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Abstract
Alzheimer Disease (AD) is a terminal age-associated dementia characterized by early synaptic
dysfunction and late neurodegeneration. While the presence of plaques of fibrillar aggregates of
the amyloid beta peptide (Aβ) is a signature of AD, evidence suggests that the pre-plaque small
oligomeric Aβ promotes both synaptic dysfunction and neuronal death. We found that young
Tg2576 transgenic mice, which accumulate Aβ and develop cognitive impairments prior to plaque
deposition, have high CNS activity of calcineurin (CaN), a phosphatase involved in negative
regulation of memory function via inactivation of the transcription factor CREB, and display CaN-
dependent memory deficits. These results thus suggested the involvement of pre-fibrillary forms
of Aβ. To investigate this issue, we compared the effect of monomeric, oligomeric and fibrillar Aβ
on CaN activity, CaN-dependent pCREB and pBAD levels and cell death in SY5Y cells and in rat
brain slices and determined the role of CaN on CREB phosphorylation in the CNS of Tg2576
mice. Our results show that oligomeric Aβ specifically induces CaN activity and promotes CaN-
dependent CREB and BAD dephosphorylation and cell death. Furthermore, Tg2576 mice display
Aβ oligomers and reduced pCREB in the CNS, which is normalized by CaN inhibition. These
findings suggest a role for CaN in mediating effects of oligomeric Aβ on neural cells. Since
elevated CaN levels have been reported in the CNS of cognitively impaired aged rodents, our
results further suggest that abnormal CaN hyper-activity may be a common event exacerbating the
cognitive and neurodegenerative impact of oligomeric Aβ in the ageing CNS.
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INTRODUCTION
The deposition in the CNS of senile plaques primarily formed by fibrillar aggregates of
misfolded amyloid beta (Aβ) peptide is one pathological hallmark of Alzheimer Disease
(AD), an age-associated terminal neurodegenerative dementia for which there is currently no
cure. The symptomatic presentation of AD begins with initial synaptic dysfunction and
cognitive impairment and progresses to massive neuronal death in the latest stages of the
disease (Selkoe, 2002). Although the etiology of AD is still elusive, there is ample
consensus that the CNS presence of Aβ plays a central neuropathologic role (Golde, 2005;
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Haass and Selkoe, 2007). The process of plaque formation begins with the overproduction of
monomers of β-sheet misfolded Aβ, a 40- or 42-aminoacid long peptide resulting from
atypical cleavage of the larger amylolid precursor protein (APP) (Van Gassen and Annaert,
2003). Aβ monomers then assemble into structurally-defined oligomers (mostly trimers to
dodecamers) and higher molecular weight protofibrils, which are the composing units of the
macromolecular insoluble fibrils mostly found deposited in amyloid senile plaques (Chiti
and Dobson, 2006).

Recent evidence implicates small oligomeric assemblies of Aβ as the main offending
species, whereas monomers and fibrils may be relatively innocuous (Glabe and Kayed,
2006; Lansbury and Lashuel, 2006; Haass and Selkoe, 2007). Notably, in AD patients the
number of amyloid plaques does not correlate with the degree of disease severity (McKee et
al., 1991; Bennett et al., 1993), whereas the levels of soluble Aβ do so both in humans
(McLean et al., 1999) and laboratory animals (Moechars et al., 1999; Oddo et al., 2003).
Transgenic mouse models of AD develop cognitive impairments months before CNS plaque
deposition (Gordon et al., 2002) and Aβ oligomers isolated from the CNS of plaque-free
cognitively-impaired APP transgenic mice produce memory deficits when injected
intacerebroventricularly (icv) in adult rats (Lesne et al., 2006). Furthermore, Aβ oligomers,
but not monomers or fibrils, are cytotoxic (Demuro et al., 2005) and disrupt long-term
potentiation (LTP, the cellular basis of learning and memory) both in vitro and in vivo
(Walsh et al., 2002; Wang et al., 2002). Most notably, it has been recently shown that a
specific Aβ dimer extracted from cerebrospinal fluid (CSF) obtained from AD patients
inhibits hippocampal LTP in vivo, whereas Aβ monomers extracted from the same
specimens are ineffective (Klyubin et al., 2008).

The Ca2+/calmodulin dependent protein phosphatase calcineurin (CaN) is abundant in CNS
neurons and plays a central role in the regulation of synaptic plasticity, learning and
memory, and neuronal apoptosis. Through modulating crucial signaling mechanisms
including direct or indirect dephosphorylative inactivation of the transcription factor CREB,
CaN opposes LTP and memory function (Groth et al., 2003; Mansuy, 2003). Additionally,
CaN is capable of promoting neuronal cell death through direct dephosphorylative activation
of the pro-apoptotic BAD (Wang et al., 1999; Springer et al., 2000). Increased CaN activity
has been found in the CNS of aging rats where it correlates with the degree of age-related
cognitive impairments (Foster et al., 2001). Alteration of CaN has also been demonstrated in
the AD brain (Brion et al., 1995; Hata et al., 2001; Norris et al., 2005) and in APP transgenic
mice where Aβ-promoted neurite degeneration in the CNS is triggered by a Ca2+/CaN-
dependent mechanism (Kuchibhotla et al., 2008). Furthermore, in vitro evidence indicates
that Aβ induces neuronal apoptosis through a CaN-dependent mechanism (Agostinho and
Oliveira, 2003). In addition, Aβ has been found to decrease NMDA receptor trafficking at
the cell membrane (a mechanism relevant to synaptic plasticity and memory) in a CaN-
dependent fashion (Chen et al., 2002; Snyder et al., 2005).

We recently reported that 5 month old APP transgenic mice (Tg2576) display abnormally
high levels of CaN activity in the CNS, coincident with the occurrence of Aβ-promoted
memory deficits, but prior to the appearance of amyloid deposits (Dineley et al., 2007). We
further showed that pharmacological normalization of CaN activity acutely reversed the
deficits that these animals display in the fear conditioned memory task. These results
suggested that high CaN activity, and consequently CaN-dependent memory deficits, could
be a downstream effect of the presence of pre-fibrillar Aβ species in the CNS. In order to
test this hypothesis, we utilized a reproducible in vitro system of human neuroblastoma
SY5Y cell lines, ex vivo rat brain slices and an in vivo model of AD in transgenic rodents to
determine the effect of monomeric, oligomeric and fibrillar Aβ on CREB and BAD
phosphorylation and cell death as a function of CaN activity.
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RESULTS
Consistent with previous reports (Demuro et al., 2005), oligomeric Aβ induced cytotoxicity
in SY5Y neuroblastoma cells in our experimental conditions, while monomeric or fibrillar
Aβ were ineffective. Figure 1 shows the results from a representative cytotoxicity
experiment in SY5Y cells treated for 12 hrs with increasing concentrations of monomeric,
oligomeric and fibrillar Aβ. The purity of the Aβ preparations was checked by dot-blot
employing the conformation-specific A-11 antibody (which specifically recognizes
oligomeric Aβ) and the 6E10 antibody (which recognizes Aβ regardless of its tertiary or
quaternary structure) and the oligomeric species obtained identified by Western blot.
Representative examples of such dot-blots and Western blots are shown in Fig. 1A. Figure
1B shows that the release of LDH from SY5Y cells (an index of cell death) was significantly
increased by treatment of cells with oligomeric Aβ in a dose-dependent fashion, with the
minimum cytotoxic dose being >0.5 μM. In the same experiment, monomeric and fibrillar
Aβ failed to induce significant cell death at any of the concentrations tested. Next, we
compared the effect of monomeric, oligomeric and fibrillar Aβ on CaN activity (Fig. 2A),
and found that CaN activity in SY5Y cells was significantly increased by oligomeric Aβ, but
not by monomeric or fibrillar Aβ. Pre-incubation of test solutions of Aβ with the A-11
antibody that selectively interacts with and neutralizes oligomeric Aβ (Kayed and Glabe,
2006), completely abolished CaN activation induced by Aβ oligomers and had no effect on
monomeric or fibrillar Aβ-treated cells. On the other hand, no effect was observed on the
combined activity of PP1/PP2A, two other protein phosphatases that at variance with CaN
are Ca2+/calmodulin insensitive (Mansuy and Shenolikar, 2006) in SY5Y cells treated with
monomeric, oligomeric or fibrillar Aβ, either in the presence or absence of pre-incubation
with the A-11 antibody (Fig. 2B). In the same experiment, oligomeric Aβ promoted cell
death (Fig. 2C), which was also abolished by pre-treatment of the test solution with the A-11
antibody.

Activation of CaN is known to initiate an apoptotic program of cell death through
dephosphorylation and subsequent activation of the pro-apoptotic protein BAD (Wang et al.,
1999; Springer et al., 2000). Consistent with this literature evidence, we found that treating
SY5Y cells with increasing concentrations of oligomeric Aβ resulted in BAD
dephosphorylation (Fig. 3). Please note that while βactin levels did not change, there was a
concomitant reduction of pBAD and total BAD in cells treated with the highest (and most
toxic) concentration of oligomeric Aβ (5 μM). This phenomenon could be explained by
postulating that only those cells devoid of substantial BAD expression survived the most
toxic concentrations of Aβ oligomers. We therefore asked whether induction of CaN and
cytotoxicity induced by oligomeric Aβ in SY5Y cells were causally linked. Figure 4A shows
the result from an LDH release assay in SY5Y cells treated with increasing concentrations
of oligomeric Aβ in the presence of the CaN inhibitor FK506 or Rapamycin, an FK506
immunosuppressant analog that does not inhibit CaN (Abraham and Wiederrecht, 1996) and
that was thus used here as control treatment. We found that FK506 completely abolished
LDH release induced by oligomeric Aβ in SY5Y cells whereas Rapamycin was ineffective.
This result was consistent with the differential effect of Rapamycin and FK506 in blocking
the oligomeric Aβ-induced increase of CaN activity in SY5Y cells (Fig. 4B).

CaN negatively regulates phosphorylative activation of CREB, a transcription factor
essential for synaptic plasticity and LTP (Josselyn et al., 2004; Hotte et al., 2007), both of
which are known to be perturbed by oligomeric Aβ (Chen et al., 2002; Walsh et al., 2002;
Xie, 2004). Indeed, in SY5Y cells treated with increasing concentrations of oligomeric Aβ
we found that CREB phosphorylation was dramatically reduced, with the minimum
effective dose of Aβ oligomers being >0.5 μM (Fig. 5). As previously noted for total BAD
(Fig. 3), also total CREB (but not βactin) levels were decreased in cells treated with 5 μM
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oligomeric Aβ, further suggesting a selective toxicity in responsive cells. Oligomeric Aβ's
negative regulation of phosphorylated CREB was mirrored by a reduction of pCREB-driven
transcriptional activity. In these experiments (Fig. 6A), SY5Y cells were transiently
transfected with a secreted alkaline phosphatase protein (SEAP) reporter gene vector
construct driven by a CREB-sensitive promoter (pCRE-SEAP). Control cells were
transfected with a similar construct driven however by a CREB-insensitive promoter (pTal-
SEAP). All cells were additionally transfected with a second vector encoding renilla
luciferase to control for homogeneous transfection efficiency among individual samples (not
shown). Twenty-four hr after transfection cells were treated with 0.75 μM each of
monomeric, oligomeric and fibrillar Aβ, in the presence or absence of the adenylate cyclase
(AC) activator forskolin (10 μM), and the release of SEAP in the culture medium (reflecting
CREB-driven transcription) assayed 12 hr thereafter (Fig. 6A). In basal condition, CRE-
SEAP activity was noticeably, albeit not significantly, reduced by treatment of cells with
oligomeric Aβ; this is not surprising if one considers that basal CRE-SEAP activity in SY5Y
cells was very low and close to background values. No changes were observed in cells
treated with monomeric or fibrillar Aβ. As expected, treatment of cells with the AC activator
forskolin greatly induced PKA-promoted CREB transcriptional activity as reflected by
increased SEAP release in the culture medium of CRE-SEAP-transfected SY5Y cells.
Additional treatment of these cells with oligomeric Aβ significantly opposed the AC-
stimulated release of SEAP; however, no effect on AC-stimulated SEAP release was
induced by monomeric of fibrillar Aβ treatment. In any instance, treatment with monomeric,
oligomeric, fibrillar Aβ or forskolin did not affect SEAP release from cells transfected with
the CREB-insensitive SEAP reporter gene construct pTAL-SEAP. To determine whether
induction of CaN may play a role in oligomeric Aβ-promoted decrease of active CREB,
SY5Y cells were exposed to oligomeric Aβ in the presence or absence of the CaN inhibitor
FK506. The results illustrated in Fig. 6B show that opposing effect of oligomeric Aβ on
forskolin-induced CREB-driven transcription in cells transfected with the CRE-SEAP
reporter gene was partially but significantly rescued by treatment of cells with FK506.

While neuroblastoma cell lines have been used extensively and successfully as a model of
CNS neural cells, it is prudent to confirm in neural tissue results obtained using transformed
and/or proliferating cell systems. In order to achieve this, we employed an ex vivo model of
acutely cultured rat brain slices and determined the effect of treatment with monomeric,
oligomeric and fibrillar Aβ on CaN activity and CREB and BAD phosphorylation (Fig. 7).
As with SY5Y cells, treatment of brain slices with oligomeric Aβ, but not monomeric or
fibrillar Aβ, significantly increased CaN activity and this effect was expectedly prevented by
the additional treatment with FK506 (Fig. 7A). When pCREB and pBAD levels were
measured by Western blot in such brain slices (Fig. 7B), there was a significant reduction of
both pCREB and pBAD induced by oligomeric Aβ, whereas monomeric and fibrillar Aβ
were ineffective. This effect of oligomeric Aβ was reversed by treatment with FK506, thus
indicating that reduced levels of pCREB and pBAD were likely dependent on oligomeric
Aβ-induced CaN hyper-activation.

Based on the results described above, we then asked whether a relationship between the
presence of oligomeric Aβ species and reduced pCREB as a function of CaN activity could
also be observed in vivo. We used an immunohistochemical approach to detect the presence
of pCREB and Aβ oligomers in the hippocampus of 5 month old Tg2576 mice treated with
FK506 or Rapamycin (Fig. 8A). Consistent with previously published evidence (Dineley et
al., 2007), we found a robust reduction of immunoreactive pCREB in the hippocampus of
Tg2576 mice as compared to wild type littermate controls. pCREB expression was
predominantly neuronal as it co-localized with the neuron-specific antigen NeuN. Reduced
pCREB was also coincidental with the presence of oligomeric Aβ, as revealed by co-
staining of consecutive sections with the oligomer-specific antibody A-11 and NeuN.
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Western blot analysis on soluble protein extracts from the hippocampus of Tg2576 and WT
mice (Fig. 8B) revealed that these Aβ oligomers were predominantly trimers, consistent with
findings previously reported in Tg2576 mice of the same age (Lesne et al., 2006). Using the
same pharmacological treatment of CaN inhibitor FK506 previously shown to normalize
CaN hyper-activation and rescue cognitive deficits in Tg2576 mice (Dineley et al., 2007),
effectively reversed the reduction of pCREB immunoreactivity but did not affect apparent
levels of Aβ oligomers. Hippocampal pCREB immunoreactivity did not increase in Tg2576
mice treated with the non-CaN inhibiting FK506 analog Rapamycin. This indicates that the
observed reduction of pCREB expression was dependent on CaN hyper-activity in these
mice.

DISCUSSION
Employing both SY5Y human neuroblastoma cells and acutely cultured ex vivo rat brain
slices, our results show that while oligomeric Aβ increased CaN activity, decreased BAD
and CREB phosphorylation and induced cell death, monomeric or fibrillar Aβ were
ineffective. All three structural forms of Aβ were obtained starting from human Aβ1–42
using established biochemistry methods that utilize identical buffers and solvents (Kayed et
al., 2003). Therefore, it is unlikely that the observed effects elicited by oligomeric Aβ but
not by monomeric or fibrillar Aβ are sequence-dependent or attributable to contaminants in
the different Aβ preparations. Rather, these effects appear to be specifically associated with
the oligomeric quaternary structure of Aβ. Indeed, our results show that pre-incubation of
test compounds with the oligomeric structure-specific antibody A-11, which recognizes and
neutralizes oligomeric Aβ but not monomeric or fibrillar Aβ (Kayed and Glabe, 2006),
completely abolished the increase in CaN activity brought about by oligomeric Aβ in SY5Y
cells.

Activation of CaN is dependent on calmodulin, a Ca2+-sensitive modulatory protein which
is activated by increasing intracellular Ca2+ levels (Mansuy, 2003). It has been shown that
one early event induced in SY5Y cells by oligomeric Aβ, but not monomeric or fibrillar Aβ,
is the increase of intracellular Ca2+ via a permeabilization of the cell membrane (Demuro et
al., 2005). We repeated these original observations by performing intracellular Ca2+ imaging
in Fluo-3-loaded SY5Y cells treated with our preparations of monomeric, oligomeric and
fibrillar Aβ and confirmed that under our experimental conditions only oligomeric Aβ
induced intracellular Ca2+, whereas monomeric or fibrillar Aβ were ineffective (Fig. S1 in
Supplementary Results). Thus, it is prudent to propose that activation of the Ca2+/
calmodulin-dependent CaN and CaN-dependent CREB and BAD de-phosphorylation
resulted from oligomeric Aβ-induced elevation of intracellular Ca2+ levels. To lend further
support to this hypothesis, we exposed SY5Y cells to depolarizing concentrations of KCl
(100 mM), which are known to induce increases in intracellular Ca2+ and CaN activity in
these cells (Lee et al., 2005), and observed decreased pCREB and pBAD levels coincident
with elevated CaN activity (Fig. S2 in Supplementary Results). In addition, in our
experiments we did not observe any oligomeric Aβ- or KCl-induced increase of the
combined activity of PP1/PP-2A (Fig. 2B and Fig. S2), which are two other phosphatases
that, at variance with CaN, are Ca2+/calmudulin independent (Mansuy and Shenolikar,
2006).

Our current data do not allow us to argue as to the exact oligomeric species of Aβ that
elicited the effects reported here. Our oligomeric preparation appears to contain dimers,
trimers, dodecamers and possibly heavier oligomeric Aβ species (Fig. 1A) and therefore we
currently do not know which of these species may be primarily responsible for increase of
intracellular Ca2+ levels and activation of CaN activity and signaling in SY5Y cells and
brain slices. As evidence indicates that Aβ dimers (Klyubin et al., 2008), trimers (Cleary et
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al., 2005;Townsend et al., 2006;Shankar et al., 2007) and dodecamers (Lesne et al., 2006) all
exert similar effects on synaptic function and memory, it is tempting to speculate that these
different oligomeric species share common mechanism of action involving activation of
CaN. Further studies, however, are needed to clarify this issue.

In neurons, CaN has been reported to be involved in regulating both synaptic plasticity and
cell death through modulation of two distinct pathways. Either directly or indirectly (through
activation of PP-1), CaN promotes dephosphorylative inactivation of CREB, a transcription
factor reportedly essential for long term potentiation (LTP), synaptic plasticity and memory
function (Bito et al., 1996; Lin et al., 2003; Snyder et al., 2005). In addition, CaN promotes
dephosphorylative activation of the pro-apoptotic Bcl-2 family member BAD, which is then
released from binding to cytosolic 14-3-3 scaffolding proteins and translocates to the
mitochondrion where it interacts with and negates the anti-apoptotic function of Bcl-2,
thereby initiating a program of cell death (Chao and Korsmeyer, 1998; Wang et al., 1999;
Springer et al., 2000; Yang et al., 2004). Indeed, pharmacological or transgenic inhibition of
CaN has been reported to protect neurons from apoptotic cell death and to increase memory
function (Wang et al., 1999; Mansuy, 2003). Our results show that in SY5Y cells and rat
brain slice cultures, oligomeric Aβ decreased CREB phosphorylation and CREB-dependent
transcriptional activity, decreased BAD phosphorylation and induced cell death, whereas
monomeric or fibrillar Aβ were ineffective, consistent with their respective effects on CaN
activity. Additional treatment with the CaN inhibitor FK506 abolished these effects of
oligomeric Aβ, whereas treatment with rapamycin was ineffective. Both FK506 and
rapamycin are macrolide immunosuppressants that act indirectly in a very similar fashion,
initially by binding to the immunophyllin FKBP12. The FK506-FKBP12 complex binds to
and inhibits CaN, thereby inhibiting IL-2 production and the subsequent immune cascade
(Liu et al., 1991). Alternatively, the rapamycin-FKBP12 complex exerts action through the
inhibition of mTOR, a kinase essential to mediate IL-2 action, thereby blocking the IL-2-
mediated initiation of the immune cascade (Abraham and Wiederrecht, 1996). Therefore,
any action exerted by FK506 but not by rapamycin is likely to be mediated by inhibition of
CaN. We found this to be the case for FK506-induced reversal of the decrease of pCREB
immunoreactivity in the CNS of Tg2576 mice (Fig. 8A) and FK506-promoted rescue of
5YSY cells from Aβ oligomer-induced cell death (Fig. 4A). More directly, we found that in
SY5Y cells FK506 but not rapamycin inhibited the increase in CaN activity induced by
oligomeric Aβ (Fig. 4B) and that in rat brain slices FK506 inhibited CaN hyper-activity and
reversed the decrease in pCREB and pBAD elicited by Aβ oligomers (Fig. 7B). In addition,
we found that oligomeric Aβ decreased CREB phosphorylation and CREB-driven
transcription both in basal and forskolin-stimulated conditions. Forskolin is a
pharmacological activator of AC that results in strong PKA-mediated phosphorylation/
activation of CREB. Therefore, any decrease of CREB phosphorylation under forskolin-
stimulated conditions is likely to results because of increased CREB dephosphorylation, an
event directly or indirectly regulated by increased CaN activity (Bito et al., 1996; Lin et al.,
2003).

In summary, our in vitro and ex vivo results indicate that in SY5Y human neuroblastoma
cells and acutely cultured rat brain slices, oligomeric Aβ increases CaN activity to promote a
dual signaling pathway, which can lead to either decreased CREB activity, or to BAD-
promoted cell death, as graphically depicted in Fig. 9. According to this model, one could
speculate that oligomeric Aβ can affect synaptic plasticity and memory independently of
neuronal death, via a signaling pathway involving increased CaN activity and decreased
pCREB. Indeed, our present in vivo results corroborate this hypothesis by showing co-
localization of Aβ oligomers and CaN-dependent reduced pCREB levels in the hippocampus
of cognitively impaired young-adult Tg2576 mice (Fig. 8). We further propose that as the
impact of oligomeric Aβ is protracted in time and the neurons become dyshomeostatic, a
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second pathway leading to cell death, further contributes to deterioration of cognition. While
the existence and relevance of this putative CaN-dependent dual pathway stimulated by
oligomeric Aβ awaits further confirmation in vivo, several published in vivo and in vitro
studies are consistent with its predictions. Transgenic mouse models of CNS hyper-
amyloidosis develop cognitive impairments before the appearance of insoluble amyloid
plaques and in the absence of overt neuronal death, but consistent with the presence of
soluble Aβ species (Moechars et al., 1999;Oddo et al., 2003). Notably, we showed that PS1/
APP doubly transgenic mice have elevated levels of neuroprotective Bcl-2 in their brains, an
event consistent with the reported resistance of these mice to an Aβ-promoted neuronal
death (Karlnoski et al., 2007). Other reports showed that a specific oligomeric Aβ species
from the CNS of cognitively-impaired Tg2576 APP transgenic mice induces transient
memory deficits when injected icv in young-adult rats (Lesne et al., 2006), whereas
naturally occurring Aβ oligomers decrease synaptic plasticity in vivo (Walsh et al.,
2002;Klyubin et al., 2008). Furthermore, Aβ oligomers in vitro decrease NMDA receptor
trafficking (an event relevant to synaptic plasticity and memory) through a mechanism
involving CaN activation (Snyder et al., 2005) and “aggregated” Aβ (consisting of a mixture
of monomeric, oligomeric and fibrillar Aβ species) has been shown in vitro to depress LTP
and induce neuronal cell death in a CaN-dependent fashion (Chen et al., 2002). Lastly, we
have recently shown that memory deficits in amyloid plaque-free young-adult Tg2576 APP
transgenic mice parallel increased CaN activity and elevated soluble Aβ levels in the CNS
(Dineley et al., 2007). In the same study, we further showed that acute pharmacological
normalization of elevated CaN activity restores memory in these mice without affecting
CNS Aβ levels. Consistent with these findings, our present data show that a similar acute
treatment with the CaN inhibitor FK506 increased pCREB levels in the hippocampus of
Tg2576 mice without affecting the apparent levels of co-localized Aβ oligomers (Fig. 8).
However, despite this compelling literature evidence, a causal link between the presence of
Aβ oligomers and elevated CaN activity in the CNS still awaits ultimate confirmation, for
example through in vivo immune-neutralization of Aβ oligomers and assessment of CaN
activity levels in the CNS of APP transgenic mice. Such studies are currently ongoing in our
laboratory and will hopefully clarify this issue.

Up-regulation of CaN has been reported in the CNS of aged rats and found to correlate with
the degree of age-related cognitive impairments (Foster et al., 2001). More recently, a
similar dual pathway initiated by CaN and leading to synaptic plasticity/memory deficits and
to neuronal death in response to intracellular Ca2+ dysregulation has been proposed in the
aged brain (Foster, 2007). Furthermore, in preliminary experiments we found decreased
levels of pCREB and pBAD in brain specimens from both AD patients and age-matched
non-demented subjects, with some indication that in the former such reduction may be even
more pronounced in neurons than non-neuronal brain cells (Supplementary Figure 3). It is
therefore tempting to speculate that CaN hyper-activity may be a dysfunctional event
induced by oligomeric Aβ and shared by the CNS aging process, thus providing one possible
mechanism leading to the exacerbated impact displayed by Aβ in the ageing brain.

In conclusions, the data presented here illustrate molecular events indicating that CaN may
play a central role in mediating the impact on neural cells of oligomeric Aβ, the Aβ species
that reportedly is a prime offender in AD. Whether CaN may represent a useful target to
both ameliorate synaptic plasticity/memory and decrease neuronal death, two seemingly
independent and yet fundamental events characterizing the devastating impact of Aβ in the
ageing AD brain, remains to be established.
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EXPERIMENTAL PROCEDURES
Antibodies

Antibodies against CREB, p(Ser133)CREB, BAD and p(Ser112)BAD were from Cell
Signaling Technology, Boston, MA. The anti-oligomer A-11 antibody was produced as
previously described (Kayed and Glabe, 2006) and the anti-Aβ antibody 6E10 was from
Convence, France.

Cell cultures
Human neuroblastoma SY5Y cells were from American Type Culture Collection (ATCC,
Manassas, VA). Stock cell cultures were maintained at 37°C in a humidified cell incubator
under 5% CO2 atmosphere in T-125 culture flasks containing 10 ml of DMEM/F12
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma Chem., St. Louis,
MO). Half of the medium was replaced every two days and at confluence cells were
dislodged by vigorous shaking and seeded into two new flasks.

Preparation of Aβ
Human Aβ1–42 peptide was purchased from Keck, Yale University, New Heaven, CT.
Monomeric, oligomeric and fibrillar Aβ to be employed in the same experiment were always
prepared from aliquots of the same batch of Aβ. To prepare oligomeric Aβ, lyophilized Aβ
aliquots (0.3 mg) were dissolved in 0.2 ml of 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) and
then added to 0.7 ml of H2O. Samples were loosely capped and stirred on a magnetic stirrer
under a fume hood for 48 hr and then used within 36 hr. Fibrillar Aβ was prepared following
the same procedure as for oligomeric Aβ, except that the samples were stirred tightly capped
for 7 days and then loosely capped for 48 hr. Monomeric Aβ was prepared immediately
before use by rapidly evaporating the HFP via gently bubbling nitrogen gas in the solution.
Quality of Aβ preparations so obtained were routinely checked by dot-blot and western blot
employing both A-11 and 6E10 antibodies. Occasionally, the structural appearance of
oligomeric and fibrillar Aβ preparations was checked by electron microscopy to visually
exclude the presence of contaminant fibrils or oligomers, respectively.

The final concentration of the oligomeric and fibrillar Aβ preparation was nominally
calculated based on the concentration of the starting Aβ monomer. In all of our experiments
we always observe effects in SY5Y cells for concentrations of such prepared Aβ oligomers
>0.5 μM (>0.1 μM in rat brain slices). The timing and dosage for each experiment reported
here were carefully chosen based on preliminary experiments so as to maximize the
efficiency of the measurement of the signaling element studied (e.g., CaN activity, pCREB,
pBAD) while reducing any biasing effect due to oligomeric Aβ-induced cell death (which in
our hands occurs substantially in SY5Y cells at >12–16 hrs treatment time for a dosage of
Aβ of 1–2.5 μM).

LDH cytotoxicity assay
The release of lactate dehydrogenase (LDH) from cultured cells was assayed in the culture
medium employing a commercially available kit (Roche Applied Science, Indianapolis, IN)
according to the manufacturer's instructions.

Phosphatase activity assay. The activity of CaN (PP-2B) and combined activity of PP1/
PP2A were assayed in cytosolic cell extracts using a commercially available colorimetric kit
(EMD Biosciences, San Diego, CA) employing R2 phosphopeptide as substrate according to
the manufacturer's instructions.
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Western blot
Cells were lysed in SDS lysis buffer containing 5mM EDTA, 50mM Tris, 2% SDS, 1mM
DTT, 1mM PMSF and 1% protease cocktail inhibitors (Sigma, St. Louis, MO). Following
lysis, cells were sonicated for 15 seconds, and then centrifuged at 20,000g for 5 minutes and
the supernatants collected. Protein samples containing 30 μg of proteins as determined by
the BCA assay (Pierce, Rcokford, IL), were subjected to SDS-PAGE using 12% gels,
followed by electrophoretic transfer to nitrocellulose backed membranes (Biorad, Hercules,
CA). Membranes were then incubated with appropriate dilutions (usually 1:1,000 v:v) of the
primary antibody and this initial incubation was then followed by a horseradish peroxidase
(HRP) conjugated secondary antibody (Biorad, Hercules, CA) against rabbit IgG (for
polyclonal primaries) or mouse IgG (for monoclonal primaries). Detection was achieved
using ECL (Pierce, Rockford, IL).

Cell transfection and SEAP assay
All transfections were performed using a liposomal mediated plasmid introduction. The
liposome used was DMRIE-C (Invitrogen, Carlsbad, CA). Cells at 40 to 50% confluence
received a total of 1.2 pmoles/ml of DNA coupled to DMRIE-C at a ratio of 1:3 and diluted
in OptiMEM (Invitrogen, Carlsbad, CA). 3 hours post transfection, the liposome/DNA mix
was replaced with fresh culture medium and the cells were allowed at least 48 hours of
recovery prior to use.

The secreted alkaline phosphatase assay (SEAP) (Clontech, Palo Alto, CA) was used as a
measure of transcription factor activity. Plasmids containing the SEAP gene only (pTAL-
SEAP) or the SEAP gene downstream of enhancer sequences specific to binding CRE
(CRE-SEAP) were transiently transfected as described above. SEAP activity was assayed
directly from the culture medium using the Great Escape Chemiluminescent Detection Kit
according to manufacturer's instruction (Clontech, Palo Alto, CA). SEAP levels are a direct
measurement of the effect of test compounds on the enhancer activity.

Animals
For brain slice preparations, male Sprague Dawley rats (150–250 g) were used, while
Tg2576 and wild type littermates were bred in the UTMB animal care facility. Animals were
maintained under USDA standards (12 hr light/dark cycle, food and water ad libitum)
according to IACUC-approved protocols. For mouse breeding protocols, dams were C6/SJL
F1 females purchased from Jackson Laboratories and sires were Tg2576 (C6/SJL) males
from our colony. Both males and female mice at 5 months of age were used for
experimentation.

Brain slice preparation
According to IACUC-approved protocols, rats were decapitated and brains quickly removed
and blocked in cold (4°C) artificial CSF (ACSF) prepared as follows: 117 mM NaCl, 4.7
mM KCl, 1.2 mM Na2PO4, 2.5 mM CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, 11 mM
glucose, oxygenated and equilibrated to pH 7.4 with 95% O2/5% CO2. Five-hundred μM
tick coronal brain slices comprising the hippocampus were prepared using a Vibroslice
(Camden Instruments, London, UK) and equilibrated in ACSF at room temperature for at
least 30 min prior to adding test compounds. At the end of the experiments slices were snap
frozen in liquid nitrogen and stored at −80°C until further analyses were performed.

Immunohistochemistry
According to IACUC-approved animal protocols and procedures, mice were deeply
anesthetized with ketamine/xylazine and perfused transcardially with 0.9% saline followed
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by 4% paraformaldehyde. Brains were carefully removed, postfixed in 4%
paraformaldehyde and then transferred in 30% sucrose overnight at 4°C prior to freezing for
storage at −80°C. For immunohistochemistry staining using a free-floating technique, thirty
μm-thick sections were cut using a cryostat, washed with 0.1 M PBS and blocked for 40 min
in 5% NGST/BSA (5% normal goat serum in 0.1 M PBS containing 0.05% Triton X-100
and 0.3% Bovine Serum Albumin) followed by incubation with primary antibodies in 1%
NGST/BSA overnight at room temperature. Antibodies used were: rabbit anti-pCREB (Cell
Signaling Tech., Danvers, MA), rabbit anti-oligomer A-11 [produced in Dr. Kayed's
laboratory as previously described (Kayed and Glabe, 2006)], mouse anti-NeuN (Chemicon,
Temecula, CA). Section were then washed with PBS and incubated with the appropriate
secondary antibody (goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 568,
Molecular Probes, Carlsbad, CA) for 1 hr at room temperature. After incubation with the
secondary antibodies, section were washed three times with PBS, mounted onto microscope
slides and observed with a fluorescence microscope equipped with computer-assisted CCD
camera for image capturing and processing. Microscope intensity level settings of
fluorescence image capturing (for both A-11 and anti NeuN antibodies) were optimized on
sections from wt mice and then the microscope settings maintained constant for all sections
observed (wt and Tg2576 mice). Four rostral to caudal sections comprising the hippocampus
were observed for each animal (n=3 mice per group) and compared within and across
treatment groups with similar results.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Oligomeric Aβ, but not monomeric or fibrillar Aβ, induces cell death SY5Y cells
(A) Left: Representative dot blot analysis detecting monomeric, oligomeric and fibrillar
human Aβ1–42 from standard preparations spotted onto nitrocellulose membranes.
Membranes were probed with the oligomer-specific A-11 antibody (top) or the 6E10
antibody (which recognizes Aβ sequence, regardless of conformation). Right: representative
western blot analysis employing the A-11 antibody to detect oligomers in a typical
preparation of oligomeric Aβ1–42. Dimers, trimers and dodecamers are shown to be the most
prevalent oligomeric species.
(B) LDH release cytotoxocity assay in human SY5Y neuroblastoma cells treated for 12 hr
with increasing concentrations of monomerc, oligomeric or fibrillar Aβ. Dashed line
represents LDH release value in control cells. Values are mean ± SD of 4 independent
replicates. Experiment was repeated twice with similar results. *: p<0.001 vs. control cells
(ANOVA).
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Figure 2. Oligomeric Aβ, but not monomeric or fibrillary Aβ, selectively induces CaN activity
and cell death in SY5Y cells
Calcineurin activity (A), combined PP-1/PP-2A activity (B) and LDH release (C) in SY5Y
neuroblastoma cells treated for 3 hr with 1 μM of monomeric, oligomeric and fibrillary
human Aβ1–42. Black bars represent cells treated with Aβ that was pre-incubated with the
oligomer-neutralizing antibody A-11. N=4 independent replicates per group; *: p<0.001 vs.
control (ANOVA).
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Figure 3. Oligomeric Aβ induces BAD dephosphorylation in SY5Y cells
Representative Western blot detecting phosphorylated (pSer112) BAD in total protein
extracts from SY5Y cells treated for 12 hr with increasing concentrations of oligomeric Aβ
as shown. The blot was stripped and re-probed for total BAD (middle) and β-actin (bottom)
to control for equal protein loading in each lane.
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Figure 4. The CaN inhibitor FK506, but not its non CaN-inhibiting analog rapamycin, prevents
cell death induced by oligomeric Aβ in SY5Y cells
(A) LDH release in the culture medium of SY5Y neuroblastoma cells treated for 12 hr with
oligomeric Aβ at the concentrations shown. Cells were additionally treated with FK506 (10
μM) or rapamycin (10 μM).
(B) CaN activity in SY5Y cells treated for 12 hr with 2.5 μM oligomeric Aβ in the presence
or absence of 10 μM FK506 or 10 μM rapamycin.
N=3–6 replicates per group; *: p<0.01 vs. control cells (ANOVA). No effect of Aβ, FK506
or rapamycin was observed on the combined PP1/PP-2A activity (not shown).
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Figure 5. Oligomeric Aβ induces CREB dephosphorylation in SY5Y cells
Representative Western blot detecting phosphorylated (pSer133) CREB in total protein
extracts from SY5Y cells treated for 12 hr with increasing concentrations of oligomeric Aβ
as shown. The blot was stripped and re-probed for total CREB (middle) and β-actin (bottom)
to control for equal protein loading in each lane.

Reese et al. Page 18

Aging Cell. Author manuscript; available in PMC 2010 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Oligomeric Aβ, but not monomeric or fibrillar Aβ, decreases CREB-driven
transcriptional activity in SY5Y cells in a CaN-dependent fashion
(A) SEAP activity assay in the culture medium of SY5Y cells transiently transfected with
CREB-sensitive pCRE-SEAP or the CREB-insensitive pTAL-SEAP reporter gene and
treated for 3 hr with 0.75 μM monomeric, oligomeric or fibrillar Aβ in the presence or
absence of the adenilate cyclase activator forskolin (10 μM). N=4 independent replicates per
group; *: p<0.01 vs. forskolin-treated vehicle cells (ANOVA).
(B) SEAP activity assay in the culture medium of SY5Y cells transiently transfected with
pCRE-SEAP reporter gene and treated for 3 hr with 0.75 μM oligomeric Aβ in the presence
of 10 μM forskolin (FRSK). Parallel cells were additionally treated with 1 or 5 μM FK506.
N=3–4 independent replicates per group; *: p<0.05 vs. forskolin+oligomeric Aβ-treated
cells (ANOVA).
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Figure 7. Oligomeric Aβ, but not monomeric or fibrillar Aβ, increases CaN activity and induces
CaN-dependent decrease of pCREB and pBAD in rat brain slices
Rat brain coronal slices (500 mm thick) were maintained in ACSF and treated with
monomeric, oligomeric and fibrillar Aβ (0.4 μM) for 3 hrs. A separated set of oligomeric
Aβ-treated slices were additionally treated with 10 μM FK506. At the end of the experiment,
slices were collected and prepared for measurement of CaN activity (A) and detection of
pBAD, BAD, pCREB and CREB by Western blot (B, top). Intensity of specific bands on
western blot was analyzed and the result expressed as ratio between phosphorylated protein
and the corresponding total protein in the same sample (B, bottom). The experiment was
repeated twice with similar results. N=6 in (A) and n=4 (2 for each experiment) in (B). *:
p<0.05 vs. vehicle (ANOVA)
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Figure 8. Inhibition of CaN rescues decreased pCREB immunoreactivity in the hippocampus of
oligomeric Aβ-bearing Tg2576 mice
(A) Representative photomicrographs of the CA3/Dentate Gyrus area from 5 month old wild
type (WT) and Tg2576 littermate mice treated with FK506 (10 mg/kg ip) or Rapamycin (10
mg/kg ip) 6 hr prior to sacrifice. Consecutive sections were co-stained for pCREB and the
neuron-specific antigen NeuN (top two rows) or for Aβ oligomers (using the oligomer-
specific A-11 antibody) and NeuN (bottom two rows). (B) Representative Western blot
detecting Aβ (using the sequence-specific antibody 6E10) in soluble protein-enriched
fractions from the hippocampus of 5 month old Tg2576 and WT littermate mice. Arrows
indicate the presence of secereted amyloid precursor protein alpha (sAPPa) and a trimeric
Aβ oligomer (based on molecular weight) selectively in Tg2576 mice. Hippocampi from 3
animals were pooled together in each sample (6 mice per group). Three-hundred μg of
protein were loaded onto each lane.
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Figure 9. A schematic illustrating the putative role of calcineurin in mediating both the
dysfunctional synaptic and apoptotic consequences of oligomeric Aβ
Oligomeric Aβ intermediates increase intacellular Ca2+ levels, possibly through cell
membrane destabilization (Demuro et al., 2005). Increased intracellular Ca2+ promoted by
oligomeric Aβ induces the activity of the Ca2+/calmodulin (CaM)-dependent phosphatase
calcineurin. Active calcineurin dephosphorylates/inactivates CREB, thus leading to
reversible impaired synaptic plasticity and decreased memory function; through prolonged
exposure to oligomeric amyloids neurons become dyshomeostatic and eventually a CaN-
dependent apoptotic pathway involving dephosphorylation/activation of the pro-apoptotic
BAD is allowed to progress and contributes neurodegenerative-dependent cognitive deficits.
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