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Abstract
Alzheimer’s disease (AD) is characterized by neuronal loss and the accumulation of β-amyloid
plaques and neurofibrillary tangles in the brain. Cerebrospinal fluid (CSF) levels of β-amyloid and
tau/ptau181 are also associated with AD. We have previously demonstrated that a single
nucleotide polymorphism in calcineurin is associated with CSF ptau181 levels and AD
progression. In this study, we demonstrate that calcineurin protein levels are inversely correlated
with dementia severity and Braak tangle stage in AD brains, and calcineurin activity is globally
reduced in AD brains. We then sought to model the observed changes in CSF tau by measuring
extracellular tau in cultured cells. SH-SY5Y cells treated with calcineurin inhibitors produced
reduced calcineurin activity and a corresponding increase in extracellular ptau181. These findings
are consistent with our observations in AD patients, who have elevated CSF ptau181 and reduced
calcineurin activity in brain extracts. Thus, we have identified a gene that contributes to AD
pathology and has functional consequences on tau metabolism in cultured cells.
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1. Introduction
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by extensive
neuronal loss and the accumulation of extracellular amyloid plaques and intracellular
neurofibrillary tangles in the brain. Intracellular neurofibrillary tangles are primarily
composed of hyperphosphorylated tau proteins.

Tau is an intracellular, microtubule associated protein, which functions to stabilize and
facilitate the assembly of microtubules. The phosphorylation state of tau is a critical
regulator of microtubule binding. Tau that is phosphorylated in the microtubule-binding
region is unable to interact with microtubule subunits or stabilize the structure. Tau
phosphorylation is tightly regulated by several kinases and phosphatases. Disturbances in
microtubule-binding equilibrium could contribute to tau aggregation in that aberrant,
hyperphosphorylated tau is unlikely to bind to and stabilize microtubules, which increases
the proportion of cytosolic, unbound tau available to misfold and aggregate (Ballatore, et al.,
2007, Mandelkow and Mandelkow, 1998).
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Cerebrospinal fluid (CSF) levels of soluble total tau/ptau181 are associated with clinical AD
(reviewed in (Craig-Schapiro, et al., 2009)) and are used as a biomarker for AD (Galasko, et
al., 1998, Vigo-Pelfrey, et al., 1995). CSF total and ptau181 levels are significantly elevated
in clinically demented individuals compared with non-demented controls (Galasko, et al.,
1998, Vigo-Pelfrey, et al., 1995). In stroke (Hesse, et al., 2001) and traumatic brain injury
(Ost, et al., 2006), CSF total tau levels are briefly elevated after initial insult, reflective of
tau release due to neuronal loss; however, CSF phospho-tau levels remain unchanged. Thus,
AD is unique in that both total and phosphorylated forms of tau are elevated in the CSF.

We have previously used CSF tau/ptau181 levels as a quantitative endophenotype to identify
genes that influence tau levels and contribute to AD progression (Cruchaga, et al., 2010,
Kauwe, et al., 2008). We have demonstrated that the minor allele of a single nucleotide
polymorphism (SNP) in the regulatory subunit of calcineurin (PPP3R1- rs1868402) is
associated with elevated levels of CSF ptau181 and accelerated disease progression
(Cruchaga, et al., 2010). Calcineurin (PP3, previously PP2B) is a heterodimeric calcium/
calmodulin-dependent phosphatase composed of a 60 kDa catalytic subunit (PPP3CA) and a
19 kDa calcium binding regulatory subunit (PPP3R1) (reviewed in (Rusnak and Mertz,
2000)). The 60 kDa catalytic subunit possesses a catalytic domain, regulatory subunit
binding domain, calmodulin binding domain, and autoinhibitory domain at the C-terminus
(Yu, et al., 2006a). Calcineurin is abundantly expressed in the cytosol of neuronal cells in
the brain (Dawson, et al., 1994, Goto, et al., 1986, Polli, et al., 1991) where it directly
dephosphorylates tau at Thr181, Thr231, and Ser396 (Garver, et al., 1999).

Calcineurin dysregulation has been proposed to contribute to AD pathology in several ways:
inhibition of synaptic function (Kayyali, et al., 1997); modification of learning and memory
pathways (Kayyali, et al., 1997, Malleret, et al., 2001); PKA-dependent long-term
potentiation (Malleret, et al., 2001); and mediation of dendritic spine density and dendritic
arbor length/branching (Spires-Jones, et al., 2011). Hyperphosphorylated tau is detectable in
mice in which calcineurin is knocked-down by anti-sense oligonucleotides (Garver, et al.,
1999) or completely knocked out (Kayyali, et al., 1997). Furthermore, calcineurin knockout
mice perform poorly in learning and memory tasks, providing strong evidence for a role of
calcineurin in AD.

In this study, we examined the contribution of calcineurin subunits to AD pathology in
human brains and in a cell model of tau metabolism. We determined that PPP3R1 and
PPP3CA protein levels are inversely correlated with clinical and pathologic measures of
AD. Calcineurin activity levels were significantly lower in AD brains compared with age-
matched, cognitively normal controls after correcting for total cell loss. Thus, calcineurin
expression and function are altered in AD brains. To model the observed effects in AD
brains and on CSF ptau181 levels, we utilized a cell culture system in which extracellular
tau is measured in immortalized cells. We demonstrate that treatment of SH-SY5Y cells
with calcineurin inhibitors, cyclosporin A and FK506, results in reduced calcineurin activity
and a corresponding increase in extracellular ptau181. These findings are consistent with our
observation in AD patients, who have elevated CSF tau and significantly lower calcineurin
activity in brain extracts.

2. Methods
2.1 Brain samples

Parietal lobes from autopsy-confirmed AD (N=73) and age-matched, cognitively normal
control (N=39) brains were obtained from the Charles F. and Joanne Knight Alzheimer’s
Disease Research Center (Table 1). AD pathology was measured using Braak and Braak
staging (Alafuzoff, et al., 2008, Braak, et al., 2006, Braak and Braak, 1991).
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2.2 Antibodies
Antibodies used in this study include: Tau12, Tau1, Tau7 (generously provided by Dr.
Lester Binder), BT2 (Thermo-Pierce), total calcineurin (Millipore), calcineurin regulatory
subunit (Millipore), calcineurin catalytic subunit (Millipore), Tuj1 (Abcam), and β-tubulin
(Sigma).

2.3 Cell lines and transient transfection
Undifferentiated SH-SY5Y cells were cultured in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and penicillin/
streptomycin. Human embryonic kidney (HEK293-T) cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% FBS, 1% L-glutamine, and
penicillin/streptomycin. For transient transfection, HEK293-T cells were cultured in 6 well
lysine-coated plates. Upon reaching 90% confluence, cells were transfected with
Lipofectamine 2000 (Invitrogen) and harvested after 24 hours. Human wild-type MAPT (the
longest isoform, 2N4R) cDNA was expressed in pcDNA3.1 vector (generously provided by
Dr. Virginia Lee), human PPP3R1 and human PPP3CA were expressed in the pCMVsport6
vector (OriGene).

2.4 Enzyme-linked immunosorbent assay (ELISA)
Media was collected and centrifuged at 3000xg at 4°C for 10 minutes to remove cell debris.
Cell lysates were extracted in lysis buffer (50mM Tris, pH 7.6, 1mM EDTA, 150mM NaCl,
1% TritonX-100, phosphatase and protease inhibitors). Media and cell lysates were analyzed
using commercially available ELISA kits (Invitrogen) specific to human total tau, ptau181
and ptau396. To account for protein concentration, total protein in cell lysates were
measured by BCA assay according to manufacturer’s protocol (Thermo Scientific). ELISA
values were obtained (pg/mL) and corrected for total intracellular protein (ug/mL), resulting
in a final value measured in pg/ug.

2.5 Immunoprecipitation
Media and cell lysates were pre-cleared with Protein G beads (Thermo-Pierce). Pre-cleared
supernatants were incubated overnight at 4°C with the antibodies indicated (5ug).
Supernatant-antibody complexes were then incubated with Protein G beads at room
temperature for 2 hours. After washing, proteins were dissociated from the Protein G beads
with incubation in Laemmli sample buffer (Laemmli, 1970) supplemented with 5% βME at
95°C for 10 minutes.

2.6 Immunoblotting
Standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed in 4–20% Criterion Tris-HCl gels (Bio-Rad). Samples were boiled for 5 minutes
in Laemmli sample buffer (Laemmli, 1970) prior to electrophoresis. Quantification of
calcineurin subunits, Tuj1, and β-tubulin was performed by measuring the band intensity of
the protein bands in each lane using a Syngene imaging system.

2.7 Lactate Dehydrogenase (LDH) assay
Cytotoxicity was measured in SH-SY5Y cells using an LDH assay kit (Clontech) according
to manufacturer’s protocol. SH-SY5Y cells (2×105) were grown in a 96-well plate. Cells
were then incubated with untreated LDH assay media (low control) or with LDH assay
media supplemented with 1% Triton X-100 (high control), DMSO (Sigma 1:1000),
cyclosporin A (Sigma 10 uM), or FK506 (LC Lab 10 uM) for 6 hours. Media from untreated
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and treated cells were then incubated with tetrazolium salt. Samples were measured at
490nm. Cytotoxicity was expressed relative to maximal cell lysis.

2.8 Brain extraction
Brains were homogenized in lysis buffer on ice by sonication and centrifuged at 14,000xg at
4°C. The resulting supernatants were analyzed for total protein levels by BCA assay and
analyzed by SDS-PAGE and immunoblotting using the antibodies described above.

2.9 Calcineurin activity
Calcineurin activity was measured using a calcineurin cellular activity assay (Enzo Life
Sciences) according to manufacturer’s protocols. Extracted brain and cell lysates were
placed in a desalting column to remove excess phosphates and nucleotides. Total
phosphatase activity was assessed in the samples by incubating with a phosphopeptide
substrate. Calcium-independent phosphatase activity was assessed in the samples by
incubating samples with EGTA and a phosphopeptide substrate. The resulting total
phosphatase activity was subtracted from calcium-independent phosphatase activity to
obtain calcineurin activity levels.

2.10 Statistical Analyses
PPP3R1 and PPP3CA protein levels were log transformed to achieve a normal distribution.
Stepwise discriminant analyses were used to determine covariates that significantly
contribute to the model in SAS. The association of PPP3R1 and PPP3CA protein levels with
clinical dementia rating (CDR), disease status, and Braak tangle/plaque staging was
conducted by an analysis of covariance (ANCOVA), with ApoE genotype included as a
covariate. CDR is a clinical measure of dementia, which incorporates six domains of
cognitive and functional abilities: memory, orientation, problem solving, community
involvement, home, and personal care (Morris, 1993). Power for the analyses was calculated
using proc power in SAS.

3. Results
3.1 Calcineurin and AD brain pathology

We have previously demonstrated that the minor allele of a SNP in the regulatory subunit of
calcineurin (PPP3R1- rs1868402) is associated with elevated levels of CSF ptau181 and
accelerated disease progression (Cruchaga, et al., 2010). Furthermore, individuals carrying
the minor allele at rs1868402 have significantly less PPP3R1 mRNA in the brain and
significantly higher Braak tangle stage (Cruchaga, et al., 2010).

To understand the mechanism by which the regulatory subunit of calcineurin contributes to
AD pathology, calcineurin protein and activity levels were measured in AD and cognitively
normal brains. Brain tissue from the parietal lobe was extracted in non-ionic detergent to
isolate a total cell lysate and immunoblotted with antibodies specific to the regulatory and
catalytic subunits of calcineurin. Protein levels were quantified, adjusted for total protein
levels to correct for overall cell loss that occurs in AD brains, and analyzed for association
with clinical and pathological measures of dementia (Fig. 1A). PPP3R1 protein levels were
inversely correlated with CDR (p=9.59×10−9) (Fig. 1B), where the lowest PPP3R1 protein
levels are detected in individuals with the highest CDR. Calcineurin is a phosphatase that
dephosphorylates tau at several phospho-epitopes, and calcineurin knockout mice exhibit
hyperphosphorylated tau in the brain (Kayyali, et al., 1997). Thus, we tested whether
PPP3R1 protein levels correlate with the abundance of tau pathology in the brain. PPP3R1
protein levels were significantly correlated with Braak tangle stage (Fig. 1C), where lower
PPP3R1 protein levels are associated with increased Braak tangle stage (p=7.79×10−7).
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PPP3R1 protein levels were also associated with Braak plaque stage (p=0.0068) (Fig. 1D).
The association of PPP3R1 protein levels with tangle pathology is much stronger than the
association with plaque pathology, suggesting that PPP3R1 protein has a greater influence
on tau pathology in the brain.

Calcineurin is a heterodimeric protein composed of a regulatory subunit (PPP3R1) and a
catalytic subunit (PPP3CA). To measure the contribution of PPP3CA protein levels to AD
pathology, we analyzed the association of PPP3CA protein levels with clinical and
pathological measures of dementia. PPP3CA protein levels were also inversely correlated
with CDR (p=7.29×10−5), Braak tangle stage (p=1.13×10−6), and Braak plaque stage
(p=0.052) (Fig 1H–J). PPP3R1 and PPP3CA protein levels are highly correlated in this brain
cohort (r2=0.63; Fig. 2A), and the correlation between PPP3R1 and PPP3CA protein levels
was strongest in AD cases compared with cognitively normal controls (r2=0.75 and r2=0.68,
respectively; Fig. 2B–C).

Calcineurin expression is enriched in neuronal cells, and extensive neuronal cell death is a
hallmark pathological feature in AD brains. To determine if the observed association of
CDR and Braak staging is strictly due to neuronal loss, we immunoblotted brain fractions
with Tuj1, which is specifically expressed in neurons. Tuj1 protein levels were quantified,
and PPP3R1 and PPP3CA protein levels were adjusted based on the abundance of Tuj1
reactivity. After adjusting for neuron loss, PPP3R1 (Fig. 1E–F) and PPP3CA (Fig. 1 K–L)
protein levels were inversely correlated with CDR (p=1.09×10−6 and p=1.3×10−3,
respectively) and Braak tangle stage (p=4.52×10−5 and p=0.01, respectively). PPP3R1
protein levels, but not PPP3CA protein levels, were significantly associated with Braak
plaque stage (Fig.1G, p=0.017 and Fig. 1M; p=0.28, respectively). These results
demonstrate that our initial observations that calcineurin protein levels are associated with
Braak plaque stage were largely driven by neuronal cell loss. Additionally, the association of
PPP3R1 with AD pathology was stronger than the association of PPP3CA with AD
pathology, suggesting that the levels of PPP3R1 protein have a greater impact on AD
pathology than PPP3CA protein levels. Taken together, these data suggest that calcineurin
modifies tau pathology in AD brains independent of neuronal cell loss.

Calcineurin is activated when calcium and calmodulin form a complex with the PPP3R1 and
PPP3CA subunits. Based on the reduced PPP3R1 and PPP3CA protein levels observed in
AD brains, we predicted that calcineurin activity levels would also be affected. Calcineurin
activity was measured indirectly in a highly sensitive colorimetric assay by subtracting
calcium-independent phosphatase activity from total phosphatase activity. Calcineurin
activity was then corrected for total protein to account for cell loss in AD brains. Calcineurin
activity was significantly reduced in AD cases compared with cognitively normal controls
(Fig. 3A). Furthermore, PPP3R1, but not PPP3CA, protein levels are significantly associated
with calcineurin activity (p=0.0357 and 0.51, respectively). Because neuron loss is a
hallmark pathology in AD brains and calcineurin is expressed in neurons, calcineurin
activity was adjusted based on Tuj1 immunoreactivity. After controlling for neuron number,
calcineurin activity was significantly elevated in AD brains compared with controls (Fig.
3B). Calcineurin activity adjusted for neuron number was associated with PPP3R1 and
PPP3CA protein levels (p=1.153×10−15 and 5.175×10−19, respectively). These conflicting
results suggest that calcineurin activity is globally reduced in AD brains and that calcineurin
activity is up-regulated in the surviving neurons in AD brains. Together, this evidence
demonstrates that calcineurin protein levels and activity are altered in AD brains.

3.2 Modeling extracellular tau in cultured cells
We have previously observed an association between a SNP in PPP3R1 and CSF ptau181,
and here, we demonstrate an association between PPP3R1 protein levels and AD brain

Karch et al. Page 5

Neurobiol Aging. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathology. Thus, we were interested in studying the effects of calcineurin expression and
function in a cell model of tau metabolism. The effects of calcineurin on tau phosphorylation
and the subsequent effects on microtubule binding have been described previously in cell
and mouse models (Garver, et al., 1999, Luo, et al., 2008, Yu, et al., 2006b). We were
interested in using a cell culture system to model changes in CSF ptau181 (Cruchaga, et al.,
2010). Tau is an intracellular protein. However, the presence of tau in the CSF in cognitively
normal controls and in the interstitial fluid (ISF) of transgenic mice (Yamada, et al., 2011)
suggests that cells release tau during normal tau metabolism. Furthermore, Kim and
colleagues have demonstrated that extracellular tau is detectable in neuroblastoma cells
overexpressing human wild-type tau (Kim, et al., 2010a, Kim, et al., 2010b).

To determine if extracellular tau is detectable in cells expressing endogenous tau, we
measured total tau in culture media by ELISA in undifferentiated human neuroblastoma
cells (SH-SY5Y). Extracellular total tau is present in the media of SH-SY5Y cells after 24
hours in culture (Fig. 4A). We also found that a proportion of extracellular tau is
phosphorylated at several epitopes: Thr181 and Ser396 (Fig. 4A). Extracellular total tau
represents approximately 1% of the total tau detected within the cell (Fig. 4B). The
proportion of phospho-tau to total tau was higher inside (0.27) compared with outside (0.02)
the cell (Fig. 4A and 4B). We were also able to detect intracellular (Fig. 4D) and
extracellular (Fig. 4C) total and phospho-tau in non-neuronal cells (HEK293-T) transiently
overexpressing human wild-type tau protein (2N4R). Thus, extracellular tau is detectable in
neuronal (SH-SY5Y) and non-neuronal (HEK293-T) cell lines.

Truncated forms of intracellular tau are detectable in cell models (Wang, et al., 2007) and in
tangles from autopsy confirmed AD brains (Gamblin, et al., 2003, Horowitz, et al., 2004).
We sought to determine if truncated tau is present outside the cell. Media from cells
expressing 2N4R tau for 24 hours was collected and analyzed by immunoblotting. We
exclusively detected full-length tau in the media when immunoblotting with antibodies to
the N-terminus (Tau12), central domain (Tau1), and C-terminus (Tau7) (Fig. 5A). To
determine if truncated tau represents a much smaller fraction of the total extracellular tau
that is not captured by direct immunoblotting, tau in the media was immunoprecipitated with
antibodies directed to the N-terminus (Tau12) and C-terminus (Tau7) of the tau protein.
Immunoblotting with an antibody directed to the N-terminus (Tau12) reveals that
extracellular tau is full-length (Fig. 5B). Thus, we demonstrate that extracellular tau is
predominantly full-length in cultured cells.

3.3 Calcineurin influences extracellular tau
Using this cell model, we sought to determine how calcineurin activity and protein levels
affect extracellular tau. To address the contribution of calcineurin activity to extracellular
total and ptau181 levels, SH-SY5Y cells, expressing endogenous human tau, were treated
with compounds that reduce calcineurin activity: cyclosporin A (CsA) and FK506. CsA and
FK506 reduce calcineurin activity (Fig. 6A) via alternate mechanisms without altering
calcineurin protein levels (Luo, et al., 2008, Yu, et al., 2006b). CsA binds to cyclophylin and
the resulting complex blocks calcineurin activity, while FK506 interacts with the FK506
binding protein to inhibit calcineurin activity. Treatment of SH-SY5Y cells with calcineurin
inhibitors, CsA and FK506, for 6 hours produced a significant increase in intracellular
ptau181 (Fig. 6B). The inhibition of calcineurin by CsA and FK506 resulted in a significant
increase in extracellular total tau and ptau181 (Fig. 6C and 6D). Tau may be released into
the media when cells undergo cell death; however, we did not observe cytotoxicity in cells
treated with calcineurin inhibitors nor in cells treated with DMSO (Fig. 6E), indicating that
it is unlikely that the observed effects are due to the passive release of tau by cell death.
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To determine how calcineurin protein levels contribute to changes in extracellular tau in our
cell model, we overexpressed calcineurin in HEK293-T cells and measured intracellular and
extracellular tau by ELISA. HEK293-T cells do not express tau; so, we transiently
overexpressed a vector containing human 2N4R tau with vectors containing each calcineurin
subunit (PPP3R1 and/or PPP3CA). To control for non-specific effects of the vector, 2N4R
tau was co-transfected with a vector containing GFP. Transient co-expression of vectors
containing calcineurin subunits or the control vector, GFP, produced similar levels of
intracellular total tau protein levels (Fig. 7C). Overexpression of tau with the regulatory
subunit of calcineurin (PPP3R1) resulted in a significant decrease in calcineurin activity
(Fig. 7B). Calcineurin activity remained unchanged in cells overexpressing the catalytic
subunit of calcineurin (PPP3CA) or both subunits of calcineurin (PPP3R1 and PPP3CA)
(Fig. 7B). These results indicate that increasing PPP3R1 protein levels, which functions to
inhibit the catalytic subunit, is sufficient to reduce calcineurin activity in the cell.
Overexpression of the calcineurin subunits resulted in a significant decrease in intracellular
ptau181 (Fig. 7D), without affecting intracellular total tau levels (Fig. 7C). Extracellular
total and ptau181 were significantly elevated in cells expressing tau with PPP3R1 (Fig. 7E
and 7F); however, in cells expressing both calcineurin subunits, extracellular total (Fig. 7E)
but not ptau181 (Fig. 7F) was significantly reduced. Together, these findings demonstrate
that altering calcineurin protein levels, with or without an accompanying change in
calcineurin activity, can influence extracellular tau levels. Furthermore, our findings suggest
that calcineurin may influence tau metabolism via a mechanism that is independent of the
enzymatic activity of calcineurin.

The regulatory and catalytic subunits of calcineurin are reported to directly interact with tau
(Yu, et al., 2008). To determine if calcineurin subunits interact with tau in our cell system,
cell lysates were immunoprecipitated with antibodies to tau (Tau12) or calcineurin (specific
to both subunits). Immunoblots were then probed with antibodies to tau (Tau12) or
calcineurin (specific to both subunits) (Fig. 8A–B). In this cell model, calcineurin interacts
with tau. Thus, when calcineurin is expressed and active, it may be able to sequester tau
within the cell.

4. Discussion
We have previously demonstrated that the minor allele of a SNP in the regulatory subunit of
calcineurin (PPP3R1- rs1868402) is associated with elevated levels of CSF ptau181, with
decreased PPP3R1 mRNA expression in the brain, and with increased Braak tangle stage
(Cruchaga, et al., 2010). In this study, we demonstrate that PPP3R1 and PPP3CA protein
levels are inversely correlated with CDR and Braak tangle stage in human brain tissue.
Furthermore, calcineurin activity is significantly reduced in AD brains compared with
cognitively normal controls after correcting for total cell loss. Reducing calcineurin activity
in immortalized neuroblastoma cells results in increased levels of total and phospho-tau in
the media from cultured cells. These findings are consistent with our observations in AD
patients, who have elevated CSF tau and significantly lower calcineurin activity in brain
extracts.

The minor allele of rs1868402 in PPP3R1 is associated with decreased PPP3R1 mRNA in
the brain and with increased Braak tangle stage (Cruchaga, et al., 2010). We failed to detect
a significant association between rs1868402 and PPP3R1 protein levels or calcineurin
activity; however, our study may be underpowered (0.054 and 0.056 power, respectively),
masking more subtle effects of the SNP on protein levels and protein function. Additionally,
because the rs18648402 polymorphism lies in an intronic region of PPP3R1, it is unlikely
that this SNP represents the true functional polymorphism. Identification of the functional
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polymorphism will be essential to further elucidate the mechanism by which calcineurin
contributes to AD pathology.

Calcineurin is an interesting target in AD because of its critical role in learning and memory
(reviewed in (Rusnak and Mertz, 2000)). Overexpression of calcineurin in mice results in
altered synaptic function and deficits in memory retention (Kayyali, et al., 1997). However,
the role of calcineurin in the brain may be very complicated. Knockdown of calcineurin
activity facilitates PKA dependent long-term potentiation and increased learning and
memory (Malleret, et al., 2001). Yet, completely knocking-out calcineurin in Purkinje cells
or in the anterior cortex impairs postsynaptic long-term potentiation and worsens cognition
(Schonewille, et al., 2010, Zeng, et al., 2001). Additionally, in transplant patients, long-term
treatment with CsA, a calcineurin inhibitor and immunosuppressant, results in reversible
dementia (Bertoli, et al., 1988). Together, these studies demonstrate that tight regulation of
calcineurin protein levels and activity in the brain is required to maintain normal learning
and memory.

Calcineurin activity is reportedly altered in AD; however, studies differ as to whether
calcineurin activity is upregulated or downregulated in AD brains. Lian and colleagues
described reduced calcineurin activity in the frontal cortex of AD brains, which was
inversely correlated with neurofibrillary tangles after correcting for total protein (Lian, et al.,
2001). More recently, however, Lui et al. described increased calcineurin activity in the
hippocampus of AD brains in response to the addition of Ca2+/calmodulin (Liu, et al.,
2005). Using a highly sensitive method to measure total phosphatase and calcium-dependent
phosphatase activity by the conversion of a phosphopeptide substrate in parietal lobe tissue
from 73 individuals with AD, we observed a significant decrease in calcineurin activity after
correcting for total brain protein levels. However, correcting for neuron number resulted in
the opposite effect: calcineurin activity levels were significantly elevated in AD brains.
These findings may provide insight into the inconsistencies in the literature regarding
calcineurin activity in the brain. Correcting calcineurin activity for total protein produced a
value that is reflective of the global reduction of calcineurin activity in AD brains. Growing
evidence suggests that protein changes in the CSF are reflective of global changes in the
brain, rather than regional or cell specific changes (Bero, et al., 2011, Yamada, et al., 2011).
Thus, we interpret a global reduction of calcineurin activity in AD brains to be correlated
with elevated CSF total/ptau181. Our findings that calcineurin activity is elevated in AD
brains after correcting for neuronal number is surprising given that PPP3R1 and PPP3CA
protein levels are significantly lower in AD brains after correcting for total or neuron
number. However, the reported increase in calcineurin activity in AD brains in response to
the addition of calcineurin activators suggests that calcineurin proteins are more responsive
in diseased brains (Liu, et al., 2005). Thus, we hypothesize that elevated calcineurin activity
in the surviving neurons of AD brains reflects an aberrant gain of toxic function that results
in constitutively active calcineurin.

Calcineurin is expressed in astrocytes. The regulation of calcineurin activity in astrocytes is
reportedly altered in AD (Norris, 2005). Our observations that calcineurin activity differs in
AD brains after correcting for total or neuronal cell populations suggests that calcineurin
activity in cell types other than neurons contributes to pathological and clinical aspects of
AD. Previous observations in astrocytes (Norris, 2005) taken with the neuronal specific
effects on calcineurin activity that we observed in this study leads us to conclude that the
cell-type specific effects of regulation and function of calcineurin is altered in AD brains.

In this study, calcineurin protein levels, both the catalytic and regulatory protein subunits,
were inversely correlated with clinical (CDR) and pathological (Braak tangle stage)
measures. Exposure of primary neurons to Aβ42 results in reduced calcineurin expression
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levels (Celsi, et al., 2007), which fits with our findings in autopsy brain tissue. Abdul and
colleagues demonstrate that the catalytic subunit of calcineurin is translocated to the nuclear
fraction in a small number of mild cognitive impairment (MCI) and AD brains without a
change in the total calcineurin levels (Abdul, et al., 2009). However, we did not examine
subcellular changes in calcineurin protein levels in this study.

CSF total tau/ptau181 levels increase in patients with AD (Galasko, et al., 1998, Vigo-
Pelfrey, et al., 1995). CSF total tau is increased in other neurodegenerative diseases
including stroke, frontotemporal dementia, corticobasal degeneration, and Creutzfeldt-Jacob
disease (Itoh, et al., 2001); however, increases in CSF ptau181 and other phospho-epitopes
is specific to AD (Buerger, et al., 2002, Hampel and Teipel, 2004, Itoh, et al., 2001,
Kohnken, et al., 2000). Thus, cells in the brain aberrantly release total and phospho-tau in
AD either by a passive mechanism, such as cell death, or by an unknown active mechanism.
The presence of total and phospho-tau in the CSF of healthy individuals suggests that tau
(both total and phospho-tau) is actively released by the cell. We hypothesize that tau is
actively released by the cell and that genetic factors enriched in AD patients alter the release
of tau from cells in the brain.

To model our observations in this study, we sought to use a cell system in which
extracellular tau can be measured and quantified. Tau is an intracellular, microtubule-
binding protein; however, we can detect tau in the CSF of healthy individuals and mouse
ISF (Yamada, et al., 2011), and more recently, Kim and colleagues have described
extracellular tau in human neuroblastoma cells measured by immunoblotting concentrated
media (Kim, et al., 2010a). We were able to detect extracellular tau, total and phospho-tau,
in human neuroblastoma cells (SH-SY5Y) and in non-neuronal cells (HEK293-T)
transiently expressing human wild-type tau. These cell models can provide us with powerful
tools to model the impact of genetic variants, identified in human studies, on extracellular
tau.

Mouse and cell models of calcineurin inhibition produce changes in phospho-tau.
Calcineurin knockout mice exhibit increased hyperphosphorylated tau in the hippocampus
(Kayyali, et al., 1997). In non-transgenic mice, reduction of calcineurin protein and activity
by anti-sense oligonucleotides also results in increased phosphorylation at Thr181 and
Thr231 in tau (Garver, et al., 1999). Inhibition of calcineurin with CsA or FK506 treatment
in Tg2576 mice results in the reduction of calcineurin activity and enhanced tau
phosphorylation at Ser262, Ser198, Ser199, Ser202, Ser396, and Ser404 (Luo, et al., 2008,
Yu, et al., 2006a). In our cell model, upon treatment of cells with calcineurin inhibitors, we
detected increases in intracellular ptau181 and extracellular total and ptau181. Our
observations in this cell model mimicked our observations in human studies, where reduced
calcineurin activity in the brain is associated with hyperphosphorylated tau pathology in the
brain and increased levels of total tau and ptau181 in the CSF.

Calcineurin may sequester tau within the cell in two ways: (1) by facilitating microtubule
binding by dephosphorylating tau and (2) by binding to tau. Tau interacts with microtubules
when it is dephosphorylated. We hypothesize that when tau is bound to and stabilizing
microtubules, it is unable to be released by the cell. Our observation that the inhibition of
calcineurin produces an increase in extracellular tau compared with controls fit this
hypothesis. Inhibition of calcineurin results in an increase in phospho-tau in the cell without
changing total tau protein levels. This increase in phospho-tau, mediated by the inhibition of
calcineurin, could result in a smaller pool of microtubule-bound tau and a larger pool of
unbound, soluble tau in the cell. Calcineurin may also sequester tau within the cell by direct
or indirect interaction. In this study and in others (Yu, et al., 2008), we demonstrate that
calcineurin can interact with tau within the cell. Furthermore, we found that overexpressing
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calcineurin in HEK293-T cells increased calcineurin protein levels without affecting overall
activity. When both calcineurin subunits were overexpressed, we observed a significant
decrease in extracellular total tau. Thus, increasing calcineurin protein levels is sufficient to
sequester tau within the cell.

Recent evidence in cell and mouse models suggests that tau aggregates propagate between
cells (Clavaguera, et al., 2009, Frost, et al., 2009). Additionally, Gomez-Ramos and
colleagues have demonstrated that treatment of cells with exogenous, recombinant wild-type
tau induces increases in intracellular calcium and cytotoxicity via the M1 and M3
muscarinic receptors (Gómez-Ramos, et al., 2008). Together, this evidence suggests that
once outside the cell, tau has the ability to induce cellular abnormalities. Thus, the ability of
the cell to maintain a balance between the levels of tau protein inside and outside the cell,
whether by calcineurin or other genetic factors, may be critical to normal cell function.
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Figure 1.
Calcineurin protein levels are altered in AD brains. Human brain samples from AD patients
(N=73) and non-demented controls (N=39) were extracted in non-ionic detergent. A. Total
cell lysate extracted from brains (100 ug) were analyzed by SDS-PAGE and immunoblots
were probed with antibodies to the regulatory (PPP3R1) and catalytic (PPP3CA) subunits of
calcineurin. B–M. Quantification of immunoblots. B–D and H–J. To correct for total
protein, PPP3R1 and PPP3CA protein levels are expressed relative to β-tubulin protein
levels. E–G and K–M. To correct for neuron number, PPP3R1 and PPP3CA protein levels
are expressed relative to Tuj1 protein levels. B–G. Calcineurin regulatory subunit (PPP3R1)
protein levels are associated with clinical and pathologic measures of AD. B,E. PPP3R1
protein levels are plotted with CDR. C,F. PPP3R1 protein levels plotted with Braak tangle
staging. D,G. PPP3R1 protein levels are plotted with Braak plaque stage. H–M. Protein
levels of the catalytic subunit of calcineurin (PPP3CA) are associated with clinical and
pathologic measures of AD. H,K. PPP3CA protein levels are plotted with CDR. I,L.
PPP3CA protein levels are plotted with Braak tangle staging. J,M. PPP3CA protein levels
are plotted with Braak plaque staging.

Karch et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
PPP3R1 and PPP3CA protein levels are highly correlated in brain tissue. PPP3R1 and
PPP3CA protein levels were expressed relative to Tuj1 protein levels. A. Complete brain
series. B. Control brains. C. AD brains.
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Figure 3.
Calcineurin activity levels are altered in AD brains. Total cell lysate extracted from brains
and lysates were used in a cellular activity assay. Calcineurin activity was assessed by
subtracting the calcium-independent phosphatase activity from total phosphatase activity A.
Corrected for β-tubulin levels (* p=0.0001). B. Corrected for Tuj1 levels (*p=0.0006).
Values are expressed as arbitrary units, which arise from the correction of calcineurin
activity (nmol/PO4) for β-tubulin or Tuj1 protein levels (band intensity).
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Figure 4.
Measuring extracellular tau in cultured cells. A–B. Human neuronal SH-SY5Y cells express
endogenous human tau. A. Extracellular tau was measured with ELISAs specific to total,
pT181, and pS396 tau. B. Intracellular tau was measured with ELISAs specific to total,
pT181, and pS396 tau. C–D. HEK293-T cells, which do not express tau, were transiently
transfected with 1 ug human tau (longest isoform: 2N4R) for 24 hrs. C. Extracellular tau was
measured with ELISAs specific to total, pT181, and pS396 tau. D. Intracellular tau was
measured with ELISAs specific to total, pT181, pS396 tau. Values are expressed relative to
total intracellular protein, as measured by a BCA assay. Image shown is representative of six
replicate experiments.
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Figure 5.
Extracellular tau is predominantly full-length. A. Media from HEK293-T cells transiently
expressing human tau (2N4R) was isolated and analyzed by SDS-PAGE. Immunoblots were
probed with antibodies specific to the N-terminus (Tau12), central domain (Tau1), and C-
terminus (Tau7) of tau. B. Media from HEK293-T cells expressing human tau (2N4R) was
immunoprecipitated with antibodies specific to the N-terminus (Tau12) and C-terminus
(Tau7) of tau. Immunoblots were probed with an antibody specific to the N-terminus
(Tau12) of tau. Images shown are representative of four replicate experiments.
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Figure 6.
Inhibition of calcineurin activity in SH-SY5Y increases extracellular tau levels. Human
neuronal SH-SY5Y cells were treated with CsA (10 uM), FK506 (10 uM), or a control
compound (DMSO) for 6 hours. Media and cell lysates were analyzed for total tau and
phospho-tau levels and for calcineurin activity. A. Calcineurin activity in cell lysates. B.
Intracellular pT181 was measured in cell lysates with an ELISA specific to human pT181.
C. Extracellular total tau was measured in cell media with an ELISA specific to human total
tau. D. Extracellular pT181 was measured in cell media with an ELISA specific to human
pT181. E. Calcineurin inhibitors do not induce cytotoxicity in cultured cells. Cytotoxicity
was measured by LDH assay. * p<0.01. Image shown is representative of six replicate
experiments.
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Figure 7.
Overexpression of calcineurin subunits reduces extracellular tau levels. HEK293-T cells
were transiently transfected with vectors containing human tau (2N4R) and GFP, PPP3R1,
and/or PPP3CA cDNA. Media and cell lysates were collected and analyzed for total tau and
phospho-tau levels. A. Cell lysates were analyzed by SDS-PAGE and immunoblots were
probed with antibodies directed to calcineurin subunits. B. Calcineurin activity in cell
lysates. C. Intracellular total tau was measured in cell lysates with an ELISA specific to
human total tau. D. Intracellular pT181 was measured in cell lysates with an ELISA specific
to human pT181. E. Extracellular total tau was measured in cell media with an ELISA
specific to human total tau. F. Extracellular pT181 was measured in cell media with an
ELISA specific to human ptau181. *p<0.01. Image shown is representative of four replicate
experiments.
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Figure 8.
Calcineurin subunits directly interact with human tau. Cell lysates were immunoprecipitated
with antibodies to tau (Tau12) and calcineurin. Immunoblots were probed with an antibody
specific to tau (left panel) and calcineurin (right panel). Image shown is representative of
three replicate experiments.
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Table 1

Summary of brain samples

Sample N Age (yrs)* Male (%) ApoE4+ (%)

Case 73 87 ± 7 42 41

Control 39 86 ± 9 44 23

*
Mean +/− SD
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