) 

and CREB, leading to cytosolic anchorment of CREB and inhibition of its nuclear 

translocation. This interaction is significantly (P<0 .05)  higher in the TgCRND8 

mice and AD brain compared to controls. Although CREB overexpression results 

in its nuclear accumulation and reduction in A�-induced neurotoxicity, there is no 
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phospho-CREBSer 1 33 .  Co-expression of N-but not C-terminal deletion APP 

mutant and CREB, leads to a marked reduction in nuclear CREB levels and 

increased A�-induced neurotoxicity. Fmihermore, it has been shown a significant 

increase of cell apoptosis in the TgCRND8 mice and AD brains, compared with 

Non-Tg mice and Non-AD brains. Apoptotic cel ls in TgCRND8 mice and AD 

brains express markedly reduced nuclear CREB levels. These new findings suggest 

that reduction in nuclear CREB, but not phospho-CREB levels could sensitize 

neurons to A�-toxicity, and l ikely contributes to neurodegeneration in AD. 
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1.1. Alzheimer's disease (AD) 

Alzheimer's disease (AD) is a progressive neurodegenerative disorder with 

learning and memory deficits as wel l  as difficulties in language, behaviour 

and visual perception, which was first identified by German neurologist Alois 

Alzheimer in 1 907 [ 1 ] .  It has been characterized pathologically by the 

overproduction and accumulation of �-amyloid peptide (A�), neurofibril lary 

tangles (Figure 1 ), massive neurons' loss in the cerebral cortex and 

hippocampus. Recently granulovacuolar degeneration and Hirano bodies have 

been observed in the hippocampus of Alzheimer's brains. 
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(Eliminated for Copyright Reasons) 

b 

(Eliminated for Copyright Reasons) 

Figure 1 .  a. Pathological and anatomical changes in AD brain, compared to normal. Brain 

Atrophy reveals the damage caused by AD. Certain regions of the brain-including the 

hippocampus and cortex-lose neurons, and the normally convoluted surface of the brain 

ultimately wastes away. b. Two hallmarks of AD, amyloid plaques and hyperphosphorylation of 

tau induced neurofibrillary tangles, occurs in the later stages of AD. The A (3 core of the plaque 

appears brown and is surrounded by a halo of nerve endings containing black tau filaments . 
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The manifestation of AD is defined by different stages :  the initial mild stage, where 

the patient show short-term memory impairment often accompanies by symptoms 

of anxiety and depression; the moderate stage where symptoms appear to abate as 

neuropsychiatric manifestations such as visual hallucinations, false beliefs and 

reversal of sleep patterns; and the severe stage, where the patients become more 

sedentary and are no longer able to take care for themselves [2] . Additionally, two 

lesions in particular were described, which now define AD: dense fiber-l ike tangles 

(later termed neurofibril lary tangles) and darkly staining amyloid plaques [3] .  

After 7 6  years from Alois Alzheimer first characterized AD, Allsop et al. identified 

biochemically the major constituent of these amyloid plaques as a peptide, 

amyloid-B (A�) [3] .  And another group determined that this peptide fragment 

originated from a precursor protein, amyloid precursor protein (APP) in 1 987 [ 4] . 

The subsequent genetic studies have revealed that four different genes are involved 

in the pathogenesis of AD: APP itself, apolipoprotein E (ApoE), preseni l in 1 (PS 1 )  

and preseni l in 2 (PS2) [5 , 6] . 

Neurofibrillary tangles, the other hal lmark of AD, are composed of 

hyperphosphorylated tau protein which is a microtubule-associated protein that 

normally maintains the structural integrity and stabil ization of microtubules . 

Hyperphosphorylated forms of tau, which is mutated in AD brains, do not bind to 

II 
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microtubules and loose the structural function, resulting in neuronal microtubule 

disruption [ 6] .  The hyperphosphorylated tau proteins wound around each other to 

form neurofibri l lary tangles (NFTs ) , which disorganize microtubules. This would 

lead to blockage of axonal and dendrite transpmi of micronutrients which are 

dependent on microtubules [7, 8 ,  9, 1 0, 11] ,  such as the anterograde transport of 

mitochondria and synaptic vesicles from the neuronal cel l  bodies to the synaptic 

·. ,, endings and the retrograde transport of neurotrophic signals in a reversed way, 
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resulting in synaptic degeneration and neuronal cell death progressively. 

Interestingly, when APP transgenic mice were crossed with mutant tau transgenic 

mice, the offspring developed the significantly increased neurofibril lary tangles 

[ 1 2] .  Another in vitro study has shown that A� induced phosphorylation of tau in 

rat primary septal cultures [ 1 3] .  All these evidences have indicated that A� has 

become the central focus to investigate the pathogenesis of AD. Therefore, APP, 

from which A� is generated, has been widely accepted as a critical feature of the 

neurodegenerative changes in AD. 

Because of a major therapeutic target of A�, many efforts are underway to either 

reduce the production of A� or enhance its clearance by using both active and 

passive A� immunization [ 1 4] .  Regulation of APP processing has also become a 

potential targets for AD treatment through inhibition of �-secretase or activation of 
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a-secretase [ 1 5] .  Antioxidants (such as vitamins C and E),  estrogens and 

non-steroidal anti-inflammatory drugs are suggested to possess beneficial effects in 

AD patients [ 1 5] .  

1 .2 .  Amyloid precursor protein (APP) 

APP 1s a type I transmembrane glycoprotein, including a large 

extracellular/intraluminal domain and a smal l cytosolic domain [ 4] . Its gene is 

localized to chromosome 2 1  (2 l q2 1. 2-3) and is expressed ubiquitously in almost 

all tissues and cell types, including endothel ia, glia and neurons of the brain [ 1 6] .  

At least three major APP isoforms (APP695 ,  APP75 1 and APP770) arise from the 

alternative splicing of its pre-mRNA (Figure 2) [ 1 7] .  APP75 1 and APP770 are 

present in both neuronal and non-neuronal cells, but APP695 is expressed in high 

levels only in brain [ 1 8] .  Some fragments (APP intracellular domain fragment 

(AICD) and C3 1 )  are generated by the extensively post-translational glycosylation 

and specific proteolytic cleavage. APP and its fragments have been shown to 

patiicipate widely in adhesion, neurotrophic and neuroproliferative activity, 

intercellular communication, neurodegeneration and membrane-to-nucleus 

signaling [ 1 9, 20] . 
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Figure 2. Schematic representation of the APP gene and its three major isoforms. The human 

APP gene contains 1 9  exons. Multiple isoforms exist generated by alternative splicing of APP 

pre-mRNA. The predominant transcripts are APP695 (exons 1 -6, 9-1 8), APP75 1 (exons 1 -7, 

9- 1 8), and APP770 ( exons 1 - 1 8) .  APP695 is the predominant form in neuronal tissue, whereas 

APP75 1 is the predominant variant elsewhere. APP75 1 and APP770, but not APP695, contain 

exon 7 which encodes a serine protease inhibitor (KPI, Kunitz proteinase inhibitor) [ 1 7]. 
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1 .2 . 1 .  A� generation from APP and their roles in neurodegeneration of AD 

The A� accumulation and A�42 itself have been characterized to lead to 

subsequent events, such as an inflammatory response, neuritic mJury, 

formation of fibril lary tangles and ultimately neuronal dysfunction in the 

pathogenesis of AD. A� peptide fragments, such as A�40, A�4�, A�42, and 

various C-terminal fragments are the resulting products from APP proteolytic 

processes [2 1 ] .  There are three cleavage sites on APP, which are recognized 

by three different proteases: a-secretase, �-secretase (BACE) and y-secretase 

(Figure 3 ). BACE aberrantly c leaves APP to release a APP NHz-terminal 

fragment (sAPP�) and leave a carboxy-terminal fragment CTF (C99/ 1 00) 

remaining membrane-bound, which exists in both normal condition and AD. 

Subsequently, the y-secretase c leaves the remained C99/ l 00, predominantly 

generating A�40/ A�42 and CT59/CT57 (AICD: APP intracellular domain 

fragment), sometimes A�4 1 and A�43. However, in the conventional APP 

secretary process, the a-secretase, instead of �-secretase, cleaves APP within 

the A� region first in most of conditions, which produces an extracellular 

fragment and a remaining CTF (C83) .  C83 is processed by the y-secretase to 

release a shortened fragment p3 and the same AICD [22] . F urthermore, the 

mutations near �- and y-cleavage sites on APP in AD wi l l  increase the 

1 5  



production of A� fragments [23 , 24, 25] .  These A� fragments (A�40 and mostly 

A�42) pathologically accumulate and aggregate into dense plaques, usually 

containing degenerating axons and dendrites of neurons as well as microgl ial 

and astrocytes [26] . 
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Figure 3. Cleavage sites on APP. The location of familial Alzheimer's disease (AD) 

mutations (highlighted in blue) is indicated. These sites are recognized by a-secretase, 

secretase (BACE), and y-secretase. BACE aberrantly cleaves APP to release a APP 

NH2-terminal fragment (sAPPB) and leave a carboxy-terminal fragment CTF (C99/ 100) 

remaining membrane-bound, which exists in both normal condition and AD. Subsequently, 

the y-secretase cleaves the remained C99/l 00, predominantly generating AB40/ AB42 and 

CT59/CT57 (AICD: APP intracellular domain fragment), sometimes AB4 1 and AB43· 

However, a-secretase cleavage breaks the AB production. The soluble extracellular domains 

of APP may serve a neuroprotective role or faci l itate processes of synaptic plasticity. ABs 

undergo aggregation over time to form protofibrils and eventually larger plaque aggregates 

[27] . 
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The central role of amyloid � peptides in AD is supported by the finding that 

A� can cause neuronal toxicity in vitro and in vivo [28, 29, 30] .  The 

mechanisms of A� neurotoxicity are unclear, but A� has been demonstrated to 

induce oxidative stress and elevate the concentration of intracellular Ca
2+ [30, 

3 1 ,  32] . The increased concentration of Ca
2+ might activate cal pain 

proteases which activate the tau protein kinase (Cdk5), resulting in formation 

of neurofibril lary tangles and finally cell death. Furthermore, several 

pathways of neuronal apoptosis induced by A� have been investigated. A� 

may interact with neuronal receptors, such as the receptor for advanced 

glycation endproducts (RAGE), which can mediate the formation of free 

radicals [32] , and the p75 neurotrophin receptor, which can induce neuronal 

cell death [33 ] .  When interacting with A�, these neuronal cell-surface 

receptors can activate caspases like caspase-2 and caspase- 1 2  which may be 

involved in apoptosis of neuronal cells [34, 3 5 ] .  Additionally, A� induces 

activation of microglial cells in AD brains [3 6] . This is a prominent feature of 

inflammatory response in the brains leading to neuronal cell death. The 

activated microgl ial cells would secrete TNF-a and other pro-inflammatory 

cytokines [3 7] that induce neuronal apoptosis through the generation of 

reactive oxygen species in cel ls [3 8] .  Thus abnormal neuronal degeneration is 

a consequence of A� toxicity involving microglial activation, oxidative stress, 

and hyperphosphorylation of tau. 
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In addition, AICD fragments generated along with A� have been believed to 

contribute to the neurodegenerative process. Some evidences showed that 

AICD ccould interact with FE65, LSF and the histone acetyl transferase Tip60 

to activate some gene transcription, which may be able to trigger the cell 

apoptotic process [39] . Taken together, fragments produced from APP and 

APP itself plays important roles in neurodegeneration of AD, in association 

with other proteins. 

1 .2 .2 .  APP functions as a cel l  membrane protein 

1 .2 .2 . 1 .  APP in cell adhesion and mobil ity 

Various studies have explored the roles of APP in cell adhesion and motility 

[40, 4 1 ,  42, 43] .  Some domains in the extracellular portion of APP have been 

observed to bind some matrix proteins including heparin, collagen and 

laminin [ 44, 45,  46], as well as some cell  adhesion molecules including 

�- 1 -integrin and telencephalin [ 4 7, 48] . These evidences have suggested a 

potential role  of APP in cell adhesion and mobil ity. 

19 



1.2.2.2. APP as a signaling receptor 

Although very l ittle is lmown about the APP functions as a signal ing receptor 

and the ligands binding to its extracel lular domain, the cloning and 

. I 
characterization studies have revealed the APP features in signaling 

transduction. In 1 995, it was found that full- length APP could function as a 

typical cel l  surface G-protein-coupled receptor by using reconstituted vesicles 

[ 49]. But this APP situation in vivo is more compl icated and has not been 

clearly elucidated. Some other studies have shown an interesting process, 
.j 

which at least demonstrated that APP itself has the abi lity to modulate its 

processing by receiving extracel lular signaling. In this self-modulating 

process, the secreted A� fragments interact with the ful l- length APP, forming a 

proteins complex, in cortical neurons [50]. Further investigations found that 

, I 
APP bound to a variety of fibri l lar peptides containing A�s, which induce lipid 

peroxidation and subsequent neuronal cel l  death via the alteration of Cu
2+ 

reduction and the generation of toxic free radicals, OH
-

from Cu+. This 

extracellular A�42 interaction with APP leads to the alteration of APP 

proteolysis resulting in more A� aggregation and accumulation [51]. These 

. �  ·.. . .  ' . .  evidences suggested that both APP and A� fragments play a role in signaling 

transduction as a cel l-membrane receptor. 

20 
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1 .2 .3 . APP interaction with other proteins 

Many investigations have revealed a complex network of APP interacting 

proteins through the shmi C-terminal domain of APP. In particular, a 

YENPTY motif, lying between a.a. 682 and 687 (in APP 695 numbering), has 

been identified, which interacts with several adaptor proteins [2 1 ,  52] . By 

associating with different proteins, this APP proteins complex is involved in 

various cell biological processes, such as neuronal proliferation and 

differentiation, intracellular trafficking, protein degradation and cell  survival 

and apoptosis. 

1 .2 .3 . 1 .  Fe65, LSF/CP2 and Mena 

Fe65, a brain-specific snRNP (small nuclear ribonucleoparticle )-associated 

protein [53] ,  i s  characterized as an adaptor protein in several regions of the 

mammalian nervous system [54, 5 5 ] .  Fe65 is expressed at high levels in 

neurons . In adult mouse brain Fe65 is highly expressed in neurons in the 

hippocampus, cerebellum, thalamus, and midbrain, with some expression in a 

subset of astrocytes in the hippocampus [56] . Three domains have been 

identified to participate in protein-protein interaction: a WW domain (two 

tryptophan (W) residues are one of the prominent features of this sequence 

2 1  



motif) and two phosphotyrosine interaction/phosphotyrosine binding domains 

(PID l and PID2) (Figure 4) [57] . 

I 
The most C-terminal of PID domains (PID2) is required to bind APP, and the 

other (PID l )  binds to a late simian vints 40 transcription factor /a-globin 

CCAAT-binding protein (LSF/CP2) [58, 59] . It has been suggested that 
; . .  

LSF/CP2 may have a protective function against the risk of AD [60] . It has 
"1 
. ·I been shown that Fe65 can interact with C-terminal fragments of amyloid 

precursor protein (APP-CT) and LSF/CP2 to form a ternary comp lex in 

nuclear fraction of neuronal cel ls, which upregulates the transcription of 

GSK-3�, fol lowed by increased phosphorylation of tau and reduced �-catenin 

level, subsequently inducing neuronal degeneration [ 6 1 ] .  In addition, FE65 

has been shown to interact with APP intracellular tail (C-terminal domain) in 

Alzheimer mouse model (TgCRND8) and Alzheimer brain samples by our 

unpublished studies. These suggest that Fe65 plays a role through associating 

with fragments of APP to block the activation of LSF /CP2 in neuronal 

survival . It may be also a novel pathway to regulate the LSF/CP2 in 

· , . .. _ . · I 
contributing to neuronal degeneration of Alzheimer 's disease. 

In addition, the WW domain in FE65 is shown to bind to Mena, the 

mammalian homologue of the Drosophila Enabled protein, which is found in 

2 2  
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actin remodel l ing, such as lammel l ipodia, and the tips of axonal growth cone 

flipodia [62] . Mena, in turn, binds to profilin and enhances actin filament 

formation, which bridges APP to the cell cytoskeleton. As well ,  it has been 

repmied that overexpression of both APP and FE65 can increase cel l motil ity 

in vitro [ 43] .  Taken together, these results suggest that APP interaction with 

Mena via FE65 is involved in cell adhesion, cytoskeleton dynamics and axon 

guidance [63] .  

23 
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C Fe65 
\V\\' PIDI PID2 

Figure 4. Schematic representation of the domains of Fe65 .  Three domains are indicated. The 

WW domain is shown to bind to Mena, the mammalian homologue of the Drosophila Enabled 

protein. The PID l domain binds to LSF/CP2 and the PID2 domain is required to interact with 

C-terminal of APP [57]. 
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1 .2 .3 .2 .  Some other binding partners 

There are lots of proteins binding to APP cytoplasmic domain (Figure 5 ), not 

only associating with the YENPTY motif but other parts of the APP 

C-terminal domain .  The GTP-binding protein G0 has been identified to bind 

the His657-Lys676 sequence in the APP cytoplasmic tai l  [64] . G0 protein was 

found in neuronal cel l s  involved in propagating signals for cel l  adhesion [65] ,  

neurite ourgrowth [66] and locomotion [67] . APP signaling through G0 has 

been investigated physiologically  in AD. FAD mutation in APP activates G0 

via the G�y subunit dissociated from the trimeric G-protein complex after 

l igands binding to G-protein-coupled receptor [ 49, 68,  69, 70] . The activated 

G0 by FAD mutant APP may suppress the cAMP response element (CRE) to 

induce cel l apoptosis [68, 7 1 ] .  

Another protein, named PAT 1 (protein interacting with the APP tail 1 )  which 

is a microtubule-interacting protein, recognizes a specific a.a. site, Tyr653 ,  in 

the APP cytoplasmic domain [72] . The APP interaction with PAT1 provides a 

potential link to microtubules, which may mediate the translocation of APP 

along microtubules toward the cell surface. However, the precise functions of 

PAT1 remain undefined. An APP-BP 1 (APP-binding protein 1 )  has also been 

suggested to bind to the APP cytoplasmic domain by screening a eDNA 
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expression library with the APP C-terminus, but the exact binding site and the 

functions have not been identified [73 ] .  
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Protei n  Tranfficking 
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Figure 5. The reprentation of APP interationwith ither prioteins through the intracellular domain. 

APP interacts with Al3s through extracellular domain, and other proteins, such as FE65, Go 

protein and PAT l ,  through the intracellular tail . FE65 interacts Mena to regulate cell adhesion, 

neurite outgrowth and protein tranfficking. FE65 interaction with LSF and AICD could mediate 

transcription of some genes. APP interaction with Go protein stimulates signaling pathways 

which are involved in cell apoptosis, neuronal proliferation and differentiation. PAT l is another 

protein binding to APP intracellular tail and bridging APP to microtubules, which may mediate 

the translocation of APP along microtubules toward the cell surface . 
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1 .3 .  cAMP response element binding protein ( CREB) 

1 .3 . 1 .  The family of cAMP response element binding protein 

CREB is a member of a large family (CREB/ATF) of structurally related 

transcription factors which bind to the same promoter cAMP responsive 

···:! element (CRE) consisting of the palindromic consensus sequence 

' . · , I 
•• • •• • • 1 

. .  : . .  :.. 
' .  

· .. . . . ' · . .  1 
.. . _ , · . . : · .

· 

TGACGTCA. More than 1 0  additional members of this family have been 

identified since CREB was firstly named in 1 987 [74] , and they show many 

structural and functional variations in a broad range of tissues and cell types 

[75, 76] . Most of them have conserved a similar basic leucine zipper (bZip) 

DNA binding domain (Figure 6 [77]) .  Based on the similarity of their amino 

acid, members in the CREB family can be divided into subgroups: 

CREB/CREM, CRE-BP l (ATF2), ATF3,  ATF4, ATF6 and B-ATF subgroups 

(Table- 1 ; reviewed in [78]) .  As well ,  these members share structural features 

within their transactivation domains which consist of two regions. The first 

region, called phosphorylation box (P-box), contains several protein kinases 

recognition motifs, such as GSK3 , PKA, PKC, CaMK, CK-1, etc (Figure 6). 

The leucine zipper consists of an a-hel ical coiled-coil structure which is 

required for homo- and hetero-dimerization. The basic region is responsible 

for the sequence-specific DNA-binding of CREB to CRE. The activation of 
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CREB family members can be regulated through phosphorylation by 

particular kinases in this P-box region. The other region consists of two 

glutamine-rich motifs, Q 1 and Q2, which exist in CREB and CREM [79] . 

ATF- 1  only contains Q 1  but not Q2 [80] . This glutamine-rich region is 

required to interact with other transcription factors or co-activators, which are 

necessary for CREB transcriptional activity. It has also been suggested that the 

P-box and at least one of glutamine-rich domains are essential for CREB and 

CREM transcriptionaql activity [79, 8 1 ] .  
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Figure 6. Structures of ATF, CREB and CREM proteins. The bottom panel indicates serine and 
· .• · .  I threonine residues which can be phosphorylated by different kinases (arrows). The P-box, the 

· · , :  glutamine-rich domain (Q l and Q2) and the DNA binding region (leucine zipper and basic 
1 
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Table 1 .  The mammalian ATF/CREB family of transcription factors (Adapted from [78]) .  

(Eliminated for Copyright Reasons) 
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1 .3 .2 .  Regulation of CREB activity 

1 .3 .2 . 1 .  Activation and repression of CREB 

CREB, expressed in all cell types as a transcription factor, performs its 

function in regulations of gene expression in response of extracellular stimuli .  

External stimul i  initiate numerous intracellular signal ing cascades (described 

in 1 .3 .2 .2 . )  by interacting with cell membrane receptors. Subsequently, CREB 

is triggered to mediate its target gene transcription. In this process, some 

essential events are involved in regulating CRE-dependent gene transcription, 

including CREB binding at DNA response elements, dimerization, 

phosphorylation/dephosphorylation and association with other transcription 

co-factors [82] . 

In general, two CREB molecules firstly form an inactive dimer which binds to 

the CRE s ite under basal conditions. The stimulated intracel lular signaling 

cascades cause the phosphorylation of both molecules of the CREB dimer, 

followed by recruiting some associated proteins, CREB-binding protein (CBP) 

and p300, and assembling a large transcription complex. This complex 

promotes chromatin remodel ling via histone acetylation by histone acetyl 

transferase (HAT), which alters the conformation of the nearby chromatin and 
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enables the RNA synthesis by RNA polymerase I I  (Figure 7, [82]) .  However, 

the first step has been questioned in this traditional processes, whether the 

CREB dimer binding to the CRE site provokes the phosphorylation, or 

sometimes the phosphorylation initiates the interaction and DNA binding [83 ] .  

There are numerous phosphorylation sites on the CREB protein, which 

regulate CREB performance differently. And various kinases are able to 

phosphorylate CREB at different sites. For instance, PKA, 

Ca2+/calmodul in-dependent kinase (CaMK) IV and MAPK-activated 

ribosomal S6 kinases (RSKs) individually phosphorylate CREB at serine 1 33 ,  

which is necessary for CREB transcriptional activity [84] . Although it 1s 

general ly accepted that the Ser 1 33 phosphorylation of CREB is necessary, 
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Figure 7. CREB transcription complex binding on the target gene. The transcnpt10n 

complex contains phosphorylated CREB climer, CREB-hinding protein (CBP) and p300. 

Consequently, the chromosome remodell ing by a histone acetyl transferase (HAT) 

promotes the RNA synthesis tlu·ough RNA polymerase I I .  
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more and more studies have proposed that it is not always sufficient for 

activation of CREB.  It has been suggested that some events in addition to 

CREB Ser 1 3 3  phosphorylation are required for the CREB transcription 

activity [85 ] .  CaMKII is able to phosphorylate CREB at serine 1 42 to 

dissociate the CREB dimer and reduce CRE B-mediated gene transcription [86, 

87] .  GSK-3a/� is able to phosphorylate CREB at serine 1 29 fol lowing the 

phosphorylation at serine 1 33 ,  and it remains undefined whether this further 

phosphorylation at 1 29 activates or represses the CREB transcription activity. 

On the other hand, CREB can be regulated through dephosphorylation by 

several protein phosphatases. The serine-threonine protein phosphatase 1 (PP 1 )  

and 2A (PP2A) have been found in directly removing the Ser 1 33 phosphate 

added by PKA [88,  89, 90] . Some in vitro studis has shown that PP 1 and 

PP2A also dephosphorylate Ser98 of CREB by CaMKIV [90] . Additionally, 

some phosphatases have been found to indirectly affect the phosphorylation of 

CREB via inhibition of kinases . For example, calcineurin (also known as 

PP2B) has been suggested to play an indirect role in CREB dephosphorylation 

in rat hippocampal neurons through potentiating the activity of PP 1 [9 1 ]  . 

Another example is the tumor suppressor PTEN, which diminishes 

phosphorylation of CREB by inhibiting the activation of Akt/PKB [92] . 

However, what is the significance of dephosphorylation of CREB remains 
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poorly understood. Whether or not the dephosphorylation of CREB positively 

or negatively regulates its activity sti l l  remains unclear. 

1 .3 .2 .2 .  Phosphorylation of CREB via various signaling pathways 

There are more than 300 different stimul i  described in the l iterature that can 

provoke the phosphorylation at Ser 1 33 on CREB through numerous 

intracellular signaling pathways (Figure 8, [82]) .  The cAMP-dependent PKA 

signaling pathway was firstly identified to phosphorylate CREB by in vitro 

studies in 1 987 [74] . G-protein coupled receptors are activated by some 

external stimul i  l ike neurotransmitters, fol lowed by stimulation of adenylyl 

cyclase (AC).  AC causes the accumulation of cAMP and the release of 

catalytic subunits of cAMP-dependent PKA, which subsequently 

phosphorylate CREB at Ser 1 3 3 .  Additionally, GSK-3a/� is also a downstream 

target activated by PKA. The activated GSK-3 has been revealed to 

phosphorylate CREB at Ser 1 29 following the PKA-dependent 

phosphorylation at Ser 1 33 [93] .  Presently there are two conversed views 

about whether the further phosphorylation at Ser1 29 increases the CREB 

transcription activity or negatively regulates its function. Substitution of serine 

1 29 by alanine strongly impaired forskol in-induces CREB-dependent 

transcription in neuronal PC 1 2  cell, but not in NIH 3T3 cell [93 , 94] . And 

36 



what this dual-phosphorylation contributes to the CREB activities zn vzvo 

remains unclear. 

S ince the crucial role of CREB in most biological processes, various signaling 

pathways have been characterized to play roles in regulating CREB by 

phosphorylation. Ras/Erk and p3 8/MAPK signaling pathways have been 

reported to phosphorylate CREB. In response to some neuron growth factors 

l ike neurotrophins, the MAPK pathways are triggered and the members of 

RSK and MSK famil ies are activated by MAPK to ultimately phosphorylate 

CREB at Ser 1 33 (Figure 8) [95 ,  96] . The PI3 -kinase/Akt pathway has also 

been documented to activate CREB under some circumstances. Recent studies 

in neurons have impl icated the PI3-kinase/ Akt pathway as a regulator in 
. . .  

·. ·. 

CREB phosphorylation and activation [97, 98] . However, whether Akt 

directly phosphorylates CREB remains undefined. Although some of kinases 

have not been precisely identified to directly phosphorylate CREB, these 

studies have indicated that various intracellular signaling pathways contribute 

to CREB phosphorylation leading to the regulation of its activity. 

. ' . � 
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Figure 8. General signaling pathways focusing on CREB. Various signaling pathways are 

provoked by cell membrane receptors (TrkB, AMPA receptors, NMDA receptors and 

G-protein-coupled receptors) in response to extracellular stimuli. CREBs are activated by 

phosphorylation via the pathways depicted in the figure, MAPK/RSK, CaM/CaMKIV and PKA 

signaling cascades. In contrast, CaMKII induces the dephosphorylation of CREB. Gi-linked 

receptor might reduce CREB phosphorylation via inhibition of adenylyl cyclase, but in some cell 

types it has been observed to promote CREB phosphorylation via MAPK pathways. 

Abbreviations not defined before: CaM, calmodulin; GluRI Rs, glutamate receptor subunit 

GluRl homomeric AMPA receptors; PDE, phosphodiesterase; PLC, phospholipase C; TrkB, 

neurotrophin tyrosine kinase receptor type 2 .  
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I 1 .3 .2 .3 .  Ca

2+ regulation on CREB 

Ca
2+ level has been demonstrated to be an important contributor to CREB 

. I activities as well .  Early work has found that CREB can be activated by Ca
2+ 

[99, 1 00, 1 0 1 ] .  Subsequent studies have revealed that Ca
2+ interacts with a 

large number of intracellular molecules and initiate many signaling pathways 

to mediate CREB functions. For example, in neurons, Ca
2+ influx appears 

through voltage-sensitive calcium channels (VSCC), L-type Ca
2+ channels, 

because of the membrane depolarization or through glutamate-activated 

NMDA receptors. Intracellular Ca
2+ interacts with Ca

2+ binding protein 

calmodul in (CaM), which activates CaMK-I, CaMK-II and CaMK-IV. 

CaMK-II and CaMK-IV can phosphorylate CREB in vitro and in vivo [ 1 00, 

1 02, 1 03 ,  1 04, 1 05 ,  1 06,  1 07] . This CaMK-IV dependent CREB activation is 

. . ... .  ! necessary for long-term synaptic p lasticity in the hippocampus [ 1  08,  1 09] . 

Additionally, Ca
2+ can also activate the additional pathways, l ike the Ras/Erk 

pathway which signals to an independent set of CREB kinases [ 1 1 0, 1 1 1 , 1 1 2] . 

1 .3 . 3 .  CREB functions 

. ;  ... . ·. : · . · ·. 

As extensively demonstrated by the literature, CREB performs functions in 

the cellular processes in response to physiological stimuli ,  such as cell 
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proliferation, differentiation, cell survival and death. In the fol lowing sections, 

I will focus on its functions involved in memory loss and neuronal apoptosis 

relevant to Alzheimer 's disease. 

1 .3 .3 . 1 .  CREB in learning, memory and plasticity 

A large amount of studies explore the importance of CREB in central nervous 

system (CNS) functions, especially in memory, by using different animal 

models, such as the mollusc Aplysia, the fruitfly Drosphila melanogaster, and 

the mouse. In these species, disruption of CREB functions in neurons by 

dominant-negative mutation or deletion of key CREB isoforms has been 

shown to block the long-term memory [ 1 1 3 ] ,  and up-regulation of 

CREB-dependent transcription significantly enhances long term potentiation 

(LTP) which is a cellular model for memory formation [ 1 1 4, 1 1 5 ,  1 1 6] .  

LTP has been extensively studied as a candidate memory mechanism, which 

reflects the synaptic efficacy of the long-lasting enhancements with high 

frequency stimulation. Various studies have revealed that LTP is important in 

memory formation [ 1 1 7, 1 1 8] .  Upon stimulation, post-synaptic receptors, such 

as N-methy-D-asparatate (NMDA) receptors, are activated and leads to Ca
2+ 

influx. The Ca
2+ influx activates several protein kinases, consequently 
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inducing two different types of LTP, i) an early and short lasting LTP (E-LTP, 

between 1 -2hr); ii) a late but longer lasting cAMP-dependent LTP (L-LTP, 

>7hr). Both the E-LTP and L-LTP are considered analogous to the processes 

of memory consolidation [ 1 1 3 ] .  

The critical studies have been performed in the transgenic mice (CREB-al1 

knockout), lacking the two predominant CREB isoforms a and L1, as a model 

to assess the importance of CREB in learning and memory [ 1 1 9] . In these 

knockout mice, studies have demonstrated that there are learning and 

long-term memory deficits in the fol lowing learning and memory 

performances: contextual fear conditioning, the Morris water maze and the 

social transmission of food preferences [ 1 20, 1 2 1 ] .  These results support the 

view that CREB is important in the acquisition of l earning and memory. 

Considering the important involvement of cAMP-PKA pathway and its 

capacity to activate CREB, CREB-dependent gene transcription could be 

affected by alteration of the cAMP-PKA pathway and CREB phosphorylation. 

Consistent with this hypothesis, it has been shown that the phosphorylation of 

CREB and CRE-reporter gene expression are increased in cortical neurons 

during development plasticity [ 1 22] and in hippocampal neurons [ 1 1 1 , 1 23 ,  

1 24, 1 25 ,  1 26] . Another related study has found that the intra-hippocampal 

infusion of CREB antisense oligoes produces deficits in spatial learning in rats 
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[ 1 27] .  Col lectively, these findings suggest that C REB and CREB-dependent 

gene transcription play a crucial role in the long-term memory. However, the 

precise mechanisms about how CREB facilitates memory and how the 

regulation of CREB transcription activity contributes to the long-term 

memory need to be further investigated. 

1 .3 .3 .2 .  CREB in neuronal survival and neurodegeneration : implication for AD 

Memory deficit is the best identified manifestation of AD, and pathological ly 

extensive neuronal loss is believed to contribute to the memory disorder. 

CRE-dependent gene expression has been indicated to be necessary for 

multiple neuronal subtypes' survival as a protective response against cell 

death stress [ 1 28, 1 29, 1 30] . In fact, some studies have revealed that induced 

CREB phosphorylation via activation of CaMK-IV acts as a neuroprotective 

response to glutamate excitotoxicity in vitro and by ischemia stress in vivo 

[ 1 3 1 ] .  It has been shown that disruption of CREB function specifically 

induces neuronal apoptosis [ 1 32] . Another group has found that CREB 

overexpression inhibits hippocampal neuronal apoptosis induced by 

staurosporine, glutamate excitotoxicity and ischemia stress in vitro [ 1 33 ] .  

CREB also exerts the activation of  the Bcl-2 promoter via the CRE, producing 

a protective effect in response to hypoxia stress in PC 1 2  neuronal cells [ 1 34] . 
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These evidences impl icate that the alteration of CREB activation would 

compromise CREB anti-apoptotic neuronal function through disruption of 

downstream gene expressions and the CREB-regulated pathway may play a 

protective role in neurodegeneration of AD. 

More recently, it has been reported that A�42 at sublethal concentrations that · . .  ·;, 
do not induce cell  death in primary cortical neuronal cell ,  can nevertheless 

suppress CREB activity and the activation of the CRE-containing 

brain-derived neurotrophic factor (BDNF) [ 1 35] . Furthermore, the inhibition 

of A�-induced apoptosis m cultured neurons is associated with increased 

CREB phosphorylation through MAPK and PI3-kinase signal ing pathways 

[ 1 36] ,  indicating that A�-induced apoptosis results in impairment of CREB 
· . .  · . · 

activation. In the other hand, depending on the different concentration, A� can 

.... 
· 

. ! induce CREB phosphorylation and provoke different response on 

� ' ; . ' :  . . ·. 
. . . . . . 

. I 

CRE-directed transcription [ 1 3  7 ,  1 3  8] . 

In additional, APP, another key protein in AD, negatively influences CREB 

activity and CREB-dependent gene expression. Famil ial Alzheimer's mutants 

of APP suppress the transcriptional activity of CREB by a G0-dependent 

mechanism, but the wild type APP has no effect on CREB [7 1 ] .  Considering 

of the essential role of CREB in the long-term memory formation, it is 
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implicated that the CREB deficiency potentially contributes to memory loss in 

AD. As discussed above, it has been generally suggested that A� alters CREB 

phosphorylation, contributing to neuronal degeneration in AD. However, very 

few in vivo studies provide direct evidences to prove that whether CREB 

expression and phosphorylation are altered in AD, whether those alterations 

are directly due to the effects of A� fragments and whether altered CREB 

phosphorylation contributes to neuronal apoptosis in AD. 

1 .3 .4 .  CREB responsive target genes 

It is believed that CREB family members, as transcription factors, perform 

their functions through regulating their target gene expression. Over 1 00 

putative CREB-dependent genes have been identified, which function in 

neurotransmission, cell structure, s ignal transduction, transcription, and 

metabol ism. All  CREB target genes share one or more conserved sequences 

(CRE) in their promoter regions, which response to CREB-mediated 

regulation . 

CREB-dependent genes have been shown to involve in different biological 

processes. Among them, c-fos is an important immediate-early gene in 

response to a wide variety of stimul i [ 1 39] .  It has been found that c-fos 
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transcription peaks within minutes of stimulation, but invariably returns to 

basel ine after 1 hr [ 1 40] . And some stimuli which activate CREB induce the 

c-fos expression in a CRE-dependent manner [ 1 4 1 ,  1 42, 1 43 ,  1 44] . Upon 

synaptic stimulation, the expression of brain-derived neurotrophic factor 

(BDNF), another CREB target gene, requires the CREB activation, which is 

induced specifically in hippocampal neurons but not in some other types of 

neurons [ 1 45,  1 46] . The expressiOn of the anti-apoptotic Bcl-2 gene is 

up-regulated in neuronal cel ls as a protective response to hypoxia. A CRE site 

locates in the Bcl-2 promoter and the phosphorylation of CREB has been 

induced rapidly by hypoxia, indicating the importance of CREB in the 

induction of Bcl-2 expression against the damage stimulus [ 1 34] .  Thus, the 

decreased Bcl-2 expression in AD may be due to the impaired CREB activity 

by APPs or A�. To this end, we have analyzed the l ink between the altered 

CREB signaling and the decreased Bcl-2 expressiOn in the transgenic AD 

mouse model (TgCRND8). 

1 .4. Caspases in AD 

The apoptotic cell death is observed extensively in Alzheimer brain. Caspases 

activation, a critical step in apoptosis, has been reported to lead to the 

proteolytic cleavage of several neuronal proteins in either AD brain or AD 
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mice models. One of key protein in AD, A�42, has been shown to trigger the 

activation of caspase-3 [ 1 47, 1 48, 1 49] . The activated caspase-3 subsequently 

cleave tau protein, the main component of neurofibri l lary tangles (another 

hallmarks of AD), resulting in accelerating tau aggregation in vitro [ 1 50, 1 5 1 ,  

1 52, 1 53 ,  1 54, 1 55 ] .  In addition, the pro-apoptotic caspase-cleaved tau 

co-localizes with both intracellu lar A� and activated caspase-3 in AD brain 

[ 1 5 1 ] .  These evidences have suggested that caspases may provide l inks for 

both of the hallmarks in AD, ultimately leading to the neuronal death . 

Furthermore, the full-length APP has been identified to be the substrate of 

caspases, besides its cleavage by a-, �-, y-secretases [ 1 56 ,  1 5 7, 1 58, 1 59] . 

This caspase-cleavage produces the neurotoxic APP C-terminal fragments that 

favor A� production. The overproduced A� in tum leads to additional 

caspase-3 activation, resulting in cell death. Additionally, caspases are carried 

out to degrade some proteins required for survival during neuronal apoptosis, 

such as poly-ADP-ribose polymerase (PARP) [ 1 60] and actin-severing protein 

gelsolin [ 1 6 1  ] ,  and anti-apoptotic signal transduction molecules, such as 

Ras-GAP, Raf- 1 ,  MEKK 1 ,  and Akt [ 1 62, 1 63 ] .  An in vitro study has revealed 

that the activation of the caspase-3 cause the degradation of CREB [ 1 64], 

suggesting a possible CREB regulation mechanism in neuronal apoptosis. 
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1 . 5 .  Bcl-2 in neuronal apoptosis 

Among the CREB-dependent genes, Bcl-2 has been reported to be one of 

well-characterized candidates involving neuronal survival and 

neurodegeneration. Bcl-2 (B-cel l  CLL/lymphoma 2) is a member of Bel 

! fami ly which consists of anti-death members [Bcl-2, B cl-XL, and myeloid cell 

· · · j leukemia sequence (Mcl)- 1 ]  and pro-death members [BCL2-associated X 

. 
· ! protein (Bax), BCL2-antagonist/ki l ler (Bak), BCL2-antagonist of cel l  death 

(Bad), BCL2-interacting kil ler (B ik), BCL2-related ovarian killer (Bok), and 

.· ·. · Bcl-Xs] [ 1 65 ] .  Indeed, neurotrophic deprivation-induced apoptosis of 

neuronal cel ls  is inhibited by Bcl-2 overexpression in vitro, and overexpressed 

Bcl-2 in transgenic mice increases the population of neurons in many brain 
' . . . ·. � :' ·.  : 

· · . 

regions by inhibiting naturally occurring neuronal cel l  death [ 1 66, 1 67, 1 68, 

· . · . · . .. 
· ·1 1 69, 1 70] . These evidences indicate that Bcl-2 may play a potential protective 

' . 
. · .  

role against neuronal apoptosis. 

Bcl-2 has been shown locating on the outer mitochondrial membrane, 

endoplasmic-reticulum (ER) membrane and the nuclear envelope [ 1 7 1 ] .  Some 

possible mechanisms have been proposed on the Bcl-2 suppressing apoptosis, 

although the exact processes are undefined. Bcl-2 locating on mitochondria 

may alter mitochondrial functions and the release of mitochondrial 
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cytochrome c, Bcl-2 on ER membrane may control the efflux of Ca
2+ from ER 

stores, and Bcl-2 may inhibit production of oxygen free-radicals [ 1 72] . Since 

a CRE site exists in the promoter of Bcl-2, CREB has been indicated to 

mediate the expression of Bcl-2 significantly in neuronal cells. These would 

present a view that CREB exerts its protective effect in response to death 

stimuli  by mediating the increased Bcl-2 expression in neurons. 
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2.  RESEARCH HYPOTHESIS AND SPECIFIC OBJECTIVES 

In this study, we focused on CREB signal ing and investigated the possibility 

that impairment in CREB signal ing is due to changes in its expression, 

phosphorylation and transcriptional activity, resulting in neuronal apoptosis in 

VlVO .  

We hypothesised that impairment in CREB signal ing ts  associated with 

neuronal cell death in Alzheimer's disease. 

To address this hypothesis, the fol lowing specific objectives wi l l  be examined: 

(I) To examine impairment of CREB signaling in AD, including expression, 

distribution, phosphorylation levels and CREB-dependent transcriptional 

activity by performing immunofluorescence staining, Westemblotting, PKA 

assay, electrophoretic mobi lity shift assay and CRE luciferase assay in a 

fami liar Alzheimer disease mouse model (TgCRND8); 

(II)  To determine neurodegeneration caused by neuronal apoptosis in AD by 

using TUNEL and Annex in-V apoptosis tests; 

( I I I)  To examine the relationship between CREB signal ing and neuronal 

apoptosis in AD by performing co-immunoprecipitation assay, in vitro GST 

bind assay and siRNA assays. 
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3. MATERIALS 

3 . 1 .  Regents and chemicals 

, . 1 
, I  

All chemicals and solvents were of reagent or analytical grade, and were 

obtained from one of the fol lowing sources : GE Health Care-Amersham 

Biosciences (Baie d'Urfe, Quebec), Bio-Rad Laboratories (Mississauga, ON), 

Sigma-Aldrich (Oakvi l le, ON), VWR Canlab (Mississauga, ON) and Roche 

Diagnostics (Indianapolis, IN). 

Neurobasal-A medium, fetal bovine serum (FBS), 04 1 8, N-2 supplement and 

other cell culture products were purchased from Gibco-BRL (Burl ington, ON). 

Digoxigenin (DIG) DNA gel shift kit and in situ cell death detection kits were 

obtained from Roche Diagnostics (Indianapolis, IN). The CRE consensus wild 

type and mutant double stranded oligonucleotides were from Santa Cruz 

Biotechnology (Santa Cruz, CA) or synthesised by the DNA Synthesis Lab 

(University of Calgary, AB) 

· . · 

3 .2 .  Transgenic and gene-targeted mouse l ines 

The non-transgenic and transgenic m1ce, TgCRND8 (65% C57BL/6J and 

; 
. 

.. 
. 

.. : 
. ·. . . � 
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3 5% CH3 background) overexpressmg a double mutant form of 

hAPP695Swe/Ind (KM670/67 1 NL, Swedish mutation + V7 1 7F, Indiana 

mutation) under control of the prion gene promoter used in this study, have 

been described previously [ 1 73 ] .  This mouse model exhibits excess A�42 

deposits and robust cognitive dysfunction at 3 months of age. The double 

transgenic mice generated from crosses of transgene heterozygotes were 

identified using the REDExtract-N-AMP Tissue PCR kit (S igma), including 

specific hAPP695 forward and reverse primers. The use of animals in this 

study was in accordance with the University of Manitoba Animal Care and 

Ethics Committee. 

3 .3 .  Human brain cortical and hippocampal tissues 

Protocols  for experimental use of human brain tissues were reviewed and 

approved by the Institutional Review Board of the Health Sciences Center, 

University of Manitoba. Ten cases of sporadic AD (age range, 77-83 years) 

and ten age-matched/sex-matched control cases (Non-AD; age range, 77 to 86 

years) were used in this study (Table 2) . Sporadic AD cases were diagnosed 

. .. . . . ·. ·>1 according to the Consortium to Estab lish a Registry for AD (CERAD) and 
. . . 

·. ;. ' 

· . . . ; .  

.- · 

were scored Braak's stages V (n=4) or VI (n=6). Control cases were 

non-demented patients who died without any known neurological disorders. 
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Samples encompassmg the parietal, frontal and temporal cortex, and 

hippocampus exhibited no significant differences in age (80.6 versus 80 .3 ,  P< 

0.85), postmortem interval (5 .29 versus 5 .92.,  P< 0.93), control versus AD, 

respectively. 

3 .4. Primary mouse cortical neurons (MCN) 

Enriched primary mouse cortical neurons (MCN) from embryonic day 1 6  

mouse fetuses were prepared as described [ 1 74] . Briefly, cortices were 

dissected and freed from meninges. The cells were dissociated by trituration 

with a fire-polished Pasteur pipette. The cell  suspension plated at 2.0 X 1 0
4 

cells/cm
2 

were cultured in poly-D-lysine in borate treated-plates and 

maintained in 1 0% fetal bovine serum optimal neurobasal medium (Invitrogen) 

at 3 7°C overnight. The next day, the cel ls were maintained in serum-free 

optimal neurobasal medium supplemented with B27 components (Invitrogen) 

and 1 0  J-lM of cytosine arabinoside to inhibit proliferation of non-neuronal 

cells. Cultures were maintained for 1 0  d before treatments. Experiments were 

performed on neuronal cultures. 

3 . 5 .  Antibodies, DAPI and BTA 
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The fol lowing antibodies were used for western blotting (WB) or 

Immunofluorescence staining (IF) or immunoprecipitation (IP) .  From Cell 

Signaling Technology (Beverly, MA) : CREB (Rabbit, 1 :2000, WB; 1 : 1 00,  IF) 

and pCREB (Ser 1 33 )  (Rabbit, 1 : 1 000, WB; 1 : 1 00,  IF), From Abeam: pCREB 

(Ser 1 33/ 1 29) (Rabb it; 1 :  1 000, WB; 1 :200, IF) .  From Sigma: APP-C terminal 

(Rabbit, 1 :4000, WB; 1 : 1 000 IF) and actin (20-33 ;  1 :2000, WB). From Santa 

Cruz B iotechnology: Histone- 1 (FL-2 1 9; 1 : 500) and Bcl-2 (Mouse; 1 : 500, 

WB). From Upstate B iotechnology: pGSK3 (Tyr279/Tyr2 1 6) (Mouse 

monoclonal; 1 : 1 000, WB). From BD-PharMingen (San Diego, CA): Active 

caspase-3 (Rabbit; 1 : 1 000, WB). From Chemicon International : 

MAP2-neuron specific (Rabbit; 1 :200, IF) .  Calbiochem: A� 1 _42 (Rabbit; 1 :400, 

WB; 1 : 500, IF).  

4', 6-diamidino-2-phenylindole (DAPI; excitation is 358  run when bound to 

dsDNA, emission max is 46 1 run; blue fluorescence), was used for nuclear 

counterstaining. Briefly, 5 mg/mL stock solution was made m 

dimethylformamide. The DAPI stock solution was diluted to 300 �M in PBS 

before use. 2-( 4 '-Methylaminophenyl) benzothiazole (BTA- 1 )  (Sigma) was 

used to counterstain A� deposits in brain tissues for multicolor fluorescence. 

BTA was dissolved in DMSO at 400 �M stock solution of BTA was made in 

DMSO (to yield < 1 %  DMSO in the final assay).  The stock solution was 
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diluted to 1 00 nM in  PBS, pH 7 .0  for future use. BTA is  characterized by 

violet blue fluorescence using a UV filter set: excites 3 60-370 nm, DM400, 

420 long-pass filter) . 

3 .6. Plasmids, Promoter Constructs and siRNA 

The pBcl-2 was obtained from Upstate B iotech. Al l  siRNAs were duplexed, 

desalted, and protected. CRE- pTAL Luc, pTAL-Luc, pCREB and 

p-KCREB were from Clontech. The pBcl-2 wt and mut promoter-Luc have 

been described [ 1 34] . All ol igonucleotides ( 1 50  nM) were transfected into 

cultures using HiPerFect Reagent, according to the manufacturer's 

instructions (Qiagen). 

3 .  7. Equipment 

The fol lowing equipment was used for the experimental methods carried out 

in this study. B iochrom Novaspec I I  spectrophotometer, Fisher Scientific 

Accumet Basic pH meter, Mettler Toledo AG 1 04 balance, Eppendorf 53 1 7C 

centrifuge, IEC Centra CL3R centrifuge, Beckman J2-HS centrifuge, 

Beckman TL- 1 00 ultracentrifuge, Beclanan LS6500 scinti l lation counter, E-C 

apparatus Corporation EC250-90 power supply, VWR Scientific 2300 
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incubator, Bio-Rad Mini-PROTEAN3 gel electrophoresis equipment, Bio-Rad 

PROTEAN II x1 electrophoresis equipment, Bio-Rad Trans-Blot 

electrophoretic transfer apparatus, Nikon Ecl ipse. E600 F luorescence 

microscope. 
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4. EXPERIMENTAL PROCEDURES 

4. 1 .  Cell culture 

Human neuroblastoma SK-N-SH cells and Rat B 1 03 cells lacking expression 

of endogenous APP and APP-l ike protein were cultured in Neurobasal-A 

medium containing N-2 supplement and 1 0% fetal bovine serum at 37°C in a 

5% C02 humidified atmosphere . After 40-50% confluence, ce l ls were 

maintained, in the same condition but without FBS,  to differentiate for 5days.  

The SK-N-SH cel ls or B 1 03 cel ls stably transfected with 

neo-vector/wtAPP/mutAPP by Miss Teralee Burton (a previous Master 

student) were cultured in the same conditions with 50�tg/ml G4 1 8 . The N-2 

supplement is an optimized serum substitute currently used routinely for the 

long-term growth and survival of primary neurons and differentiated cultures, 

without the need for exogenous growth factors . In some experiments, 

differentiated cells were exposed to appropriate concentration of A�42 for 72 

hrs. In this study, al l  experiments performed on differentiated SK-N-SH cells 

or B 1 03 cells were under the above conditions, unless otherwise specified . 

4 .2 .  A� exposures 
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Solution of fribri l lar amyloid-� peptides (A� 1 _42 142_ 1 ;  S igma-Aldrich) was 

prepared as described (Lesne et al . ,  2005) .  Briefly, A�s were dissolved in 

sterile deoinized water to obtain a stock solution of 2 mM, which was kept at 

3 7 °C for 48 h and stored at 4 °C until use. The presence of fribril lar A� was 

confirmed by SDS-PAGE. A� induced apoptosis was performed in the 

presence of MK-80 1 ,  non-competitive NMDA receptor antagonist ( 1 0  �LM) to 

prevent cel l  death. 

4 .3 .  Assessment of cell/tissue damage and viabil ity 

Apoptosis in  fixed primary cultures or paraffin- embedded brain tissues was 

measured usmg the terminal deoxynucleotidyl transferase-mediated 

fluorescein dUTP nick end label ing (TUNEL assay) In Situ cell detection Kit 

reagents, according to the manufacturer's procedure (Roche Molecular 

Biochemicals). Cells were then observed under an epifluorescence 

microscope/analyzed by flow cytometry (FACS analysis). Annexin V-FLUOS 

binding test (Roche Molecular Biochemicals) on brain tissues evaluated by 

fluorescence microscopy, according to the manufacturer's protocol, was also 

used for the detection of apoptosis. The number of TUNEL/ Annexin positive 

cells in five random fields was counted in three separate experiments, and the 

results were normal ized as percentage ratios to the total number of cells 
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stained per field. One-way analysis ANOVA and post hoc unpaired t tests with 

the Bonferroni multiple comparisons tests were used for data analysis . 

4.4. Tissue and Cellular Protein Processing 

Tissues and cells prepared for experiments were the cortices of mice/human 

brains, and primary cortical cells of mice. Frozen tissues or cel l pellets were 

· .. 1 homogenized in ice-cold hypotonic buffer ( 1 .5 mM MgC12, 1 0  mM KCl, 0 .2 
. · . 'I 

mM PMSF, 20 �tg/mL aprotinin, 1 mM leupetin, 1 0  mM DTT and 1 0  mM 

He pes, ph 7 .9). Homogenates were incubated for 20 min on ice and 

centifriged (25 ,000 g, 1 5  min. 4 °C) .  Cytoplasmic proteins were col lected 

from the supernatant and nuclear proteins from the pellets. Briefly, pellets 
. ·-. · . .  

were washed once with the hypotonic buffer and centrifuged at 1 0,000 g for 

1 5  min at 4 °C after which pellets were suspended in ice-cold low-salt buffer 

(25% v/v glycerol ,  1 . 5 mM MgClz, 0 .2 mM EDTA, 0.2 mM PMSF, 1 .0 mM 

DTT, 20 mM KCl, 20 mM Hepes, pH 7 .9). Nuclear proteins were released by 

adding a high-salt buffer (25% v/v glycerol, 1 .5 mM MgClz, 0.2 mM EDTA, 

0.2 mM PMSF, 1 .0 tnM DTT, 1 .2 M KCl,  20 mM Hepes, pH 7.9) drop by 

drop at a final concentration of 0.4 M KCl,  followed by sonication at 67 Hz 

(Sonicator, Branson 1 5 1 0 model)  for 2 h at 4 °C .  Soluble nuclear proteins 

were recovered by centrifugation (25 ,000 g, for 3 0  min at 4 °C) and proteins 

' I 
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were stored at -80 °C.  The concentrations of total protein, cytoplasmic, or 

nuclear proteins were measured usmg Bicinchoninic acid (BCA) Protein 

Assay Reagent Kit (Pierce) 

4 .5 .  Western blotting Analysis and Co-immunoprecipitation assay 

:I 
''=' To examine protein expression levels or the size of cleavage products, the 

prepared tissue or cell lysates were analysed by gel e lectrophoresis as 

described previously [ 1 73 ] .  Briefly, samples were boiled for 3 min ts 

SDS-sample buffer and separated on 1 0-20 % Tric ine gradient gels (Novex). 

Thereafter the gels were transferred to Nytran membranes, and the 

membranes were blocked in 5% non-fat milk and probed with appropriate 

antibodies. Blots were finally developed with an enhanced 

. . . . . I 
chemiluminescence (ECL) western blotting detection system, according to the 

• •, ' T 
manufacture 's instructions (Amersham Pharmacia). Co-immunoprecipitation 

.- · ·-� ·· . ; 1  

experiments were performed using the Immunocatcher System (CytoSignal, 

Irvine, CA, USA) the protein lysates (600J.lg) were precleared with 

I pre-immune serum and protein G agarose beads, after which appropriate 

· ·-. ' . -· .. 

antibodies were added, and the mixture was incubated overnight at 4 °C with 

:·· . · · . .  gentle shaking. 50% slurry of protein-G agarose beads was then added to 
• • •· ·, , I  

' .
· I . ·

. I precipitate the immune complexes. The beads were incubated with the 
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reaction mixture for 6 h at 4 °C with rotation and then collected by 

centrifugation. The beads were washed with lysis buffer and resuspended in 

0 . 1 mL of SDS-sample buffer. 30  �1 of the protein solutions were resolved on 

SDS-PAGE and detected by immunoblotting with appropriate antibodies. 

Measurment of protein levels was performed by densitometric analysis. 

Briefly, the autoradiograms were acquired from a Bio-Rad densitometer 

(Model GS-700). Western blot signals were quantified by two-dimension 

densitometry analysis with Quantity One (Bio-Rad). 

4 .6 .  Immunocyto and Immunohisto fluorescence staining 

Immunofluorescence on MCN was performed as described [ 43] .  Briefly, 

Primary mouse neuronal cell cultures grown on poly-D-lysine-coated 

coverslips were washed with cold-PBS, fixed for 30  min in freshly made 4% 

paraformaldehyde at 4 °C,  rinsed with PBS,  blocked for 3 0  min at room 

temperature in 5% normal goat serum. The fixed cells were then washed once 

with cold-PBS and permeabi l ized in 0. 1 %  Triton X- 1 00 for 1 5  min at 4 °C .  

After three washes, cells were incubated with the appropriate primary 

antibody in PBS with 5% normal goat serum for 2 h .  Cells or sections were 

rinsed with PBS and incubated with the corresponding secondary antibody 

(anti-biotinylated antibody, Texas red conjugated secondary antibody) 
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(Amershampharmacia Biotech) for 1 h at room temperature, fol lowed by 

washing twice with PBS, .  For the Cells or sections incubated with 

anti-biotinylated secondary antibody, those were subsequently incubated in 

streptavidin F luorescein ( 1 :  1 00) for 1 h at room temperature . Cells or sections 

were counterstained with DAPI or BTA, to visualize nuclei and A� plaque 

deposits, respectively. After a final rinse in PBS, cells on coversl ips were 

mounted onto glass slides using Prolong anti-fade (Molecular Probes, OR). 

Immunohisto-fluorescent staining was performed as described previously 

[ 1 7  5] with slight modifications. Cmiical tissue samples were fixed in 4% 

paraformaldehyde and used for preparing paraffin embedded blocks, before 

serial sectioning to thiclmess ranging from 2 to 8 11m. To reduce 
' .-. 

autofluorescence at FITC and Texas red channels, a combination of quenching 

procedure was used with slight modifications. Briefly, dewaxed and 

: , 

rehydrated tissue slides were incubated in 0 . 1 %  KMn04 for 1 0  sec, washed 

with water, and then treated with a solution of 1 %  K2S205 and 1 %  oxalic acid 

until the brown color was removed from the tissue (around 1 0  sec). After 

washing with water, a solution of 0 .5% sodium borohydride was applied on 

the slides for 5 min. S lides were then washed with PBS.  Antigens were 

. . .  · . .  : . .  

� . . . , - . retrieved by incubating the s lides in an Antigen Unmasking Solution at 1 : 1 00 

dilutions (No. H-3300;  Vector Laboratories, Burlingame, CA) with 
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microwaving ( 1 00% power) for 2 min, followed by a second microwaving 

(30% power level) for 1 0  min, and washed twice with PBS .  Then the sections 

were subjected to conventional immunofluorescence staining. The sections 

were blocked in and permeabil ized in 0.4 % Triton X- 1 00, 2% BSA, and 5% 

goat serum in PBS for 2 h at room temperature . After washing, the sections 

were incubated with the appropriate primary antibody diluted in 2% BSA in 

PBS,  overnight at 4 °C .  The sections were then rinsed in PBS twice for 5 min 

. I each time, and incubated in the appropriate secondary antibody (typically, 

anti-biotinylated conjugated or Texas red conjugated, both at 1 : 1  00) for 1 h. 

. , .· . Sections that were incubated with the anti-biotinylated secondary antibody, 

after washing twice with PBS, were incubated in streptavidin Fluorescein 

( 1 :  1 00) for 1 h at room temperature. In some sections, the order of the 

primary antibodies was reversed in double-labeling experiments to control for 

possible effects of some antibodies on altering access to subsequent antibody 

b inding. After washing, sections were counterstained with DAPI or BTA, to 

visualize nuclei and A� plaque deposits, respectively. After a final rinse in 

PBS,  sections were mounted with coverslips using Prolong anti-fade 

(Molecular Probes, OR). 

• .' : . ..  · .. · 

4.7.  Image analysis 

. 
• : , j 

: ,  . ·. 1 
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Immunofluorescence was examined by epifluorescence microscopy (Nikon 

Ecl ipse .  E600) for immunocytochemistry and immunohistochemistry. In 

double and triple-labeling immunoflurorescence experiments, b leed-through 

was controlled by observing the absence of fluorescence of a given 

fluorochrome-labeled secondary antibody when it was il luminated using the 

alternative fluorochrome excitation wavelength. In addition, for 

co-localization experiments, each channel was imaged separately, el iminating 

the "bleed-through." 

F luorescent images were captured using a Nikon digital camera interfaced 

with a computer equipped with Compix AIC software (PA, USA), and were 

presented in Adobe Photoshop CS .  Image processing and measurements of 

relative fluorescence intensity, colocalization, scatter plot, and 

3D-topographic imaging were performed with the Image Space Analysis Tools, 

Version 3. 1 0  (Molecular Dynamics, CA, USA) on Si licon Graphics operating 

system. F luorescence intensities were independently determined in several 

randomly selected fields from different sections (> 300 cells). Investigators 

were blinded to the type of sections, cultures, or treatment. The mean pixel 

intensity for each image was determined, and each image was thresholded at 

the mean plus at least 2 standard deviations above the mean. The thresholded 

images were then multiplied. At any pixel intensity where intensity=O (i .e . ,  no 
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fluorescence) for either image, the product=O; therefore, non-zero pixel 

intensities correspond to colocal ization. The colocalization between 

CREB/pCREB (Ser 1 33)/pCREB (Ser1 29/ 1 33)  and MAP2 was evaluated by 

calculating the cross correlation coefficient (rcc) as described previously [ 43] .  

Briefly, images from several optical sl ices from the top and bottom of the 

double- labeled cells were captured. The mean pixel intensities for the image 

pairs as wel l  as the fluorescence signal levels at individual pixels in the image 

pairs were recorded. In the summation to determine the r value, all pixels 

inside the cel ls were included. 

4 .8 .  In vitro APP binding assay 

In vitro APP-glutathione S-transferase (GST) linked protein binding assay 

was performed as described [73] with modifications. Briefly, p lasmids 

containing ful l  length and subregions of APP fused with GST m 

pGEX-6P- l (Amersham biosciences, Piscataway, NJ) were constructed by 

PCR amplification of the corresponding eDNA sequences with 

oligonucleotides containing the appropriate restriction sites for in-frame 

fusion. Recombinant proteins from E. coli were easily purified from bacterial 

lysates by affinity chromatography using glutathione sepharose beads, 

according to the manufacturer's instructions (Amersham biosciences). 
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The pCMV-CREB eDNA (Clontech) was used as a template for 

compl imentary PCR primers. The resulting CREB-PCR fragments were 

c loned into the corresponding multiple  cloning sites in the pGEM-T (Promega, 

Madison, WI) and used for linked in vitro transcription-translation using the 

PROTEINscript II l inked transcription-translation system (Ambion, Austin, 

TX). These plasmid constructs were generated by our laboratory technicians. 

Subsequently, e5S] Methionine-labeled CREB was incubated with control 

GST or APP-GST fusion proteins on glutathionine sepharose beads in the 

presence and absence of competitor proteins for 1 h at room temperature. 

Complexes were washed with 5 x 1 ml of PBS containing 0 .5% Nonidet P-40, 

immediately boiled in SDS sample buffer, and analyzed by PAGE. The gels 

were dried and exposed directly to film overnight. The quantity of fusion 

protein on beads and competitor proteins was estimated by SDS-PAGE 

fol lowed by Coomasie blue staining. The amounts of GST-fusion proteins 

used in each reaction were normalized to the quantity of beads added to each 

reaction . 

4.9. E lectrophoretic mobility shift assay (EMSA) and Cre-Luc reporter gene assay. 

EMSAs were performed using the digoxigenin (DIG) reagent kit according to 
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the manufacturer's protocol (Roche Biochemicals). The optimal wt/mut 

CREB binding site and Bcl-2 promoter sequence ol igonucleotides were used 

as probe. Primary mouse cortical neuronal cultures were transiently 

transfected with the pBcl-2 CRE-Luc [ 1 34], or with pTAL Luc/ pCRE TAL 

Luc (Clontech) . Briefly, cultures in six-well plates were transfected with 3 

�tg of CRE-luc and 0 .5  �g of pCMV-� galactosidase plasmid (p-�gal) as an 

internal control for transfection efficiencies, in the presence of Effectene 

Transfection Reagents (Qiagen). At 48 h post transfection, some of the 

cultures received 20 �M A�42, then the cells were lysed with 200 �tL lys is 

buffer. Subsequently, luciferase and �-gal assays were performed according to 

the manufacturer's instructions (Promega) . 

· · 4. 1 0 .  Protein kinase A assay 
· . . · 

• I 

•• : �
. r : 

... , 

. 
•.• . • \  .· . . 

. . : . ' ' . · · . .  
. I I 

Basal Protein kinase A (PKA) activity was measured as described [ 1 76] . 

Briefly, mouse cmiical tissues were homogenized tn 

radioimmunoprecipitation assay buffer (50 mM Tris HCl,  pH 7.4, 1 %  Nonidet 

P-40, 0 .3 5% sodium deoxycholate, 1 25 mM NaCl, 0 .5  mM EDTA, I mM 

PMSF, 1 �M pepstatin and 1 �M sodium vanadate) containing 80 mM 

�-glycerophosphate, and the homogenate was centrifuged for 1 5  min at 

3 0,000 X g at 4°C .  The supernatants were then used to measure basal PKA 
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activity by using the heptapeptide Leu-Arg-Arg-Ala-Ser-Leu-Gly ( 1 0  �tghd 

kemptide, S igma) as substrate, in the presence of 0 . 1 �tCi/�1 ['(
32

P]ATP ( 1  Ci 

= 3 7 GBq) and 50 �M ATP with or without the PKA inhibitor amide fragment 

6- 1 2  (PKI, Sigma) for 20 min at 3 0  °C .  The reaction mixtures were then 

spotted on to phopsphocellulose filters (Whatman) for 1 0  min, washed twice 

in orthophosphoric acid and counted . 

4. 1 1 . APP siRNA and scrambled oligonucleotides 

APP siRNA directed at bp 1 754- 1 772 of mouse APP eDNA (GenBank NM 

00747 1 )  corresponding to the APP siRNA target sequence at bp 1 769- 1 788 

of rat APP eDNA (Gen Bank X07648), ACAUCAAGACGGAAGAGAU 

and non- silencing scrambled siRNA target sequence, 

AATTCTCCGAACGTGTCACGT, have been described [ 1 77] : APP siRNA 

sense sequence, ACAUCAAGACGGAAGAGAUdTT; anti sense 

AUCUCUUCCGUCUUGAUGUdTT. Scrambled siRNA: sense sequence, 

UUCUCCGAACGUGUCACGUdTT; anti-sense sequence, 

ACGUGACACGUUCGGAGAAdTT. These siRNAs were obtained from 

Invitrogen (Carlsbad, CA). The oligonucleotides of the siRNAs were 

synthesized, and then duplexed, desalted, and protected. Lyophilized siRNAs 

were reconstituted, according to the instructions of the manufacturer, 
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condensed with enhancer reagent, mixed with HiPerFect solution (Qiagen), 

and transfected into cultures, at a final concentration ( 1 50 nM) . 

4. 1 2 . Statistical Analysis 

Results were analyzed usmg StatView and Microsoft Excell software . 

Non-parametric Friedman ANOVA for relative fluorescence was used to 

evaluate differences between tissue sections for each experimental group . 

Densitometric data of western blots were analyzed by ANOVA, followed by 

Fisher 's Post hoc t tests for comparisons. Results are expressed as the mean ± 

S .E.M.,  unless otherwise indicated. n indicates the number of independent 

experiments or samples. In all cases, unless otherwise stated, P<0.05 was 

considered significant. 
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5. RESULTS 

5 . 1 .  Phosphorylation status of CREB is not altered in AD model brain 

Accumulating evidence indicates that A�42 or familiar Alzheimer disease (FAD) 

mutant APP (mutAPP) impairs CREB phosphorylation and CRE-dependent 

signal ing, resulting in neuronal apoptosis [7 1 ,  1 3  6] . However, it remains uncertain 

whether CREB signal ing under conditions of excess A�42 or overexpression of 

FAD mutAPP is impaired in vivo. We performed studies by using a FAD mouse 

model (TgCRND8) that overexpresses a double mutant form of hAPP695 Swe/Ind 

(KM670/67 1 NL, Swedish mutation + V7 1 7F, Indiana mutation), and more details 

can be found in 3. 2. Transgenic and gene-targeted mouse lines . 

Mice cortical tissues (8 samples from Non-Tg; 1 0  samples from TgCRND8) were 

homogenized and processed for protein extraction. Expression levels of total and 

phosphorylated CREB (t/p-CREB) in cortical region of the TgCRND8 mice brains 

at various ages were measured by Western blot analyses . As shown in F igure 9, 

there was no significant difference in the levels of t-CREB (Figure 9a), 

p-CREBSer 1 33 (Figure 9b) and p-CREBSer- 1 33/ 1 29 (Figure 9c) with age, 

between the Non-Tg and TgCRND8 mice . 
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Figure 9. The levels of t-CREB, p-CREB (Ser 1 33) and p-CREB(Ser 1 29/ 1 33)  from mouse 

cortical tissue lysates have no changes (p>O.O 1 vs Non-Tg) with age, between the Non-Tg and 

TgCRND8 mice. 
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Cortical tissues were fixed and sectioned. Then immunofluorescent staining was 

performed on the tissue slides, fol lowed by analysis under a fluorescence 

mtcroscope. t-CREB (Figure l Oa) and p-CREB (Ser 1 33/ 1 29) (green signals) 

(Figure l Oc) were expressed predominantly in nuclei of the Non-Tg mice, but 

mainly cytoplasmic in the TgCRND8 mice cortical brain cel ls, indicating 

differential localization of these CREBs. In the TgCRND8 mice, there was an 

age-dependent decrease in nuclear levels of CREB and p-CREBSer- 1 33/ 1 29 .  

However, there was no significant difference in cytoplasmic or nuclear 

p-CREBSer 1 33 staining between the Non-Tg and TgCRND8 mice (Figure l Ob); 

p-CREBSer1 33 was mainly detected in the cytoplasm with diminished nuclear 

staining . 
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Figure 1 0. Cortical tissue samples were fixed, embedded by paraffin, and sectioned. Following 

immunofluorescence staining were performed on these sectioned tissue slides. a. t-CREB (green) 

is expressed predominantly in nuclei of the Non-Tg mice, but mainly cytoplasmic in the 

TgCRND8 mice cortical brain cells. DAPI staining indicated nuclear location. The graph showed 

relative fluorescence intensity of nuclear/total protein of CREB. For all three groups of age, there 

are more percentages of nuclear CREB in Non-Tg than TgCRND8 mice. p<O.O l vs Tg b. 

p-CREBSer 1 33 (green) is mainly detected in the cytoplasm with diminished nuclear staining in 

both Non-Tg and TgCRND8 mice. As shown in graph, there was no significant difference in 

percentages of nuclear p-CREBSer l 33 between the Non-Tg and TgCRND8 mice. c. p-CREB 

(Ser 1 3311 29) (green) has been also shown predominantly in nuclei of the Non-Tg mice, but 

mainly cytoplasmic in the TgCRND8 mice cortical brain cell. For groups of age 6 & 1 2  months, 

more nuclear p-CREB (Ser1 33/1 29) is detected in Non-Tg than TgCRND8 mice, p<O.O l  vs Tg. 

Absorption of the antibodies strongly diminishes immunoreactivity (Control). Scale bar, 50�Lm . 
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To further emphasize and demonstrate the differential localization of CREB that 

we have observed, we measured the colocalization ratio (rcc) between CREBs and 

the nuclear marker, DAPI (b lue signals), from immunofluorescent data of cortical 

samples at 1 2  months in Figure 1 0 . The results showed that t-CREB 

immunoreactivity (Figure 1 1 a) was significantly reduced in the nuclei (rcc=0 .0257), 

but was local ized predominantly and homogenously in the cytoplasm of the 

TgCRND8 mice. In contrast, it was localized mainly in the nuclei (rcc= 0 .7858)  of 

the Non-Tg mice. There was no significant difference in nuclear staining of 

p-CREBSer 1 3 3  (Figure 1 1  b) between the Non-Tg (rcc= 0 .2476) and TgCRND8 

mice (rcc= 0 .2 1 1  0), suggesting the cytoplasmic expression of p-CREBSer 1 33 in 

both the Non-Tg and TgCRND8 mice. However, p-CREBSer- 1 331 1 29 

immunoreactivity (Figure l i e) was markedly reduced in the nuclei (rcc= 0 . 1 02 1 )  of 

the TgCRND8 mice, whereas it was mainly located in nuclei (rcc= 0 .7532) of the 

Non-Tg mice. F urthermore, there were no significant differences in the total 

intensities of CREB immunoreactivities between the Non-Tg and TgCRND8 mice. 

Co-immunofluorescence staining was performed on mouse cmiical sections by 

using CREBs and neuron specific microtubule associated protein-2 (MAP2) 

antibodies. Interestingly, t-CREB (Figure 1 2a) and p-CREBs (Figure 1 2b and c) 

were expressed primarily in neurons (red) with minimal staining in non-neuronal 

cells (no red signals) .  
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Figure 1 1 .  From the sections in Figme 1 0, cortical tissues of 1 2  months mice were presented. 

The blue DAPI stainings were converted to the red pseudo colors for purpose of viewing 

colocalized colors. a. The nulear local ization of t-CREB (green, arrows) is shown in Non-Tg, but 

in the cytoplasm of TgCRND8 mice. b. p-CREB (Ser 1 33)  (green, arrows) is expressed mainly in 

cytoplasm of both Non-Tg and Tg CRND8 mice. c. p-CREB (Ser 1 29/1 33)  (green, arrows) have 

been shown mainly in the nuclei of Non-Tg mouse cot1ical sections, but in the cytoplasm of 

TgCRND8. Cross co-localization coefficients (rcc) are measured (see Experimental Procedures 

4. 7) .  Scale bar, 50�Lm. 

75 



. I 

- . . I .
· . ·· . 

. . : . .. ·· : 

. -'' • '  .... 
. . . .  ' · ·.: · ': 

. •  >· 'j . · . . . . . .. . ! • ,· ' · . . 

a 

DAPI t·CREB 
Non-Tg 

I .. I .. 

DAPI t·CREB 
TgCRNDB ..... ..... 

I I 

b 
DAPI �-CREB 

Ser1 33) 

Non-Tg ., ., 
' ' 

DAPI �-CREB 
Ser133) 

· ' 

TgCRNDB � � 
'· . ; 

; ' .II' 

c 
DAPI p·CREB (Ser129/1 33) 

Non-Tg "f ... "f ... 

DAPI p·CREB (Ser129/1 33) 
, , 

TgCRNDB 

1 2  months 
Merge 1 MAP2 

.. 
I .. I I .. 

Merge 1 MAP2 
..... ..... ..... 

I I I 

• 

Merge 1 MAP2 
.,[] ., .., [1 I 

- ' 

Merge 1 � MAP2 
� � .! 

I o' ' 

1 2  months 
Merge� MAP2 

� 
* i .., · Ll � ... :_t· "f -. 

� 
M·�rs,, r �:r�: . ·

.
· . },: ;·· -�' 

. " ). 13f"�- "' .<�r... [j· . · . 1 
. ' ' 'i'\. ... " lilt. � 

,. ·'\ · C " ,,, c - . ' 'y�·�· ', -o · tt' Cl ' ___l:, • 

MAP2 

; .A. 

Merge 2 

� ' 
...L.:. 

Merge 2 

lli1i J. ' 
() -

Merge�i 1¥ . 'li 
c; 

' ;1 �.0 �> �· . ·���· 
-

Mergtr·2 

�<4 I ';; <> �. 
I 

': . t I , -
[J·· , , . · :· "" 
:,}, � 

Mer� 2 
�: -.c:· 

i .... 

Merge 2 
,. r_ 

... "1. 
,....J; .......... : 

"' 
' · 

Figure 1 2. The co-localization of CREBs and neurons in mice brains. Co-immunofluorescence 

staining was performed on mouse cortical sections by using CREBs and neuron specific 

microtubule associated protein-2 (MAP2) antibodies. CREBs (green) is overlayed with nuclear 

DAPI staining (blue) in "Merge l "  and with MAP2 staining (red) in "Merge 2". a., b. and c . 

CREB and p-CREBs immunostainings are presented in neuronal cells identified by MAP2 

(arrows) but not in MAP2 unstained cel ls that are non-neurons (arrow heads). Scale bar, 50�Lm . 
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To confirm the immunofluorescent staining showing differential distribution of 

CREBs, we examined subcel lular expression of CREBs in cortical tissue extracts 

by Western blotting. Consistent with the immunofluorescent data shown above, 

there was a significant increase in cytoplamic t-CREB (Figure 1 3a, left) and 

p-CREBSer- 1 33/ 1 29 (Figure 1 3b, left) levels in the TgCRND8 mice. Higher levels 

of t-CREB (Figure 1 3a, right) and p-CREBSer- 1 33/ 1 29 (Figure 1 3b, right) were 

observed in nuclear fractions from the Non-Tg compared with the TgCRND8 mice. 

As expected, there was no difference in nuclear or cytoplasmic levels of 

p-CREBSer- 1 33 between the Non-Tg and TgCRND8 mice (results not included). 

Consistantly, Western b lot analyses on hippocampal tissue extracts revealed that 

t-CREB and p-CREBSer- 1 33/ 1 29 were expressed predominantly in nuclei of the 

Non-Tg mice in contrast to mainly cytoplasmic express ion in the TgCRND8 mice. 

In addition, there was no significant difference in p-CREBser1 33 expression and 

localization, indicating that phosphorylation of CREB on Ser 1 3 3  is not altered in 

the TgCRND8 mice. 

We also examined the expressiOn level and localization of CREBs in mouse 

primary neuronal cortical cultures (MCN) from the TgCRND8 and Non-Tg mice . 

There was no difference between the Non-Tg and TgCRND8 mice relating to the 

expression levels of t-CREB, p-CREBSer 1 33 and p-CREBSer 1 33/ 1 29. However, 

t-CREB and p-CREBSer 1 33/ 1 29 were expressed predominantly in nuclei of the 
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Non-Tg mtce and mainly in cytoplasm of the TgCRND8 mtce. However, 

pCREBSer 1 3 3  was expressed predominantly in cytoplasm of both the Non-Tg and 

TgCRND8 mice (Figure 1 4) . These results showed that the level and distribution 

of CREBs in the MCN reflect those observed in vivo. 
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Figure 13. The expression levels of t-CREB and p-CREB (Ser 1 29/ l 33) .  The cytoplasmic and 

nuclear fractions of cortical tissue lysis from Non-Tg and TgCRND8 mice were analyzed by 

western blotting. a. There was a significant increase in cytoplamic t-CREB (left) and a decrease 

in nuclear t-CREB protein levels between the Non-Tg and TgCRND8 mice. b. The cytoplasmic 

p-CREBSer l 29/ 1 3 3  (left) level is higher in TgCRND8 mice, relative to the Non-Tg mice (left). 

higher levels of nuclear p-CREBSer 129/ 133  (right) were observed in the Non-Tg compared with 

the TgCRND8 mice. The relative density of CREBs protein levels [t-CREB and 

p-CREB(Ser 1 29/ 1 33): cytoplasmic, p<0.05 vs Non-Tg, nuclear, p<0.05 vs Tg] . 
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Figure 14. Immunostaining of CREBs in mouse cortical neuronal cultures. Primary mouse 

neuronal cell cultures (MCN) grown on poly-D-lysine-coated coverslips were fixed, washed and 

processed in immtmocyto fluorescence staining. The blue DAPI stainings were converted to the 

red pseudo colors for purpose of viewing colocal ized colors. Cross co-localization coefficients 

(rcc) are measured (see Experimental Procedures 4 .7) .  Scale bar, 501J.m . 
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5 .2 .  Amyloid beta deposition does not affect CREB expression and distribution 

We tested the possibil ity that the differential localization of CREBs that we 

have observed is related to excess A� production and accumulation. Mouse 

cortical tissue slides from 6 and 1 2  months were selected. 

2-( 4'-Methylaminophenyl) benzothiazole (BTA- 1 )  was used to counterstain 

A� deposits in brain tissues for multicolor fluorescence. Cells close to a 

plaque and cells distant from the plaque were analyzed for their expression 

and distribution. As expected, cortical regions in the brains of TgCRND8 

mice at 6 and 1 2  months showed increased A� plaque deposition with 

age (Figure 1 5) [ 1 73] .  These regions were then examined histologically for 

the distribution and expression of CREB immunoreactivity centered on or 

adjacent to A� deposits by morphometric analysis as described previously 

[ 1 78, 1 79] . The results showed that there was no colocalization of CREB 

with the A� deposits. However, CREB immunoreactivity was located around 

A� deposits with no significant difference in staining intensity corresponding 

to increased A� deposit size (burden). Like wise, there was no significant 

correlation between the proportions of volume occupied by CREB-positive 

cel ls and A� plaque size (Figure 1 5 , graph). These results suggest that CREB 

expression is not affected directly by A� deposition. In addition, we also 

observed that the cellular distribution of CREB, which was mainly 
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cytoplasmic in the TgCRND8 mtce, was not affected by the proximity of 

CREB immunoreactivity to the A� deposits. From this study, CREB was 

expressed predominantly in the cytoplasm irrespective of the age or proximity 

to the A� deposits (Figure 1 5) . 
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Figure 15. Immunostaining of CREB (green) and plaques (BTA, arrow head). Mouse cortical 

tissue slides from 1 2  months were selected. 2-(4'-Methylaminophenyl) benzothiazole (BTA- 1 )  

was used to counterstain A �  deposits i n  brain tissues. Cells (I) close to a plaque and cells (II) 

distant from the plaque were analysized for their expression and distribution. Scale bar, 1 OO�Lm. 

The 3 D  graph, reflecting on the "merge" panel, shows the t-CREB expressions relating to the 

location of a plaque (BTA). The graph shows that the expression levels of t-CREB are not 

significant different with the accumulation of plaques . 
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5 . 3 .  Protein kinase A and Glycogen synthase kinase-3 activities are not altered in 

the Cortex of the AD mouse model .  

CREB phosphorylation at Ser 1 33 and Ser 1 29 depends on PKA [ 1 80] and 

GSK-3 [93 ] activities, respectively. In addition, PKA activity is inhibited by 

A�42 [ 1 76] , whereas GSK-3 activity is stimulated by A�42 [ 1 8 1 ] ,  and it has 

been shown that active GSK-3 � is increased in dystrophic neurites adjacent to 

A� deposits in the APPswE (Tg2576)-transgenic mice brain [ 1 82] .  Searching 

for a mechanism to explain the lack of difference in the phosphorylation 

status of CREB between the Non-Tg and TgCRND8 mice, we examined the 

activity of two prominent protein kinases that are known to phosphorylate 

CREB, protein kinase A (PKA) and glycogen synthase kinase-3 (GSK). 

Mouse cortical tissues were homogenized and then measured basal PKA 

activity in the presence of [ '{3
2
P] ATP. We observed that there was no 

significant difference in cm1ical PKA activity with age between the Non-Tg 

and TgCRND8 mice (Figure 1 6a). We also measured GSK-3 phosphorylation 

activity indirectly by Western blot analysis of phosphorylated GSK-3a/� 

(Tyr-2 1 6/279), because GSK-3 stimulatory activity depends on 

phosphorylation at tyrosine-2 1 6  residue [ 1 83 ] .  Although there was an age 

dependent decrease in pGSK-3 levels, there was no significant difference in 

GSK-3a/� levels between the Non-Tg and TgCRND8 mice (Figure 1 6b). 
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Figure 16.  The activities of PKA and GSK3 . Mouse cortical tissues were homogenized 

and then measured basal PKA activity in the presence of (y"
32

P] ATP. a. The levels of PKA 

activity have no significant changes, comparing the Non-Tg with TgCRND8 mice and 

different ages. b. The expression levels of pGSK3a/�(Tyr2 1 6/279) have no significant 

changes, analyzed by western blotting . 
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5 .4. Phosphorylation status of CREB is not Altered in the brain of Alzheimer's 

Patients 

We extended the examination of CREB expression and phosphorylation status 

to human brain tissues from ten sporadic AD cases of ten ages and 

sex-matched controls (Table 2) . All  tissue samples from patients with AD 

displayed a high degree of pathology (Braak score V-IV). Immunofluorescent 

intensities of t-CREB in cmiical and hippocampal regions revealed that there 

was no difference between the AD cases and matched-controls (Figure 1 7a). 

Consistently, Western blotting analyses of cortical tissue extracts showed that 

there were no significant differences in t-CREB, p-CREBSer 1 33 ,  and 

p-CREBSer 1 29/ 1 33 expression levels between the Non-Tg and TgCRND8 

mice (Figure 1 7b ) . However, there was differential localization of CREB in 

the cortical and hippocampal regions between the Non-AD and AD cases 

(Figure 1 7c). As shown, t-CREB immunofluorescent signal was expressed 

predominantly in the nuclei of the Non-AD cortical and hippocampal cells, 

whereas in the AD brain, it was expressed predominantly in the cytoplasm 

(Figure 1 7c). These results were supported by Western blotting analysis, 

which showed significantly higher levels of nuclear t-CREB in cortical tissue 

extracts from the Non-AD than those of the AD cases (Figure 1 7d). L ikewise, 

in the hippocampus there was a significant increase in t-CREB levels in 
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nuclear extracts from the Non-AD compared to the AD cases (Figure 1 7d). 

These results are in agreement with those obtained from the Non-Tg and 

TgCRND8 mice brain samples (Figure 9,  1 3) . 
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Table 2 .  Human brain tissue samples 

Case Age at death Gender PM Ia Braak stageb Tangle cm·esc 
Control 1 89 F 1 0 .34 I I  2 .SO 
Conb:ol 2 77 M 1 3 .00 I I  4.50 
Control 3 94 F 1 4.6S III 3 .50 
Control 4 80 F 1 4.2S III 2 .5S  
Control S 9 1  M 1 3 .00 II 2 .2S 
Control 6 86 M 1 4 .0 II S .OO 
Control 7 90 F 1 2 .7S I II 6 .4S 
Control S 78 F 1 3 .SS III 3 . 50 
Control 9 82 M 1 S .2S III  S.50 
Control 1 0  77 F 1 6 .S3 III  6 .50 

Mean 84.4 6 F, 4 M  13.73 II - III 4.0 

AD 1 78 M 1 3.4 VI 1 0.0  
AD 2 89 F 1 3 .00 VI 1 3. S  
AD 3 80 F 1 4.2S v 1 4.0  
AD 4 92 F 1 2 .2S v 1 3. 0  
AD S 78 M 1 3.S v 1S .O  
AD 6 86 M 1 6. 1 7  VI 1 0. 0  
AD 7 8S F 1 4.6S v 1 3. 0  
AD 8 93 F 1 S . 1 3  VI 14 .S  
AD 9 83 M 1 3.S3 VI 1 2 . S  
AD 1 0  77 M 1 2.SS v 1 2 . 0  

Mean 84.1 S F, S M  13.84 V-VI 12.70 

0PMI means postmortem intervals, hours 
"
Neuropathology was staged as described to (Braak and Braak, I 995) 

c :  Plaque-tangle count score was a density estimate to a maximum of 1 5, and was defined according to the 

Consortium to Establish a Registry for AD (CERAD) criteria. 
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Figure 1 7  (a, b). a. The immunoreactivity of t-CREB (arrow) respectively in human brain 

regions. Human sample slides from AD and matched-contol were processed in 

immunofluorescence staining with t-CREB antibody. Different regions of cortex and 

hippocampus are presented. Scale bar, 50�un. b. Human tissue lysis from cortex and 

hippocampus were prepared for Western blot analysis. t-CREB, p-CREB(Ser 133)  and 

p-CREB(Ser 1 29/ 1 33)  were detected in those samples. No significant difference of CREB levels 

between the Non-AD and AD cases . 
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Figure 1 7  ( c, d). c. Differential localization of CREB (green) overlayed with nuclei staining 

(psudo-color, red). t-CREB immunofluorescent signal was expressed predominantly in the nuclei 

of the Non-AD cortical and hippocampal cells, whereas in the AD brain, it was expressed 

predominantly in the cytoplasm. Cross co-localization coefficients (rcc) are shown for this set of 

markers. Scale bar, 50�Lm. d. cytoplasmic and nuclear fractions from human cortex and 

hippocampus were analysized by Western blot. Densities of t-CREB were normalized by internal 

controls (actin for total lysis; histone- 1 for nuclear extraction). Following calculations were 

performed for relative density ratio of nuclear/total protein of CREB. p<0.05 vs AD . 
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5 . 5 .  CREB-DNA binding activity and CRE-mediated transcription is altered m 

cortex and primary cortical neurons of the AD Model 

Because of no significant difference in expression level and phosphorylation 

status of CREB on Ser 1 33 and Ser 1 29 between the TgCRND8 mice or AD 

cases compared with controls, we tested whether the differential local ization 

of CREBs may be associated with changes in its DNA-binding activity. We 

analyzed DNA b inding activity of endogenous CREB to the CRE by 

electrophoretic mobil ity shift assay (EMSA) on cortical nuclear extracts. We 

observed formation of a specific CREB-DNA-protein complex in the presence 

of wtCRE but not mutCRE probe. Although the CREB-DNA binding complex 

level decreased with age, it was significantly higher (by 2 and 3 fold at 6 and 

1 2  months, respectively) in nuclear extracts from the Non-Tg compared with 

those from the TgCRND8 mice (Figure 1 8) . Thus, we used MCN to study 

CRE-mediated transcription as a functional consequence of the CREB-DNA 

binding activity. 
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Figure 18. EMSA from nuclear extracts of the Non-Tg and TgCRND8 mice cortical tissues by 

using an oligonucleotide sequence corresponding to CRE wt and a mutant oligonucleotide. NS, 

non-specific binding. CREB-DNA binding activity level is shown decreased with age and it was 

significantly higher (at 6 and 1 2  months, respectively) in the Non-Tg compared with the 

TgCRND8 mice . 
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We also examined the possibil ity that the increased DNA-binding activity observed 

in the tissue extracts could be parallel to the increase of CRE-directed transcription 

in MCN from the Non-Tg compared with TgCRND8 mice. We determined if there 

· I was similar difference in DNA-binding activity in MCN from the Non-Tg and 

TgCRND8 mice to reflect the in vivo result. As measured by EMSA in MCN, the 

' . . I specific CREB-DNA binding complex was significantly reduced in nuclear 
. ·· . .  

extracts from the TgCRND8 mice compared with those from the Non-Tg mice 

. ·• / [ (Figure 1 9a), supporting our in vivo observation (Figure 1 8) . To determine the 

functional consequence of this DNA-binding-CREB complex, the transcriptional 

' . .  ·. 

. ,  . . . 
. • .  , · 

.. .. :. ' .  

activity of the CREB was monitored using a transient transcritptional activity assay 

with luciferase reporter gene. Consistent with the DNA binding activity (Figure 

1 9a), the relative CRE-luciferase reporter gene activity in MCN from the Non-Tg 

was significantly higher compared with the TgCRND8 mice (Figure 1 9b ) . These 

results suggest that although there is no difference in CREB phosphorylation in the 

TgCRND8 mice compared with control littermates, the differential localization of 

CREB leads to a significant reduction in nuclear CREB levels in the TgCRND8 

relative to the Non-Tg mice. This reduction l ikely contributed to the impairment or 

decrease in CREB-DNA b inding activity and CRE-mediated transcription observed 

· · ..  in the TgCRND8 mice, because CREBs usually accumulate in the nucleus [ 1 32] .  

. .  ·, 
. . · . .  
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Figure 19. The transcription activity of CREB in mouse cortical neurons. a. EMSA of mouse 

cortical neurons from the Non-Tg and TgCRND8 mice by using an oligonucleotide sequence 

corresponding to CRE. The specific CREB-DNA binding complex was significantly reduced in 

nuclear extracts from the TgCRND8 compared with the Non-Tg mice. NS, non-specific binding 

complex. b. The luciferase reporter assay for CREB binding activity is shown in the cortical 

neurons of the Non-Tg and TgCRND8 mice. CRE-luciferase repmier gene activity in MCN from 

the Non-Tg was significantly higher compared with the TgCRND8 mice. P<0.05 . Each 

experiment was performed at least three times in triplicate. 
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To test this idea, we analyzed the transcriptional activity of one of the target gene 

promoters for CREB, Bc l-2, which has a CRE in the promoter region along with 

many other transcriptional response elements. In addition, cell survival mediated 

by neurotrophin-induced CREB phosphorylation in neurons is associated with 

increased Bcl-2 level [ 1 29] , it has a protective effect on A�-induced neuronal 

apoptosis [ 1 84] , and plays a critical role in neuronal survival [ 1 70] . To examine the 

role of CRE in the expression of Bcl-2, MCN from the Non-Tg and TgCRND8 

mice were transiently transfected with either the Bcl-2 wtCRE or mutCRE 

promoter-luciferase reporter plasmids . There was a markedly reduced luciferase 

activity of the Bcl-2 wtCRE-promoter in the MCN from the TgCRND8 compared 

with the Non-Tg mice. However, there was no significant difference in the 

luciferase activity of the Bcl-2 mutCRE-promoter-luciferase plasmid (Figure 20b ). 

As determined by western b lots, there was a significant decrease in Bcl-2 protein 

levels in the TgCRND8 compared with the Non-Tg mice (Figure 20a), indicating 

that the effects of CRE in the induction of the Bcl-2 promoter is associated with the 

difference in CREB localization and expression of CREB-dependent survival 

protein, Bcl-2 . 

95 



· .. 
· I . , 

. ·'· .· ., . . 
_ ,  

I I ' ' •' 
. 

· -

.• 

" . ..  : 

, . , 1' .  " 
: .. , 

" · -- "1 . r .
• . . . 

. · ' 
. .  - - · . :  . 

. . \ . ' ; �-
'!' 1 ' .' ' .'· 

.. . . .  � · .... .. : . .-· ... 
•• �... , .• 

. . : _� • . . . 

··, 

a 

b 
Bcl-2 

Non-Tg TgCRND8 ��!�:.::;;::����·+- Bcl-2 

-
::::» 
<i. -
>. -

·u; r:: 
C1) 

"C 
C1) > 

0:0::: ns 
(j) 
0::: 

80 
70 
60 
50 
40 
30 
20 
1 0  
0 

Actin 
- Non-Tg TgCRND8 

Bcl-2 

promoter: 
-1 644 -1 546 -1 537 

wtCRE: GTGACGTT 
mutCRE: GTGAATTTA 

-1 644 
,L------------��� 

>. 1 6  ... ·:;: 1 4  :0: (J ca 1 2  <I) :Q _  1 0  "" :::I � · 8  ·- <t u -
-= 6 
<I) 4 > 

·.;; ca 2 G) 0::: 0 Non-Tg 

pTAL 
- Bcl-2 (wtCRE) pTAL luc 
£!:1 Bcl-2 (mutCRE) pTAL luc 

TgCRN D8 

Figure 20. a, The levels of Bcl-2 are measmed in the Non-Tg and TgCRND8 mice by Western 

blot. b, MCN from the Non-Tg and TgCRND8 mice were transiently transfected with either the 

Bcl-2 wtCRE or mutCRE promoter-luciferase reporter plasmids. The luciferase activities of 

Bcl-2 promoter containing wt/mut CRE have measured in mouse cortical neurons of the Non-Tg 

and TgCRND8 mice. There was a markedly reduced luciferase activity of the Bcl-2 

wtCRE-promoter in the MCN from the TgCRND8 compared with the Non-Tg mice. However, 

there was no significant difference in the luciferase achvtty of the Bcl-2 

mutCRE-promoter-luciferase plasmid. Each experiment was performed at least three times in 

triplicate. 
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5 .6 .  APP and APP-carboxy terminal fragment interacts with CREB 

Considering we have observed that the differential local ization of CREB 

appears to be important for its functions, we sought to analyze the 

mechanisms underlying this localization. We reasoned that APP and/or its 

;.:i proteolytic fragments could function as cytosolic anchoring sites for CREB 

preventing its nuclear translocation, because there is overexpression of 

mutAPP, APP carboxy terminal fragments (APP-CTFs), and A�42 in the 

. . · , · TgCRND [ 1 73 ] .  Likewise, in AD brain, several studies have reported 
' . · . 

expression of excess APP-CTFs [22, 1 85] and A�42 [ 1 86] relative to non-AD. 

To test this possibil ity, we performed solid phase in vitro binding assays to 

. l determine if APP or its proteolytic fragments could interact with CREB. In 

' ; �: r ' • '  

.. ·' . : ·· . 
;, : 1, . .  

. · . .  

; . 

"pull-down" assays as described [73 ] ,  glutathione S-transferase (GST) fusion 

proteins of wt and mut APPs, APP-CTFs, deleted C-terminal APP (APP�C), 

and deleted N-terminal APP (APP�N) were immobilized on glutathione 

sepharose beads and incubated with in vitro-synthesized [35S]-methione 

labeled CREB.  The beads were pelleted, washed, and subjected to SDS-PAGE 

analysis. Autoradiograms of the gels (Figure 2 1 a) demonstrated precipitation 

of labeled CREB by GST-APP695 , GST-APP7 , 7, GST-APPswE, 

GST-APP-CTF 1 00 and GST-APP�N, but not by GST-APP�C, 
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GST-APP-CTF59, GST-APP-CTF3 1 , and GST alone. 

To demonstrate physiological relevant interactions of APP or APP-CTF 1 00 

with CREB, we performed coimmunoprecipitation analyses on cytoplasmic 

lysates from cortical brain tissues and primary neuronal cultures . In coLiical 

tissues, APP and APP-CTF 1 00 can be found in anti-CREB precipitated 

complexes, and that t-CREB is present in anti-APP or anti-APP-CTF 1 00 

precipitated complexes (Figure 2 1  b). However, as expected because of 

transgene APP overexpression and that CREB is expressed predominantly in 

the cytoplasm of the TgCRND8 mtce, there was a significant increase in 

t-CREB immunocomplexed with APP/ APP-CTF 1 00 in the TgCRND8 relative 

to the Non-Tg mice . 
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Figure 2 1 .  a, Precipitation of radiolabeled in vitro transcribed and translated CREB by APP and 

APP-CTFs glutathione S-transferase (GST) fusion proteins in a GST "pull-down" assay. GST 

fusion proteins of wt and mut APPs, APP-CTFs, deleted C-terminal APP (APPL'1C), and 

deleted N-terminal APP (APPL'1N) were immobilized on glutathione sepharose beads and 

incubated with in vitro-synthesized e5S]-methione labeled CREB. The beads were pelleted, 

washed, and subjected to SDS-PAGE analysis.The 43 kDa CREB in vitro translation product is 

indicated. Note the absence of the 43 lcDa band in the control GST lane. The results showed that 

CREB interacted with APP and APP-CTF 1 00, but not with shorter APP-CTFs. b, cytoplasmic 

lysates from cortical brain tissues were precleared with pre-immtme serum and protein G agarose 

beads, followed by immunoprecipitated by t-CREB or APP or APP-CTF antibodies. The 

immunoprecipitated proteins were analysized in Westernblot by using appropriate antibodies. 

There was an increase in t-CREB immunocomplexed with APP/APP-CTF 1oo in the TgCRND8 

relative to the Non-Tg mice. 
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Simi larly, in primary mouse cortical neuronal cultures, APP-CTF 1 00 can be found 

in anti-t-CREB precip itated complexes, and that t-CREB is present in 

anti-APP-CTF 1 00 precipitated complexes. As expected there was a significant 

increase in t-CREB that was detected in anti-APP-CTF 1 00 precipitated complexes 

in the MCN of TgCRND8 mice relative to the Non-Tg (Figure 22a). Next, we 

examined the relevance of these interactions in AD by co- immunoprecipitation 

analyses on human brain samples from AD patients and age-sex matched controls .  

In both non-AD and AD cortical tissue lysates, t-CREB was detected in 

anti-APP-CTF 1 00 precipitated complexes, and l ikewise APP-CTF 1 00 was found in 

anti-t-CREB precipitated complexes (Figure 22b ) . Interestingly, there was a 

marked increase in the immunoprecipitated t-CREB complexed with APP-CTF 1 00 

in the AD samples compared to controls, and there was significant increase in the 

level of APP-CTF 1 00 in the AD samples compared with the non-AD cases (Figure 

22b ). Together, these data suggest that CREB interacts with APP and APP-CTF 1 00 • 

1 00 
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Figure 22. a, Co-immunoprecipitation analysis CREB and APP/ APP-CTF 1 0o in MCN cell 

extracts from the Non-Tg and TgCRND8 mice brains. A significant (p<0.05) increase in 

t-CREB immuno-complexed with APP/APP-CTF in the TgCRND8 relative to the Non-Tg mice 

was observed. b, Co-immunoprecipitation analyses of CREB and APP/ APP-CTF 100 in autopsied 

human brain samples from AD patients and age-sex matched controls. The insets show Western 

blotting of immunoprecipitated proteins. Quantification of the relative densities of the 

immunoprecipitated proteins. Estimates are the mean + SEM for three independent experiments; 

p<O.OS versus Non-AD . 
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To further demonstrate our findings that APP and APP-CTF 1 00 interacts with CREB 

and prevents its nuclear translocation, we employed differentiated rat B 1 03 

neuroblastoma cells, which do not express endogenous APP or APP-like proteins 

[ 1 87] . We transfected differentiated B 1 03 cel ls with wt or mutAPP, and 

• 
. ·1 APP-CTF 1 00 mammalian expression plasmids, and examined the distribution of 

. .  

. . ' : � 
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- · -. .. 
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CREB by immunofluorescent staining. The results demonstrated that both wt and 

mutAPP, and APP-CTF 1 00 overexpression led to cytosolic anchoring of CREB that 

prevented its nuclear translocation (Figure 23 ) . As expected in the controls (B 1 03 

cel l s  and B 1 03 cells with empty vector transfected), CREB was expressed mainly 

in the nuclei. Next, we also examined the distribution of CREB in MCN of the 

TgCRND8 mice, by manipulating endogenous APP levels. By knocking down the 

levels of endogenous APP by a specific small interference RNA [ 1 77] , there was a 

significant increase in nuclear t-CREB levels compared to control siRNA (Figure 

24 ) . This result is consistent with our hypothesis that APP could influence the 

regulation of CREB nuclear translocation. We also examined if A�42 may have 

effect on t-CREB localization by exposing MCN to A�42, and staining for CREB. 

There was no difference in t-CREB distribution or expression between the 

A�4rtreated and untreated MCN (result not included), indicating that A�42 may not 

directly contribute to the cytosolic anchoring of CREB. 
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Figure 23. APP or APP-CTF 1 00 acts as an anchoring site for localization of CREB in the 

cytoplasm. We transfected differentiated rat B 1 03 neuroblastoma cells that do not express 

endogenous APP or APP-like proteins, with wt or mutAPP, and APP-CTF 1 00 mammalian 

expression plasmids, and examined the distribution of CREB by immunofluorescent staining. 

CREB were expressed predominantly in cytoplasm of B 1 03 cells that overexpress both wt and 

1 mutAPP, and APP-CTF1 00•  Nuclear CREB were detected in plain and empty vector (pc l -neo) 

transfected B 1 03 cells. Cross co-localization coefficients (rcc) are shown. Scale bar, 50 �Lm . 
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Figure 24. Total-CREB immunostaining in MCN from the TgCRND8 transfected with scambled 

APPsiRNA or APPsiRNA. The oligonucleotides of the APPsiRNA and scammbled APPsiRNA 

were duplexed, desalted, and transfected into MCN cultures from the TgCRND8 mice. Knocking 

down endogenous APP by siRNA led to CREB nuclear localization. Cross co-localization 

coefficients (rcc) are shown. Scale bar, 50 �un . 
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Knowing that caspase-3 is the predominant caspase involved in APP- cleavage 

[ 1 56] and it is activated by A� [ 1 88] ,  and that CREB is cleaved by caspase-3 

during neuronal cell apoptosis [ 1 64] , we tested whether caspase-3 interacts with 

t-CREB in both the TgCRND8 mice and human cortical brain samples from AD 

and non-AD cases. The tissue protein lysates were precleared with pre-immune 

serum and protein G agarose beads, fol lowed by immunoprecipitated by t-CREB 

:-,i or active caspase-3 antibodies. The immunoprecipitated proteins were analysized 

in Westernblot by using active caspase-3 or t-CREB antibodies, respectively. As 

determined by co-immunoprecipitation, there was an interaction between t-CREB 

. · . , and active caspase-3 (Figure 25). This interaction was markedly higher in the 

• : ·  i :  

· . .  ·· · 

·: ·  . •. ·; 
' 

. . · . 
. , ' '  

. , . . 
. .  : . .  

I 't _ ,' • ; • , 
•' ... 

·· . . . 

TgCRND8 mice and AD samples, compared with the Non-Tg and non-AD cases. 

As APP is cleaved by casapse-3 , this result raises the possibil ity of a multiple 

protein complex involving APP, CREB and caspase-3 in vivo . 
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Figure 25. The tissue protein lysates were precleared with pre-immune serum and protein G 

agarose beads, fol lowed by immunoprecipitated by t-CREB or active caspase-3 antibodies . The 

immunoprecipitated proteins were analysized in Western blot by using active caspase-3 or 

t-CREB antibodies, respectively. The results showed interaction between CREB and active 

:1 Caspase-3 in the Non-Tg and TgCRND8 mice (top) and human brain samples; p<0.05 versus 

Non-Tg and Non-AD. The insets show Western blotting of immunoprecipitated proteins. 
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5 .  7 .  Decreased levels of Nuclear CREB is associated with apoptosis in cortical 

neurons from the TgCRND8 mice and Alzheimer disease brain 

Considering that CREB attenuates A�42-induced neurotoxicity and A�42 is 

overexpressed in the TgCRND8 mice, we then sought to investigate the 

re lationship between the differential local ization of CREB and neuronal 

apoptosis (neurodegeneration) in AD. Apoptosis in fixed paraffin-embedded 

brain tissues (mice and human samples) was measured using TUNEL assay In 

Situ cell detection Kit reagents. The number of TUNEL positive cel ls in 

random fields was counted and normalized as percentage ratios to the total 

number of cells stained per field. The results showed that an age dependent 

mcrease 111 cortical neuronal apoptosis was observed in the TgCRND8 

compared with the Non-Tg mice (Figure 26, left) . Similarly, an increase in 

cortical neuronal apoptosis was observed in the sporadic AD over non-AD 

cases (Figure 26, right). These results suggest that, at least, in part, neuronal 

apoptosis contributes to neurodegeneration in cortical brain regions of the 

TgCRND8 mice and AD patients . 
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Figure 26. Quantitative analysis of apoptosis in cortical tissues from mice and autopsied human 

samples. Apoptosis was measured by TUNEL assay. The number of TUNEL positive cells in 

random fields was counted and normalized as percentage ratios to the total number of cells 

stained per field. An age dependent increase in cortical neuronal apoptosis was observed in the 

TgCRND8 compared with the Non-Tg mice ( left). Similarly, an increase in cortical neuronal 

apoptosis was observed in the sporadic AD over non-AD cases (right), mean + SEM; p<O.OS 

versus Non-Tg and Non-AD . 
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As we have demonstrated that CREB protects neurons from A�42- neurotoxity, 

we then tested the possibil ity that neurodegeneration in AD is associated with 

reduced nuclear CREB levels m cotiical neurons. We determined 

neurodegeneration by measuring neuronal apoptosis. The mouse cortical s lides of 

1 2  months were performed by in situ Annexin V-FLUOS binding test. Cells that 

are undergoing apoptosis would be stained with Annexin V. Annexin positive cells 

(apoptotic cells) and CREB staining in cells were evaluated under the fluorescence 

microscope. We found that apoptotic cells have significantly less nuclear CREB 

immunoreactivity than non-apoptotic cells (Figure 27a). In patiicular, there was a 

significant inverse correlation between nuclear CREB levels and the number of 

apoptotic nuclei in cortical regions from the TgCRND8 mice (Figure 27b) and AD 

brains (Figure 27c ) , indicating that CREB neuroprotective activity is a specific 

response that is associated with its nuclear localization. 
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Figure 27. Apoptosis and t-CREB localization. The mouse cortical slides of 12 months and 

human samples were performed by Annexin V-FLUOS binding test. A1mexin positive cells 

(apoptotic cells) and CREB staining in cells were evaluated under the fluorescence microscope.a, 

In  situ labeling of apoptotic cells (Annexin V, Green) with little nuclear t-CREB expression 

(Texas Red) had been indicated by arrows, and non-apoptotic cells with nuclear CREB 

expression had been indicated by arrow heads. Apoptotic cells have less nuclear CREB 

immunoreactivity than non-apoptotic cells. Scale bar, 50�tm. b and c, the number of apoptotic 

cells were accotmted and the percentages of nuclear CREB in relative cells were analysized. The 

graphs present inverse correlations between cortical cell apoptosis and nuclear CREB expression 

in TgCRND8 and AD samples. 
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6. DISCUSSION 

CREB regulates many aspects of neuronal function such as neuroprotection. 

Accumulating evidence suggests that CREB phosphorylation (presumably 

activation of CREB) is a protective response to neuronal damage [ 1 3 1 ] .  It is 

expected, therefore, that neuronal loss in AD is l ikely to involve impairment of 

CREB signall ing that is the prevai l ing hypothesis. The relevance of CREB to 

the pathogenesis of AD is supported by several studies in vitro. A�42 impaired 

CREB phosphorylation at Ser 1 33 in hippocampal neurons that was associated 

with decrease in long-term potential (LTP) [ 1 76] , inhibition of neuronal 

activity-dependent CREB signaling [ 1 35] ,  and induction of neuronal apoptosis 

[ 1 36] .  Until now, no attempts have been made to examine this prevail ing 

hypothesis in AD in vivo . Here, we have examined this hypothesis as it relates 

to neuronal apoptosis in a mouse model (TgCRND8) of FAD and in AD brains . 

Surprisingly, contrary to the prevailing hypothesis, there was no alteration in 

CREB phosphorylation in the FAD mice and AD brains. However, there was 

differential localization of CREB in the FAD mice and AD cases compared 

with controls .  This differential local ization (mislocalization) contributed to 

impairment of CREB signaling. We further demonstrate that CREB mediates 

downstream Bcl-2 transcription. F inally, we present evidence that degenerating 

neurons in AD and TgCRND8 mice have markedly reduced levels of nuclear 

I l l  
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CREB relative to controls, and that CREB significantly interacts with APP or 

active caspase-3 in the TgCRND8 relative to the Non-Tg mice. The 

interactions could contribute to the neuronal apoptosis in the TgCRND8 mice 

and AD brains. 

6 . 1. CREB phosphorylation is not impaired in AD In vivo 

We have observed that there was no significant difference of the levels of 

t-CREB and p-CREBs (p-CREBSer 1 33 and p-CREBSerl 29/ 1 33 )  between the 

Non-Tg and TgCRND8 mice. Similarly, no difference was observed between 

the Non-AD and AD brains. This finding is novel and unanticipated because it 

is contrary to the prevailing hypothesis. Consistently, we did not observe any 

difference in the PKA kinase activity and active GSK-3 levels. This observation 

is also in disagreement with the report that a reduction in p-CREB (Ser 1 33) 

level has been observed in postmortem AD brains [ 1 89] . The discrepancy 

between these results could be due to several reasons : F irst, the difference in 

mean postmortem intervals, which were 37 .  4 h (controls) and 42 . 8 h for 

dementia of the Alzheimer type (DAT) [ 1 89] compared with 5 .29 (Non-AD) 

and 5 .92 h (AD) in our study. Second, heterogeneity in the stages and number 

of samples of the brain regions; NINCDS-ADRDA criteria and n=7 [ 1 89] 

versus Braak's stages and n=l O  in the present study) .  Because of induction of 
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response after exposure to AP [ 1 90] , and that AP can induce CREB 

phosphorylation [ 1 3 7] ,  these observations indicate that in AD there may be a 

subpopulation of cells with increased p-CREB levels. These levels may 

counteract the decreased CREB levels that may be found in degenerating cells, 

resulting in no significant change in CREB phosphorylation. This view is 

consistent with our data. Our observations that t-CREB and p-CREBSer 1 29/ 1 33 

were expressed predominantly in the cytoplasm of brain cells in the TgCRND8 

mice and AD cases, whereas they are expressed mainly in nuclei of brain cells 

in the Non-Tg mice and Non-AD cases. Surprisingly, there was no difference in 

the localization of p-CREB Ser 133 ,  indicating that it may require a secondary 

phosphorylation event to be activated [ 1 9 1 ] .  These results suggest that 

p-CREBSer 1 29/ 1 33 and t-CREB are mislocal ized in AD and may reflect early 

pathological changes.  This suggestion is suppmied by a previous report that in 

AD, the cytoplasm of cortical neurons was positively stained for ATF-2, one of 

the CREBs, but no such staining was seen in non-neurological cases [ 1 92] . The 

differential local ization of CREBs that we have observed clearly represented an 

impairment of CREB signaling because phosphorylated CREBs are expected to 

be mainly local ized in the nuclei. In support of this idea, CREB-DNA binding 

activity and CRE-mediated transcription were significantly higher in cortical 

tissues and MCN from the TgCRND8 mice compared to the Non-Tg. 
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6.2 .  What is the Role of CREB Localization and Phosphorylation m 

A�42-Neurotoxicity? 

We have altered CREB functions in several ways by overexpressmg 

CA-CREB and K-CREB m human neuronal cells exposed to 

. . :�·. - :;j A�4rneurotoxicity. When p-CREB function was negatively and positively 

regulated, there was an enhancement and reduction of A�4rinduced 

. i neurotoxicity respectively. This suggests that CREB phosphorylation may be 

important for survival after exposure to A�42 in the excess level produced in 

the TgCRND8 mice. The experiment with the CRE-decoy oligonucleotide 

showed that CRE-mediated gene expression fol lows CREB phosphorylation. 

Evidence suggests that overexpression of Bcl-2 provides protection against 

·
. i neuronal apoptosis [ 1 84] . We have observed that Bcl-2 protein expression was 

significantly decreased in the TgCRND8 compared with the Non-Tg mice. 

Our results indicate that this decrease could be due to mislocalization of 

CREB to the cytoplasm instead of its nuclear location, resulting in decreased 

.: · ' 
transcriptional activation of the Bcl-2 promoter which contains a CRE 

, . ··. - . sequence. Indeed, reporter gene activity of a segment of this promoter with 

the CRE sequence was markedly reduced in the MCN of the TgCRND8 

where CREB was localized mainly in the cytoplasm. Our findings suggest 
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that activation of CREB on its own is not sufficient to induce CRE-dependent 

transcription, but that the nuclear local ization of CREB is critical in its 

neuroprotective role .  

Moreover, decreased levels of nuclear CREB as we observed in brains tissues 

and cells of the TgCRND8 and AD cases may enhance sensitivity of neuronal 

cells to AB4z-toxicity. This view is consistent with our observation that cortical 

apoptotic neurons of the TgCRND8 mice and AD brains showed markedly 

reduced levels of nuclear CREB. Whether direct neuroprotection by CREB 

contributes to neuronal survival in the brain cannot be completely resolved by 

our data because in AD brain, increased levels of Bcl-2 have been reported 

[ 1 93 ] .  Alternatively, this increase in Bcl-2 may not be due to CRE-mediated 

transcription in cells with reduced nuclear CREB, but rather from a 

subpopulation of non-apoptotic cells as a compensatory response in AD to 

protect the remaining neurons from apoptosis. 

6 .3 .  CREB Interaction with an Active Caspase-3 Complex could Contribute to 

Neurodegeneration in AD 

There is increasing evidence to suggest that AB is not the only component of 

neurotoxicity associated with AD. There is also a role for APP to negatively 
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affect CREB signaling [7 1 ] .  We have demonstrated that the mislocal ization 

of t-CREB and p-CREBs to the cytoplasm instead of the nuclei of the 

TgCRND8 mice and AD cases may be due to overexpression of the mutAPP. 

APP may act as an anchoring site in the cytoplasm for CREB preventing its 

nuclear translocation. S ince caspase-3 is involved in APP c leavage [ 1 56]and it 

is activated by A� [ 1 88], it was of interest to characterize the functional 

significance of the CREB/active caspase-3 complex. Studies have reported 

that CREB is cleaved by caspase-3 [ 1 64] , and that calpain- and 

calcineurin-dependent proteolysis of the neuroprotective 

calcium/calmodul in-dependent protein kinase IV and CREB contributes to 

APP-induced neuronal death [ 1 94] . So our findings that formation of 

CREB/active caspase-3 complex need to be further investigated in its 

relations with neuronal death in AD. A new model of CREB regulation has 

been presented in the pathogenesis of AD (Figure 28). APP or its carboxy 

terminal fragments (APP-CTF) interacts with CREB in the cytoplasm, 

preventing its nuclear translocation. CREB phosphorylation on Serine 1 33 

and 1 29 leads to its activation. Although CREB interacts with APP cytosolic 

domain, dual phosphorylated CREB translocates to nuclei  and interact with 

the CRE binding site, resulting in transcription of CRE-dependent genes 

which contribute to neuro-protection, neuronal differentiation and synaptic 

plasticity. In AD, there 1s overexpresswn of APP-CTFs which sequester 
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CREB and phosphorylated CREBs. The pro-caspases are activated by A�42 . 

Active caspase-3 can also interact with CREB or phosphorylated CREBs, 

leading to impairment of CREB signaling. This disruption in CREB signal ing 

sensitizes neurons to A�-induced toxicity and l ikely contributes to cell death 

in AD . 

1 1 7  



• . 1 

' • • • • 1 

· . .  I 

Non-AD 
I 

� 
pro�caspase 

I I  

T • 

!Nouro-protoctlon (Bcl-2, otc.); 
LTP; Differentiation; 
Synaptic Plasticity 

AD 

Figure 28. A model of CREB regulation in AD. APP or its carboxy terminal fragments 

(APP-CTF) interacts with CREB in the cytoplasm, preventing its nuclear translocation. CREB 

phosphorylation on Serine 1 3 3  and 1 29 leads to its activation. Although CREB interacts with 

APP cytosolic domain, dual phosphorylated CREB translocates to nuclei and interact with the 

CRE binding site, resulting in transcription of CRE-dependent genes which contribute to 

neuro-protection, neuronal differentiation and synaptic plasticity. In  AD, there is overexpression 

of APP-CTFs which sequester CREB and phosphorylated CREBs. The pro-caspases are 

activated by A�42. Active caspase-3 can also interact with CREB or phosphorylated CREBs, 

leading to impairment of CREB signaling. This disruption in CREB signaling sensitizes neurons 

to A�- induced toxicity and likely contributes to cell death in AD. 
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7. CONCLUSION 

: ·
.1 Regulation of CREB activation involves complex interactions among 

transcription factors, coactivators (CBP/p300), corepressors, kinases, 

• ,  ' ' . � acetylases, dephosphatases and histones. Our studies demonstrate for the first 
;. I 

time that APP and its carboxyl terminal fragments could act as anchoring sites 

for CREB, inhibiting its nuclear translocation. This results in mislocalization of 

CREB to the cytoplasm. In the cytoplasm, CREB interacts with the APP and 

active caspase-3 , which in turn affects CRE-dependent gene transcription, and 

ultimately contributes to neuronal apoptosis. Thus, mislocalization of CREB in 

the cytoplasm represents a novel finding of CREB regulation in the 

pathogenesis of AD. Differential localization of C REB may also help to 

explain the discrepancy between CREB phosphorylation and activation of 

· ' ·. , CREB-dependent gene transcription. S ince CREB plays a role in many diverse 

. . . 
. · 

. . I 

cellular processes, a similar mechanism involving the mislocalization of CREB 

may also play a role in the pathogenesis of other conditions . 
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