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ABSTRACT: Alzheimer’s disease (AD) is a progressive, age-related neurodegenerative disorder which first
manifests as profound memory dysfunction. The majority of cases are idiopathic, although advanced age is the
greatest risk factor for AD. Recent evidence suggests that pre-fibrillar soluble amyloid-beta (Af) underlies an
early, progressive loss of synapses that is a hallmark of AD. One of the downstream effects mediated by soluble
AP aggregates is the hyperactivation of the phosphatase calcineurin (CaN). This important phosphatase is
abundant in the nervous system and intimately involved in the mechanisms of memory as well as the immune
response. Such a duality places CaN at the crux of neuroimmunomodulation processes. In the present review,
we briefly summarize the role of CaN in physiological aging and discuss how CaN hyperactivity could cause the

memory impairment, neuroinflammation, and neuronal death that are pathological mechanisms of AD.
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Calcineurin (CaN), or protem phosphatase 2B (PP2B),
is a calcium (Ca”)-sensitive serine/threonine
phosphatase originally isolated from mammalian brain
[1] and is abundant in the central nervous system
(CNS). It is a heteromeric protein consisting of a
catalytic subunit (CaNA) and a regulatory subunit
(CaNB) [2]. Although the catalytic site is structurally
similar to protein phosphatase-1 (PP1) and protein
phosphatase-2A (PP2A), the regulatory CaNB shares
30-50% sequence homology with calmodulin (CaM)
[3]. This quality makes CaN unique because it is
directly activated by CaM, making it the only cellular
phosphatase that is exceptionally responsive to
intracellular Ca®* levels [4]. As such, Ca®* fluctuation
is capable of activating powerful cellular processes
involving CaN activation that influence cell survival
and growth. FK506 is an immunosuppressant drug
that binds to endogenous immunophilin (FKBP12),
and this complex successfully inhibits CaNs
phosphatase activity [5-6]. The use of this compound,
coupled with antisense RNA technology and
transgenic models have only recently allowed
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investigation into the roles of CaN in cellular
signaling. Given its original purification from bovine
brain, it was somewhat surprising to discover that
CaN is responsible for a number of important cellular
processes in a wide variety of tissues.

CaN is found in many diverse cell types where it
responds to the binding of activated CaM in multiple
ways, including the modulation of immune responses
[7], the formation and remodeling of muscle [8],
neuronal plasticity [9-10], and cell death [11-12]. CaN
expression is particularly high in neurons — it

constitues approximately 1% of total neural protein
[2]. Astrocytes and microglia also contain CaN [13-
14] Phosphatase substrates include the phosphorylated
forms of nuclear factor of activated T- cells (NFAT)
[15]; cAMP response element binding (CREB) [4];
PP1 [4, 16]; and Bcl-2 associated death protein (BAD)
[4, 11-12]. The effects of CaN hyperactivity on these
downstream proteins and the evidence for the
involvement of these pathways in AD pathogenesis
will be the focus of this review.
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I. CALCINEURIN IN THE AGING CNS

The CNS is encumbered with high-energy metabolism
requirements and low endogenous antioxidant
defenses [17]. Post-mitotic CNS neurons are
remarkably long-lived in comparison to other cell
types such as epithelial cells. With a few exceptions of
continued proliferation in certain brain regions [18-
19], the average neuron in the aged brain has been
exposed to decades of oxidative insults. The processes
of aging exacerbate an already unfavorable
environment: evidence of reduced mitochondrial
function and increased oxidative stress has been
extensively documented in the aged brain [17, 20].
Together, these factors decrease cellular ability to
tightly regulate Ca®". This section will discuss how
this impinges on the various cell types found in the
CNS, and how the sluggishness of Ca®* dynamics in
the aged brain predisposes it to functional alterations.

Impact on synaptic function

It has been known for many years that neurons from
the aged brain have altered Ca?* currents in
comparison to young [21], and evidence suggests this
is partly due to increased numbers of voltage gated
Ca”* channels (VGCCs) [22]. More recent studies
posit that in aged hippocampal neurons, Ca®* entry
through VGCCs augments a pronounced secondary
Ca* flux from intracellular stores in endoplasmic
reticulum through ryanodine receptor [23]. Such
perturbations in ion concentration are troublesome for
neurons, as humerous neurotransmission pathways are
governed either by intracellular Ca®* levels or
downstream kinases and phosphatases.  Strict
governance of Ca®* is especially critical in
hippocampal pathways, which employ Ca®* dynamics
to induce term potentiation (LTP) and long-term
depression (LTD), synaptic activity-dependent
processes widely held to be the molecular correlates
of learning and memory [16, 24-25].

Compared to other classical Ca** signaling proteins
activated by CaM, e.g. calcium/calmodulin dependent
protein kinase 1l (CaMKII), CaN is much more
sensitive to subtle rises in intracellular Ca”" levels.
Due to the differential activation of CaMKII and
PP2B depending on Ca®* concentration [26], the
elevated resting Ca®* environment of the aged brain
promotes mechanisms of negative plasticity [27]. One
of these mechanisms is an increase in CaN expression
and activity. CaN is then able to activate additional
phosphatases, such as PP1, which further potentiates
LTD and decreases neurotransmission and synaptic
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strength [16, 28]. In the aged rats, impaired
performance in the Morris water maze is coincident
with elevated CaN expression and activity in the
hippocampus [29]. CaN further exacerbates the
already dysregulated Ca?*homeostasis in aged brain
by enhancing the activity of VGCCs in hippocampal
cultures [30]. Recent work in partially dissociated
hippocampal “zipper” slices from young, middle-
aged, and old rats show that this phenomenon also
occurs in vivo, and suggests that CaN may directly
activate VGCCs [31].

Overexpression, inhibition, and knock down of the
phosphatase have helped elucidate what the effects of
increased CaN activity in the aging brain might be.
Targeted overexpression in the forebrain of mice
impaires the transition from short-term to long-term
memory as well as an intermediate form of LTP [32-
33]. Conditional genetic knockout of CaN in mouse
forebrain results in impairment within a specific
subset of hippocampal-dependent tasks including
working and episodic memory [34]. However,
knockdown of CaN expression with antisense
oligonucleotides results in the facilitation of LTP and
improved performance in the Morris water maze [35].
Similarly, partial CaN inhibition with a tunable,
inducible rtTA system also facilitates LTP and
performance in a hippocampal-dependent behavioral
test [36]. Collectively, these studies suggest that
equilibrium between positive and negative plasticity is
critical for proper cognitive function; and that an
appropriate level of CaN activity is imperative.
Electrophysiological studies suggest that LTD is more
likely than LTP in the aged rat brain, but that this
imbalance is corrected by inhibiting CaN [37].
Downstream of LTP, CREB phosphorylation at serine
residue 133 induces the translocation of pCREB to the
nucleus where it transcribes genes that produce
proteins necessary for synaptic maintenance and
formation [38]. CaN hyperactivity results in the
dephosphorylation of pCREB, precluding protein
synthesis that normally occurs during late-stage LTP
[4, 39].

Impact on astroglia

The deleterious effects of CaN hyperactivity are not
limited to the neurons. Astrocytes and microglia are
activated during aging, even in the absence of
diagnosed pathology [40]. Astrocytes — the most
common non-neuronal cell in the CNS - are
responsible for the support and maintenance of an
appropriate neuronal environment [41]. Their function
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may be compromised when Ca* is dysregulated, as
spatiotemporal Ca** waves act as a form of long-range
signaling between glial cells [42-43]. In healthy neural
tissue CaN is found primarily in neurons, with
considerably weaker expression in astrocytes [44].
However, immunohistochemical analyses of aged
murine hippocampi show intense CaN reactivity in
activated astrocytes [45]. In vitro, overexpression of
CaN has been shown to be a causative factor in the
activation cascade and phenotype, likely through its
regulation of several astrocyte-related growth factors
and cytokines [45]. CaN dephosphorylates NFAT,
allowing the cytosolic component (NFATc) to
translocate to the nucleus where it binds its cognate
DNA sequence on promoter regions, thus enhancing
the transcription of genes involved in cytokine
production and inflammation [15; 46]. NFATc
isoforms are rapidly shuttled out of the nucleus, unless
intracellular Ca*" is persistently elevated [47], which
is known to occur in aging [27, 30]. In astrocytes,
NFAT is involved in mediating neuroinflammatory
processes due to injury, disease, and aging [48-50].
There is also evidence that microglia, the resident
immune cells of the brain, play an active role in
neurodegeneration [51]. Although they account for a
small proportion of the CNS cells, they have a major
role in inflammation by releasing and responding to a
number of cytokines instrumental in astrocyte
activation [52] Since microglia also express NFAT
[14] it is likely that the microglia inflammation
cascade may be initiated, in part, by increased CaN
signaling that takes place during aging. Taken
together, the evidence suggests that CaN hyperactivity
has a possible role in synaptotoxicity, neuronal
dysfunction, astrogliosis, and inflammation.

Il. CALCINEURIN AND AD PATHOGENESIS
The original “Amyloid Hypothesis” predicted that
altered processing of amyloid precursor protein
(APP), or clearance of resulting A resulted in plaque
deposition and AD symptoms, but this proposal has
undergone a revision in recent years. A large body of
evidence now indicates that soluble oligomeric AP is
behind the earliest cognitive deficits [53]. Indeed, the
proposition that small AP aggregates are able to affect
cognition by inducing synaptic dysfunction and loss
has received robust experimental confirmation in the
last decade. This section will discuss how certain
species of AP are able to hyperactivate CaN via its
impact on intracellular Ca®* signaling.
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Data gathered from in vitro, ex vivo, in vivo, have
furthered our mechanistic understanding of how
certain species of AB perturb Ca®* dynamics, resulting
in hyperactivation of CaN. Together, clinical and
basic researches suggest that the subsequent
dephosphorylation of CaN substrates can impact gene
transcription, cell death, ion channel activity, and
synaptic integrity.

Oligomeric Ap perturbs Ca®* dynamics

One explanation for Af's augmentation of CaN
activity is its apparent ability to provoke changes in
the level of intracellular Ca®"; certain aggregate
species are able to act as Ca®" channels in synthetic
bilayer membranes [54]. Live Ca*" imaging of SY5Y
human neuroblastomas demonstrates that oligomeric
AP is the only species that appreciably augments the
concentration of cytosolic Ca®* by disrupting the
cellular membrane. This increase was reduced but not
abolished when the experiment was performed in Ca**
free conditions, with 30% of the rise coming from
internal stores [55]. Whatever the source, these studies
suggest that only oligomers should be capable of
upregulating CaN activity, via the Ca?" increase.
Indeed, only oligomers raise intracellular Ca®*, CaN
hyperactivity, and CaN dependent cell death in cell
cultures [56-57]. Multiphoton Ca®" imaging of AD
mice has revealed the extent of Ca*" dysregulation in
vivo. In aged double transgenic mice (APP/PS1) with
cortical plaques, 20% of the neurites contained
elevated resting Ca®* levels, much greater than the
young double mutants and significantly higher than
the 5% increase in aged wild-type mice or single
mutants. Observed Ca** overload correlated with the
proximity to AP plaques [58]. Given the importance of
Ca”" signaling in mechanisms of synaptic plasticity
[16, 24-25, 59-60], such dysregulation can have
negative consequences on neural networks. This may
be due in part to the cleavage of CaN by calpain,
which is highly active in AD brain [61]. The truncated
form maintains the autoinhibitory region, and thus is
still dependent on CaM to be activated. In temporal
cortex of AD brain, this particularly active, 57-kDa
calpain-cleaved isoform is detectable by immunoblot.
In the presence of CaM, in vitro phosphatase activity
is enhanced following cleavage [62]. A recent
publication corroborates these results, reporting a 2-
fold increase in the level of a 54-kDa fragment of CaN
in the nuclear fraction of AD cortex [63].
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Synaptic dysfunction and loss

The outcomes of perturbed Ca®* dynamics are
particularly detrimental for neurotransmission in
synaptic spines, which rely on appropriate spatio-
temporal Ca®* entry to make synaptic modifications
[64]. These are coincidentally where oligomeric
species bind on cultured hippocampal neurons [65-
66], where they are able to alter the shape, size, and
protein composition of the post-synaptic densities
[67]. AP disrupts synaptic function as well as
structure. Application of oligomeric AP counteracts
the increase in AMPA phosphorylation that normally
occurs following tetanic stimulation of rat
hippocampal slices, precluding the expression of early
LTP [68]. Synthetic AP inhibits late phase LTP in a
CaN-dependent fashion during electrophysiological
recordings [69-70]. Soluble oligomeric AP facilitates
electrically evoked LTD and results in a 33%
reduction of dendritic spines in organotypic
hippocampal cultures. Both outcomes are preventable
by inhibiting CaN activity [72]. Collectively, these
studies hint that AP-mediated activation of CaN
promotes LTD over LTP, possibly through a CaN/PP1
phosphatase cascade [16, 71, 59]. Activation of PP1
leads to dephosphorylation of phospho-CaMKII and
post-synaptic ~ AMPA receptors, decreasing
neurotransmission. As discussed previously, this
important balance between positive and negative
plasticity is already perturbed in the aged brain [27].
Additional exacerbation by oligomeric AB and the
resultant increase in synaptic CaN activity could
putatively explain the pervasive synaptic loss believed
to underlie the early symptoms of AD.

Besides shifting the thresholds of LTP and LTD,
CaN hyperactivation alters downstream pathways;
such as dephosphorylation/deactivation of the
transcription factor CREB. Under normal conditions,
LTP expression results in the phosphorylation of
CREB and the transcription of genes leading to long-
term changes in synaptic strength [38]. In vitro
experiments have shown that pPCREB levels as well as
its transcriptional activity are diminished in a CaN-
dependent fashion following treatment with
oligomeric AB. The same study reported that
hippocampal pCREB immunoreactivity is reduced in
the Tg2576 murine model of AD, but is restored by
treatment with FK506 [57]. This animal model
produces high levels of AP and first displays
behavioral impairments at five months of age,
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coincident with the onset of elevated CaN activity
[73]. Acute inhibition of CaN improved the
performance of these animals on a hippocampal-
dependent fear conditioning paradigm [73] and novel
object recognition as well [74]. Wild-type mice given
a single intracerebroventricular injection of oligomeric
AP exhibited similar deficits in the fear-conditioning
paradigm, again this was reversible with FK506 [70].
These studies suggest that some of the behavioral
dysfunction in AD mouse models could be explained
by CaN hyperactivity and its subsequent effects on
pCREB and synaptic plasticity. One small study of
autopsy tissue supports this hypothesis — an analysis
of CREB and pCREB levels in human tissue show
that amounts of pCREB are significantly lower in the
AD hippocampus [75]. While this publication did not
investigate the possible involvement of CaN, this
report of decreased pCREB is circumstantial evidence
that fits within the schematic of CaN-mediated
cognitive dysfunction in AD.

Neuroinflammation
Inflammatory markers, such as astrogliosis and
reactive microglia are found in aged and AD brain
[76]. Some of these processes may be mediated by
CaN, which dephosphorylates NFAT, allowing its
translocation to the nucleus where it promotes the
transcription of genes involved in cytokine production
and inflammation [15]. Application of oligomeric AP
increases NFAT activation in primary rat astrocyte
cultures. This treatment also results in the loss of
dendritic ~ spines, simplification of dendritic
arborizations, and neuritic dystrophies through a
CaN/NFAT-dependent mechanism [63]. Other in vitro
work in astrocytes cultures showed that Ap oligomers
cause a significant reduction in excitatory amino acid
transporter 2 (EAAT2) protein levels in astrocyte
cultures, theoretically leaving extracellular glutamate
levels high and increasing the likelihood of
excitotoxic cell death. Inhibition of NFAT prevented
APB-mediated elevation in glutamate and cell death
[50].

Clincally, certain isoforms of NFAT (NFATcl and
3) are increased in the nuclear fraction from AD
hippocampal homogenate. Their localization is an
indirect indicator that the protein is active, since they
must be dephosphorylated by CaN to access the
nucleus. These values of nuclear NFATc correlate
with levels of soluble AP as well as Mini-Mental State
Exam scores (MMSE), a standard measure of
cognitive function [50].
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Cell death

Application of AP is well known to promote apoptosis
in neuronal cultures [78]. This rigorously controlled
process is distinct from necrotic cell death and is
heavily dependent on cellular signaling. One such
pathway that leads to an apoptotic outcome is the
CaN-mediated  dephosphorylation  of  pBAD.
Dephosphorylated BAD is able to dissociate from
scaffolding proteins and translocate to the
mitochondria, where it forms a dimer with another
pro-apoptotic ~ protein (Bel-x(L)),  triggering
cytochrome c release and thus initiating programmed

Age-related changes
OXIDATIVE STRESS
MITOCHONDRIAL DYSFUNCTION

Neuroimmunomodulation by CaN in Aging and AD

cell death [11]. SY5Y human neuroblastoma cells
treated with increasing concentrations of oligomeric
AP exhibit a CaN-dependent dose-dependent decrease
in pBAD levels [57]. Treatment of primary cortical
neurons with synthetic AP peptides increases CaN
activity; reduces the level of phosphorylated BAD;
and increases the amount of BAD found in the
mitochondria [78]. The effects on cortical neurons
were also attenuated by CaN inhibition, suggesting
that some of the neurodegeneration seen in AD may
be due CaN dephosphorylation of BAD.

B ¥ o

AB Oligomers

INCREASED VGCCs
Ca?*
Dysregulation
ASTROCYTIC NEURONAL

Activated NFAT=>
ASTROGLIOSIS

Activated NFAT=>
NEUROINFLAMMATION

CaN 1

Activated PP1=>
DECREASED SYNAPTIC ACTIVITY (CaMKII, AMPA)

Inactivated CREB=>»
SYNAPTIC LOSS

Activated NFAT=>
NEUROINFLAMMATION

Activated BAD=>
APOPTOTIC CELL DEATH

FIG. 1: Calcineurin in the aging brain. A number of factors, including oxidative insult, mitochondrial dysfunction, and
increased numbers of VGCCs decrease the aged brain’s ability to buffer Ca** levels. The additional insult of AB oligomers
further disrupts Ca®" homeostasis, resulting in a subtle, prolonged increase in calcium that promotes the hyperactivation of
CaN. This important phosphatase mediates the dephosphorylation of four cellular proteins: pCREB, pNFAT, p-PP1 and
pBAD. CaN hyperactivation could explain several observations in AD models and pathogenesis; decreased synaptic
activity, synaptic loss, neuroinflammation (neuronal and astroglial), and cell death. Therefore, inhibition of CaN in the
CNS may be viable therapeutic strategies for combating early stage AD impairment.
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I11. Conclusions

The evidence presented in this review conceptually
link  AB-mediated Ca®* dysregulation, CaN
hyperactivation, decreased synaptic plasticity, cell
death, and neuroinflammation. Human studies show
that these processes occur in both early- and late-onset
AD, and to some degree in ‘normal’ aging. Indeed, the
greatest risk factor for developing AD is increasing
age. While this is the case for many neurodegenerative
conditions and may be a confounded correlation, it
does suggest that something about aging neurons
renders them especially susceptible to the devastation
of AD mechanisms. Aged neurons are unable to
tightly control Ca®* levels, a problem that is
exacerbated by the presence of oligomeric AP. In
vitro, ex vivo, and animal models have elucidated
possible reasons for oligomeric  Ap-induced
dysfunction and toxicity. CaN hyperactivation would
explicate three outcomes seen in AD brain: synaptic
loss, neuroinflammation, and cell death (Figure 1).

To date, some therapeutic regiments delay, but do
not halt or reverse the progression of AD.
Uncompetitive NMDA-R antagonists, including
memantine, are designed to normalize synaptic Ca*'.
They have shown some promise at delaying the
clinical progression of AD but not preventing the
outcome [79]. A number of observational clinical
studies have hinted that that regular use of non-
steroidal anti-inflammatory drugs (NSAIDS) prevent
or delay AD onset [80-82]. This class of drugs, which
includes ibuprofen, naproxen, and a number of others,
exerts its  effects  through inhibition  of
cyclooxygenase-2 (COX-2). Interestingly, CaN plays
a central role in the transcriptional regulation of COX-
2 via NFAT [83]. Given that CaN is likely involved
either downstream (NMDA-R antagonists) or
upstream (NSAIDs) of two treatments that have
shown some benefit in delaying disease progression, it
is appropriate to consider the direct modulation of
CaN as a means to prevent and combat AD. Systemic
CaN inhibitors FK506 and cyclosporine result in the
deleterious side effect of immunosuppression via
NFAT-mediated downregulation of interleukin-2. This
is an undesirable circumstance for aged patients
already contending with compromised immune
function. More efficacious therapies might target CaN
inhibitors to the CNS so that affected neurons,
astrocytes, and microglia can benefit from CaN
normalization while avoiding pleiotropic effects.
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