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Summary
Recent reports demonstrate that the activation and interaction of the protease calpain (CP) and the
protein phosphatase calcineurin (CN) are elevated in the late stages of Alzheimer’s disease (AD).
However, the extent to which CPs and CN interact during earlier stages of disease progression
remains unknown. Here, we investigated CP and CN protein levels in cytosolic, nuclear, and
membrane fractions prepared from human postmortem hippocampal tissue from aged non-
demented subjects, and subjects diagnosed with mild cognitive impairment (MCI). The results
revealed a parallel increase in CP I and the 48 kDa CN-Aα (ΔCN-Aα48) proteolytic fragment in
cytosolic fractions during MCI. In primary rat hippocampal cultures, CP-dependent proteolysis
and activation of CN was stimulated by application of oligomeric Aβ(1-42) peptides. Deleterious
effects of Aβ on neuronal morphology were reduced by blockade of either CP or CN. NMDA-type
glutamate receptors, which help regulate cognition and neuronal viability, and are modulated by
CPs and CN, were also investigated in human hippocampus. Relative to controls, MCI subjects
showed significantly greater proteolytic levels of the NR2B subunit. Within subjects, the extent of
NR2B proteolysis was strongly correlated with the generation of ΔCN-Aα48 in the cytosol. A
similar proteolytic pattern for NR2B was also observed in primary rat hippocampal cultures
treated with oligomeric Aβ and prevented by inhibition of CP or CN. Together, the results
demonstrate that the activation and interaction of CPs and CN are increased early in cognitive
decline associated with AD and may help drive other pathologic processes during disease
progression.
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Introduction
Fundamental to the Ca2+ hypothesis of aging is the presumption that Ca2+ dysregulation
increases vulnerability to Alzheimer’s disease (AD), and other age-related neurologic
disorders (Toescu et al. 2004; Thibault et al. 2007; Toescu & Verkhratsky 2007). While
cumulative evidence from numerous studies on amyloid-bearing transgenic mice and/or
amyloid-treated nervous tissue has built a compelling case for the Ca2+ hypothesis
(Canzoniero & Snider 2005; Bezprozvanny & Mattson 2008; Green & LaFerla 2008; Small
2009), the link between Ca2+ and disease progression in human studies has been somewhat
weaker, as comparisons are generally made between subjects at polar ends of the disease
spectrum (i.e. between non-demented pathologically-normal subjects and subjects with
pathologically-confirmed AD). Based on these comparisons, it remains unclear as to
whether Ca2+ dysregulation is an antecedent or a consequence (or both), of AD pathology. If
changes in Ca2+ regulation help drive pathology, as set forth by the Ca2+ hypothesis, then
alterations in Ca2+ signaling mechanisms should emerge in the early stages of the disease,
when signs of mild cognitive impairment (MCI) are first diagnosed. It is notable that clinical
MCI subjects show several anatomical and biochemical anomalies in the hippocampus
consistent with Ca2+ dysregulation, including loss of synapses and/or synaptic proteins
(Scheff et al. 2006; Scheff et al. 2007; Sultana et al. 2010) and neural atrophy (Apostolova
et al. 2010). However, few studies have directly investigated Ca2+ signaling mechanisms in
human MCI brain tissue.

The Ca2+-dependent protease calpain (CP) and the Ca2+/calmodulin-dependent protein
phosphatase calcineurin (CN) play critical roles in regulating neuronal structure and
function, and exhibit elevated activity levels in AD brain tissue and/or in experimental
models of AD (Saito et al. 1993; Kuwako et al. 2002; Liu et al. 2005; Norris et al. 2005;
Dineley et al. 2007; Vaisid et al. 2007; Kuchibhotla et al. 2008; Rao et al. 2008; Reese et al.
2008; Abdul et al. 2009; Wu et al. 2010). In the last 10 years, it has become increasingly
clear that extensive interactions between CP and CN lead to diminished neuronal function
and viability (See & Loeffler 2001; Wu et al. 2004; Shioda et al. 2006; Wu et al. 2007;
Huang et al. 2010). During severe Ca2+ dysregulation, for instance, CP binds to and
proteolyzes the 60 kDa CN catalytic subunit (CN-A), converting it to several high-activity
fragments (Wu et al. 2004). The most commonly studied fragment has a molecular weight
of 45–48 kDa (ΔCN-A48) and completely lacks a critical C-terminal autoinhibitory domain
(AID) responsible for limiting CN activity when Ca2+/calmodulin levels are low (Tallant et
al. 1988; Wang et al. 1989). Without the AID, ΔCN-A 48 is active even after intracellular
Ca2+ recovers to basal levels. A larger, 57 kDa CP-generated fragment (ΔCN-A57) has also
been described. Although the AID is largely intact in the ΔCN-A57 species, this fragment,
like ΔCN-A 48, shows greater basal activity compared to full-length CN-A (Liu et al. 2005).

Recent studies have reported increased temporal cortex levels for both ΔCN-Aα 48 and
ΔCN-Aα 57 in patients with confirmed AD (Liu et al. 2005; Wu et al. 2010). The purpose of
the present study was to investigate whether these changes are apparent when clinical
memory deficits and neuroanatomical anomalies first appear (i.e. during MCI). We show for
the first time that CP and ΔCN-Aα 48 levels are significantly greater in human hippocampal
cytosolic fractions prepared from MCI relative to age-matched control subjects. Importantly,
CP and ΔCN-Aα 48 levels were positively correlated to one another with-in subjects and
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linked to altered proteolytic processing of the NR2B subunit of the NMDA receptor. Using
rat primary hippocampal cultures, we also offer the first evidence that CP-mediated
proteolysis and activation of CN is+ a critical mechanism through which oligomeric Aβ(1-42)
peptides cause neurodegeneration. The results provide important support for the Ca2+

hypothesis of aging and AD.

Results
Increase in “activated” calpain I levels with MCI

Earlier studies by other investigators suggest that, with Ca2+ dysregulation, CP I is
converted from an inactive 80 kDa protein to an activated 76 kDa fragment through
autoproteolysis. Presently, however, little information is available regarding the levels of
activated CP I in human subjects during putative early stages of AD, such as MCI. To
address this issue, we used Western blot to detect and quantify CP I protein levels in
cytosolic and nuclear fractions from post mortem human hippocampal tissue of 10 MCI and
10 age-matched control subjects (see Table 1 for subject information). As shown in Figure
1A, CP I commonly exhibited two major bands (80 and 76 kDa) in both subject groups. A
few samples in each group also showed another minor band at 78 kDa. Similar banding
patterns for CP I in human brain tissue have been shown in several earlier studies (Saito et
al. 1993;Veeranna et al. 2004;Liu et al. 2005;Marcum et al. 2005). As shown in Figure 1B,
the 76 kDa-to-80 kDa ratio for CP I was more than two fold greater in the MCI subjects (p <
0.01; Fig. 1B), suggesting that CP I activity is increased during early stages of clinical
cognitive decline. MCI subjects also showed slightly greater nuclear CP I levels, however,
this difference was not significant.

Selective changes in CN proteolysis with MCI
CN is among the many targets of CP-mediated proteolysis in central nervous system.
Proteolysis of CN by CP can result in the removal of the AID from the CN-A subunit,
yielding a 45–48 kDa proteolytic fragment with high catalytic activity (Tallant et al. 1988;
Wang et al. 1989). A similar 48 kDa fragment was recently found at elevated levels in
nuclear tissue fractions harvested from subjects with severe AD (Wu et al. 2010). And in an
earlier study, Liu et al 2005 revealed an increase in the proteolysis of CN to a highly active
57 kDa fragment in late stage AD brain samples. Last year, we reported that CN signaling in
human hippocampus was elevated early in cognitive decline and continued to rise as
dementia worsened during the later stages of AD (Abdul et al., 2009). Together, these
results, along with evidence for increased CP I activation levels in MCI (Fig. 1), suggest that
elevated CN signaling in early AD may be due to CP-mediated proteolysis. We therefore
investigated this possibility in the same tissue fractions shown above (Fig. 1) using anti-CN-
A antibodies that recognize the full length and truncated fragments of the CN-Aα and CN-
Aβ isoforms.

As shown in Figure 2A, both CN-A isoforms (α and β) in human hippocampus were
detected as four primary bands with molecular weights of ~60, ~57, ~48, and ~37 kDa. The
60 kDa band represents full-length CN-A, and the 57 and 48 kDa bands could be strongly
induced in human hippocampal whole tissue homogenates treated for 15 min with 1 mM
Ca2+ and purified CP I (Fig. 2A), consistent with CP I-mediated proteolysis as shown in
other reports (Wu et al. 2004). The full length 60 kDa band is referred to from here out as
FLCN-A, while the 57 and 48 kDa fragments are referred to as ΔCN-A57 and ΔCN-A48.
Note that the 37 kDa band was not dependent on CP I activity (Fig. 2A), suggesting that this
fragment is generated by another protease or perhaps represents an alternative splice variant
of CN-A.
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When analyzed in different subcellular fractions across subject groups, both CN-Aα and
CN-Aβ occurred predominantly as full-length proteins and no group differences were
observed for FLCN-Aα or FLCN-Aβ in any fraction (Fig. 2B and see Supplementary Figure
1A and B). In contrast, changes in CN proteolysis were apparent, but depended strongly on
the isoform and subcellular fraction examined. For the CN-Aα isoform, overall ΔCN-Aα48
levels were significantly higher (p < 0.05) in MCI subjects (Fig. 2E), due primarily to a large
significant increase in the cytosolic fraction (p < 0.01). In fact, approximately 25% of all
available cytosolic CN-Aα in the MCI group was of the ΔCN-Aα48 variety. Moreover,
within subject comparisons revealed a strong positive correlation (r = 0.57, p<0.05) between
ΔCN-Aα48 and CP I in the cytosol, consistent with elevated CP-mediated proteolysis during
MCI (Fig. 3C). Interestingly,ΔCN-Aα48 was significantly reduced (p < 0.001) in the
nucleus of MCI subjects (Fig. 2E). However, the absolute amounts of nuclear ΔCN-Aα48
were very low for both groups (< 10% of all CN Aα in the nucleus). Although ΔCN-Aα57
was the most abundant proteolytic fragment across cellular fractions, no differences in its
levels were observed between control and MCI subjects (Fig. 2D), nor was a significant
correlation observed between ΔCN-Aα57 and CP I in any cellular fraction (Fig. 3B).

Unlike the CN-Aα isoform, total levels for CN-Aβ proteolytic fragments (ΔCN-Aβ57,ΔCN-
Aβ48 and ΔCN-Aβ37 kDa) exhibited high intra-group variability with no significant
differences across subject groups (Fig. 2B, average data not shown). Moreover, even though
CP I is capable of cleaving CN-Aβ in vitro (Fig. 2A), we observed no significant correlation
between CP I and any CN-Aβ proteolytic fragment (data not shown).

Finally, because a sizable pool of CN is associated with the plasma membrane, where it is
tethered to a variety of binding proteins and juxtaposed to neurotransmitter receptors and ion
channels, we also investigated CN levels in membrane fractions from control and MCI
subjects (supplementary Fig. 2A and 2B). Western blots revealed one primary band for each
CN-A isoform, which appeared at similar levels in both subject groups. When analyzed side-
by-side with tissue fractions that contain both full-length and proteolyzed CN (i.e. human
hippocampal cytosolic and nuclear extracts, and primary rat hippocampal culture
homogenates), membrane-associated CN migrated more closely with the 60 kDa product
(supplementary Fig. 2C). This result suggests that membrane-associated CN exists largely as
a full-length protein.

Oligomeric Aβ stimulates CP-dependent proteolysis and activation of CN
The results on human hippocampus suggest that CN-Aα undergoes significant CP-1-
mediated proteolysis during the early phase of cognitive decline associated with AD (Fig. 2
and 3). To further investigate CP-CN interactions in the context of AD, we quantified CN
proteolysis in primary rat hippocampal cultures at 3 and 24 h after treatment with pathogenic
oligomeric Aβ peptides alone (65 nM), or in the presence of the CP inhibitor calpeptin (10
μM), or the caspase I inhibitor Z-YVAD-FMK (1μM). Cleavage of the well-characterized
calpain substrate, α-spectrin, from an ~250 to an ~150 kDa product was used as a positive
control for CP-dependent proteolysis. At three hours post-Aβ exposure, very little
proteolysis of either CN-Aα or spectrin was observed (Fig. 4A, top panel). However, at the
24 h time point, extensive proteolysis was observed for both of these proteins (Fig. 4B, top
panel). This proteolysis was blocked by calpeptin, but not by Z-YVAD-FMK, suggesting a
relatively selective role for CP in CN proteolysis.

To determine if CN proteolysis resulted in greater CN signaling, we measured the
transcriptional activity of the nuclear factor of activated T cells (NFAT, a specific and well-
characterized CN substrate) in separate hippocampal cultures following Aβ treatment. As we
have shown previously in primary astrocyte cultures (Abdul et al., 2009), oligomeric Aβ
strongly stimulated NFAT activation in primary mixed cultures (Fig. 4A, B, bottom panels).
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And while blockade of CP activity with calpeptin markedly reduced NFAT activation by
oligomeric Aβ, this effect was dependent on exposure time. Specifically, calpeptin had little
effect within the first three hours of Aβ treatment (Fig. 4A, bottom panel), but reduced
NFAT activity by more than 50% (p < 0.05) when assessed after a 24 h exposure (Fig. 4B,
bottom panel). These results are consistent with the time-dependent changes observed for
CN proteolysis shown in the top panels of Figure 4A and 4B and suggest that elevated CN
signaling following Aβ exposure results, in part, from CP I-mediated proteolysis of the CN-
Aα isoform.

Aβ peptides have been well-characterized for their deleterious effects on neuronal structure
and viability, many of which are mediated through activation of CPs and CN (Jordan et al.
1997; Kuwako et al. 2002; Shankar et al. 2007; Agostinho et al. 2008; Reese et al. 2008;
Wei et al. 2008; Tackenberg & Brandt 2009; Lopes et al. 2010; Wu et al. 2010; Zhao et al.
2010). Similar to these reports, we also observed striking degeneration in MAP2-labeled
primary neurons exposed for 24 h to oligomeric Aβ peptides, including widespread dendritic
blebbing and atrophy (Fig. 4C). Although these effects were greatly ameliorated by
blockade of CP activity with calpeptin, signs of degeneration, in particular dendritic
blebbing, were still evident. In contrast, cultures treated with Aβ in the presence of the CN
inhibitor, FK-506 (2 αM), appeared vibrant and healthy and were visually indistinguishable
from control cultures. These results suggest that Aβ-mediated activation of CN, through CP-
dependent and independent means, plays a critical role in neurodegeneration.

CP/CN interactions and NR2B proteolysis during MCI
While MCI is associated with elevated Aβ levels (Murphy et al. 2007; Okello et al. 2009),
signs of extensive neurodegeneration and cell death are not usually present during this
putative stage of AD. Instead, MCI is characterized by a subtle loss of synaptic contacts and/
or proteins (Scheff et al. 2006; Murphy et al. 2007; Scheff et al. 2007; Sultana et al. 2010)
and mild neural atrophy (Apostolova et al. 2010), which may be early consequences of
amyloidosis. CPs and CN regulate a wide array of proteins involved in the structural and
functional organization of synapses and dendrites (Perrin & Huttenlocher 2002; Goll et al.
2003; Groth et al. 2003). Some postsynaptic elements, such as NMDA receptors
(NMDARs), act as a source and a target for the activation of CPs and CN (Guttmann et al.
2001; Simpkins et al. 2003; Yuen et al. 2008). Recent evidence shows that the NR2A and
NR2B subunits of the NMDA receptor complex are proteolyzed by CP through a pathway
involving CN (Yuen et al., 2008). As such, these proteins may show increased sensitivity to
alterations in CN proteolysis during MCI.

Based on these reports, we assessed protein levels for NR2A and NR2B in membrane
fractions from post-mortem human hippocampus of the same control and MCI subjects used
for CP/CN measurements (Figs. 1–3). The ubiquitously expressed Na+/K+ ATPase was used
as a loading control. As shown in Figure 5A, we observed little if any proteolysis of the
NR2A subunit, which appeared as an approximately 170 kDa band, and found no significant
differences in the levels of this protein with MCI (not shown). In contrast, NR2B appeared
as two primary bands with molecular weights of 180 and 115 kDa. The 115 kDa band has
been characterized as a proteolytic product in other reports (Simpkins et al. 2003). Relative
to controls, MCI subjects exhibited a more than two-fold reduction in levels for the 180 kDa
band (p < 0.01), but showed a > 25% increase in the 115 kDa band (p = 0.05, Fig. 5B),
suggesting an increase in NR2B proteolysis with MCI. Indeed, 85% of all membrane-
associated NR2B was in the form of the 115 kDa product for the MCI subjects, compared to
61% in the control group (p < 0.01, see Fig. 5B inset). Interestingly, the 115 kDa band
appeared at much lower levels in hippocampal synaptosomes, whether isolated from MCI or
control subjects, suggesting that proteolysis may be more characteristic of extrasynaptic
NR2B subunits (Fig. 5C). To determine if human NR2B is proteolyzed by CP I in vitro, we
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picked membrane samples from two control subjects that exhibited very little NR2B
proteolysis and incubated them for 15 min in sample buffer with or without 1 mM Ca2+ and
purified CP I . The results confirmed that NR2B is indeed vulnerable to CP-mediated
proteolysis (Fig. 5D). Furthermore, the extent of NR2B proteolysis shown in Figure 5A and
B was significantly correlated with levels for activated CP I (i.e. 76 kDa) and ΔCN-Aα48 in
cytosolic fractions prepared from the same subjects (Fig. 5E and 5F). Additional studies on
rat hippocampal cultures showed that NR2B undergoes proteolysis (p < 0.01) during
prolonged (24 h) exposure to oligomeric Aβ peptides (Fig. 6). This proteolysis was reduced
(p < 0.05) by co-application of the CP inhibitor, calpeptin (10μM) or a membrane-soluble
CN auto-inhibitory peptide (10 μM). Together, these results suggest that changes in CP I and
CN regulation help drive alterations in NR2B proteolysis during MCI and/or Aβ pathology.

DISCUSSION
CPs and isoform-specific changes in CN proteolysis with MCI

Of all the Ca2+ sensitive proteins, CPs are perhaps most consistently linked to deleterious
changes in neuronal function and viability due to injury and/or chronic disease. Here, we
found that activated CP I levels are elevated in human hippocampus during MCI,
demonstrating that CP alterations shown previously in AD tissue (Saito & Nixon 1993; Liu
et al. 2005) arise early in disease progression. These results are consistent with numerous
other studies that have proposed a causative role for CPs in AD (Kuwako et al. 2002;
Trinchese et al. 2008; Nimmrich et al. 2010). CPs can initiate degenerative processes
through actions on a variety of substrates, including cytoskeletal proteins and membrane
receptors, to name a few (Nixon 2003; Bertipaglia & Carafoli 2007; Vosler et al. 2008). In
addition, CP is increasingly recognized as a critical regulator of CN-mediated neuronal
dysfunction in several disorders (Wu et al. 2007; Qu et al. 2010). CP-directed removal or
shortening of the CN autoinhibitory domain, located in the C-terminus of the CN-A subunit,
can generate CN fragments with constitutively high basal activity (Tallant et al. 1988; Wang
et al. 1989; Wu et al. 2004). Recent studies have reported significant proteolysis and
activation of CN in cortical tissue of humans with severe AD (Liu et al. 2005; Wu et al.
2010). These proteolytic changes may have been underestimated in earlier studies due to the
use of C-terminus directed antibodies that do not detect most CN-A proteolytic fragments
(Billingsley et al. 1994; Ladner et al. 1996; Lian et al. 2001). Using an N-terminus antibody,
we observed isoform and subcellular specific elevations in CN proteolysis in MCI
hippocampus. In particular, the ΔCN-Aα48 fragment made up more than 25% of the total
CN-Aα available in the cytosol of MCI subjects and appeared in conjunction with elevated
CP I levels. Why CN-Aα, but not CN-Aβ, undergoes elevated proteolysis with MCI is
unclear. Few studies have directly investigated expressional differences between these
isoforms in brain, and even fewer have focused on their functional differences. In healthy rat
brain tissue, CN-Aα appears to be more abundantly expressed in area CA1 than in the
dentate, while CN-Aβ shows a more even distribution across subregions (Kuno et al. 1992).
It’s possible that these expressional differences could govern the exposure of each isoform
to CP and other proteases. CPs or other proteases may also bind CN-Aβ with lesser affinity,
and/or catalyze proteolysis with reduced efficiency. Regardless, this is the second recent
study from our group that has found changes in CN-Aα, but not CN-Aβ with MCI or AD
(Abdul et al. 2009), suggesting that CN-Aα has greater relevance to disease progression.

Implications of CN proteolysis for progression of AD
When overexpressed in experimental models, ΔCN-Aα48 has been shown to recapitulate
numerous biobehavioral markers of aging and AD including synaptic impairments (Mansuy
et al. 1998; Winder et al. 1998), dendritic atrophy (Wu et al. 2010), Ca2+ dysregulation
(Norris et al. 2010), and glial activation/neuroinflammation (Norris et al. 2005). Moreover,
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CN inhibitors reduce memory deficits in AD mouse models (Dineley et al. 2007;
Taglialatela et al. 2009) and negate many of the neurotoxic actions of Aβ (Chen et al. 2002;
Cardoso & Oliveira 2005; Snyder et al. 2005; Shankar et al. 2007; Reese et al. 2008; Abdul
et al. 2009; Li et al. 2009; Wu et al. 2010). It is noteworthy thatΔCN-Aα48 is also found at
elevated levels in late stage AD (Wu et al. 2010). However, unlike in MCI, this increase is
more prominent in nuclear, than in cytosolic fractions. Nuclear localization of CN may
reflect a more toxic stage of Ca2+ dysregulation involving NFAT3-mediated transcriptional
regulation (Abdul et al. 2010). Our previous research (Abdul et al. 2009) and work by Wu et
al. (2010) showed that elevated nuclear levels of CN in late stage AD are strongly associated
with increased nuclear NFAT3 levels. In animal models of injury, NFAT3 activation has
been linked to neuronal death via induction of the Fas ligand (Shioda et al. 2007; Luoma &
Zirpel 2008), whereas NFAT inhibition preserves dendritic integrity following exposure to
Aβ (Wu et al., 2010). Combined with the findings of the present study, these observations
suggest that the generation of excessiveΔCN-Aα48 in MCI is a critical change that may set
off a host of other deleterious processes resulting in widespread neurodegeneration and
dementia.

Aβ, CP/CN interactions, and NMDARs
Soluble oligomeric Aβ peptides, which are elevated during MCI (Murphy et al. 2007; Abdul
et al. 2009; Okello et al. 2009), cause profound Ca2+ dysregulation (Green & LaFerla 2008)
and stimulate CPs and CN in a variety of cell types (Cardoso & Oliveira 2005; Reese et al.
2008; Abdul et al. 2009; Wu et al. 2010). The present work suggests that Aβ-mediated
activation of neurotoxic CN signaling partly results from extensive CP-directed proteolysis
of the CN-Aα isoform. However, while CP and CN inhibitors each reduced neuronal
degeneration in response to Aβ, CN inhibitors appeared to confer greater protection. As
mentioned, FLCN is exquisitely sensitive to Ca2+ and might be expected to show rapid and
direct activation in response to Aβ-dependent Ca2+ elevations with or without CP activation.
In fact, CP inhibitors were much more effective at inhibiting CN proteolysis and signaling
over a 24 hr period than within the first few hours of Aβ exposure. The initial Aβ-dependent
increase in FLCN-A activity may therefore be sufficient to initiate degenerative processes,
while CP-mediated proteolysis of CN exacerbates and/or perpetuates these processes.
Regardless, these findings strongly suggest that CP and CN activation are not discrete
outcomes of elevated Aβ, but instead are part of a common pathway involved in
neurotoxicity.

Changes in CP/CN interactions during MCI appear to be intertwined with NMDARs, which
are the primary target of memantine, an FDA-approved drug used in the treatment of AD
(Parsons et al. 2007). Our results demonstrate a selective increase in the proteolysis of
NR2B- type NMDARs with MCI concurrent with elevated CP and ΔCN-Aα48 levels.
Similar proteolysis of NR2B was induced in rat hippocampal cultures by Aβ and was
reduced by co-application of CP and CN inhibitors. These results are generally consistent
with a recent study that observed CP/CN-dependent proteolysis of NR2B in primary cortical
neuron cultures (Yuen et al, 2008). That we observed little proteolysis of NR2B in human
hippocampal synaptosomes suggests that extrasynaptic NMDARs are a more likely target of
elevated CP/CN signaling (at least, in regard to MCI and AD). This selectivity may have
important functional implications as extrasynaptic NMDARs appear to play a greater role in
neuronal degeneration (Hardingham et al. 2002; Xu et al. 2009), particularly after exposure
to Aβ (Ronicke et al. 2010). Moreover, a recent report indicates that memantine
preferentially acts at extrasynaptic as opposed to synaptically localized NMDARs (Xia et al.
2010). How CP-mediated proteolysis of extrasynaptic NR2B affects neurologic function in
MCI is unclear. While proteolysis may help exacerbate NMDAR-mediated toxicity, it’s also
possible that CP/CN interactions provide a negative feedback mechanism to dampen
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NMDAR activity during Ca2+ dysregulation (Yuen et al. 2008). Clearly, further work will
be necessary to distinguish between these possibilities.

Role for other proteases in CN proteolysis during MCI and AD?
Caspases are another class of proteases that are strongly implicated in neurodegenerative
processes associated with AD and amyloidosis (Cotman et al. 2005), with several family
members showing increased expression/activity during MCI (Albrecht et al. 2007; Sultana
et al. 2010). Similar to CPs, caspases have been shown to proteolyze CN in vitro and in vivo
(Mukerjee et al. 2000; Mukerjee et al. 2001). However, the present study revealed little to
no effect of the caspase inhibitor, Z-YVAD-FMK, on Aβ-mediated proteolysis of CN in
primary hippocampal cultures. Nonetheless, even though our data demonstrate a close
relationship between CPs and CN in human hippocampus, they do not rule out the
possibility that caspases, or other proteases, interact with CN and/or contribute to altered CN
proteolysis during MCI.

Summary and conclusions
The Ca2+ hypothesis of aging and AD, proposed more than 25 years ago (Khachaturian
1984; Landfield & Pitler 1984; Gibson & Peterson 1987), has been supported by abundant
evidence obtained from multiple experimental models using diverse experimental
approaches (Canzoniero & Snider 2005; Bezprozvanny & Mattson 2008; Green & LaFerla
2008; Small 2009). However, the present study is among the relatively few to directly link
changes in Ca2+ regulation to the early stages of AD progression. Our results suggest that
increased CN signaling observed previously during MCI (Abdul et al. 2009) and in multiple
animal models of AD and amyloidosis (Dineley et al. 2007; Kuchibhotla et al. 2008; Wu et
al. 2010) may arise from CP-mediated proteolysis of the CN-Aα isoform. Disrupting the
structural and/or functional interaction of CPs and CN offers a promising novel approach for
treating AD and other neurodegenerative disorders.

Experimental Procedures
Subjects

Post-mortem brain samples from the hippocampus and cerebellum were provided by the
Neuropathology Core of the Alzheimer’s Disease Center (ADC) at the University of
Kentucky. Specimens from the hippocampus were obtained at autopsy and snap-frozen in
liquid nitrogen. Hippocampus of 10 MCI and 10 age-matched cognitively unimpaired
subjects were used for this study (Table 1). All subjects were participants in the University
of Kentucky’s ADC Autopsy program. At autopsy (~3 h after death), tissue from multiple
brain regions was processed for neuropathological evaluations as described elsewhere
(Nelson et al. 2007).

Preparation of cell extracts from human brain tissue
Autopsied human brain tissue samples were flash-frozen in liquid nitrogen and stored at -80°
C until use. Membrane, cytosolic and nuclear fractions from hippocampal tissue samples
were prepared as described previously (Abdul et al. 2009). The membrane fractions
obtained were resuspended in sucrose buffer [in mM: 300 sucrose, 75 Nacl, 10 Tris (pH
7.4), 20 EDTA, 20 EGTA] containing phosphatase, protease, and CP inhibitor cocktails
(EMD Chemicals, Gibbstown, NJ). Cytosolic and nuclear fractions were resuspended in
buffer C [in mM: 50 HEPES (pH 7.6), 50 KCl, 0.1 EDTA, 10% glycerol, 1 dithiothreitol
(DTT)], containing phosphatase, protease, and CP inhibitor cocktails and stored at −80° C
until use.
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In vitro proteolysis of CN by calpain1
Human whole brain extracts were prepared in HEPES homogenizing buffer (pH 7.5) with
phosphatase inhibitor. The extracts were incubated in the presence of Ca2+ (1 mM), DTT
(5mM) and/or recombinant Pig calpain 1 (1Unit) for 15 min at 37 °C. The reactions were
terminated by addition of 2X concentrated SDS-PAGE sample buffer. The samples were
boiled in water for 5 min and the products of proteolysis were analyzed by Western blots,
probing with antibodies to CN-Aα, CN-Aβ and GAPDH (loading control).

Synaptosome preparation
Synaptosome fractions from control and MCI human hippocampus were isolated as
described previously (Mohmmad Abdul & Butterfield 2005). In brief, hippocampal tissue
was homogenized in isolation buffer (in mM: 320 sucrose, 0.2 PMSF, 2 EDTA, 2 EGTA, 20
HEPES, 4 μg/ml leupeptin, 4 μg/ml pepstatin, 5 μg/ml aprotinin, and 20 μg/ml trypsin
inhibitor) and centrifuged at 1940 × g for 10 min at 0 °C. The supernatant was collected and
centrifuged at 25,400 × g for 12 min at 0 °C. The resulting pellet was mixed with a small
volume of cold isolation buffer and layered onto cold discontinuous sucrose gradients
containing 10 ml each of 1.18 M (pH 8.5), 1.0 M (pH 8.0), and 0.85 M (pH 8.0) sucrose, as
well as 2 mM EDTA, 2 mM EGTA, and 10 mM HEPES. Gradients were centrifuged in a
Beckman-Coulter Optima L-90K ultracentrifuge at 82,500 × g for 1 h at 4 °C. Resulting
purified synaptosomes were removed from the 1.18/1.0 M interface and washed three times
in Locke's buffer (in mM: 0.15 NaCl, 5.6 KCl, 2.3 CaCl2, 1.0 MgCl2, 3.6 NaHCO3, 5.0
Glucose, and 5.0 HEPES; pH 7.4) at 15,500 rpm (29,100 × g) for 12 min at 0 °C.

Primary cell culture
Primary mixed (neurons and astrocytes) hippocampal cultures were prepared from
embryonic day 18 Sprague-Dawley rat pups as described previously (Sama et al. 2008).
Cells were investigated at between 14 and 21 days in vitro (DIV).

Western blot analysis
Western blots of postmortem human tissue and primary cell cultures were performed using
ECL Plus reagents (Amersham, Piscataway, NJ) as described previously (Norris et al. 2005;
Sama et al. 2008; Abdul et al. 2009). Primary antibodies used include: 1:3000 anti-CN-Aα
or 1:3000 anti-CN-Aβ (EMD Biochemicals), 1:10000 anti-histone3 (Sigma-Aldrich, Saint
Louis, MO,USA), 1:10000 anti-calpain1 or 1:10000 anti-Na+-K+-ATPase (Abcam,
Cambridge, MA) or 1:1000 anti-NR2A/NR2B (Millipore, Billerica, MA), 1:10000 anti-
spectrin-Ab38 (Abcam).

Oligomeric Aβ treatment of primary hippocampal cultures
Synthetic oligomeric Aβ (65nM) prepared as previously described (Abdul et al., 2009) was
delivered to cell cultures in the presence or absence of the following inhibitors (from EMD):
calpeptin (10μM), FK-506 (3 μM), CN autoinhibitory peptide (10μM), and Z-YVAD-FMK
(1μM). All inhibitors were added 2h prior to oligomeric Aβ(1-42) treatments. Western blots,
NFAT luciferase activity assays, and/or immunofluorescent labeling were then performed 3
or 24 h later using our previously published methods (Sama et al. 2008; Abdul et al. 2009;
Furman et al. 2010). For immunofluorescent labeling of MAP2-positive neurons, ten 40X
fields of cells were chosen at random within each condition and cell fluorescence was
imaged using a Nikon CoolSnap ES digital camera.

NFAT activity assays
Methods for eliciting and measuring NFAT-dependent transcriptional activation in primary
cultures were very similar to those used previously by our group (Sama et al. 2008; Abdul et
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al. 2009; Furman et al. 2010). At approximately 24 hr before treatment with oligomeric Aβ,
35 mm hippocampal culture dishes were infected (at a multiplicity of infection of 100) with
recombinant adenovirus encoding an NFAT-dependent luciferase reporter construct (Ad-
NFAT-Luc), provided by Dr. Jeff Molkentin at the University of Cincinnati. Ad-NFAT-luc
encodes nine copies of an NFAT binding site (from the IL-4 promoter) and an additional
minimal promoter upstream of a luciferase sequence, and has been described elsewhere
(Wilkins et al. 2004). In our experience, transgene expression is achieved in > 90% of all
astrocytes and 60–70% of all neurons in mixed hippocampal cultures when adenovirus is
used at an MOI of 50 or more. At either 3 or 24 h after exposure to oligomeric Aβ, each
culture dish was washed three times in PBS and cells were scraped free and pelleted at
13000 rpm. Supernatants from each 35 mm dish were removed and replaced with CAT
buffer (250 mM Tris pH 8.0, 1mM EDTA) and pellets were stored at −20° C until use.
Samples were freeze/thawed twice, re-suspended, centrifuged at 13000 rpm, and
supernatants collected. To control for potential between-group variability in NFAT-
luciferase expression, all sample volumes were normalized to the same protein concentration
using the Lowry method. Luciferase expression was quantified using a luciferase detection
kit (Tropix, luc Screen) and a plate reader. Typically, six or more dishes were analyzed per
treatment condition, resulting in a well-powered experimental design.

Statistical Analysis
Unless otherwise stated, all results are expressed as means ± SD. Analysis of variance
(ANOVA), followed by Fischer’s PLSD post hoc test, was used for most all statistical
comparisons. For within-subject correlational analyses, each subject (regardless of
diagnosis) was ranked in ascending order (from 1 to 20) on the basis of protein expression
levels for each target protein (e.g. CP I, CN Aα 48 kDa, and NR2B) as determined by
Western blot. Ranked values for any two target proteins were then compared using a simple
regression analysis. Subjects used for these analyses were the same ones used to generate
average group data shown in Figures 1, 2, and 5. Differences were considered significant at
p < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increase in activated form of calpain I with MCI
(A) Representative western blot for CP I in cytosolic (C) and nuclear (N) fractions prepared
from hippocampal tissue samples from two control and two MCI patients. Histone-3 (His-3)
levels were also probed to confirm the purity of nuclear fractions, and GAPDH was used as
a loading control. (B) Mean ± SD CP I 76/80 kDa ratios measured across all subjects.
*p<0.01

Abdul et al. Page 16

Aging Cell. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Increased calpain-mediated truncation/activation of CN-A α with MCI
(A) Western blots of CN-Aα and CN-Aβ in human hippocampal brain tissue extracts
incubated at 37 °C for 15 min in the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 2
mM DTT, 1 unit of recombinant pig-calpain1 (CP I) and 2mM CaCl2 (Ca2+). (B)
Representative Western blots for CN-Aα and CN-Aβ in cytosolic (C) and nuclear (N)
fractions prepared from hippocampal tissue samples from two control and two MCI patients.
Histone-3 (His-3) levels were also probed to confirm the purity of nuclear fractions, while
GAPDH was used as a loading control. (C) Cytosolic and nuclear accumulation (mean ±
SD) of full-length (FL), and Δ57 kDa and Δ48 kDa proteolyzed fragments of CN-Aα
measured across all subjects. *p<0.05, #p<0.005, +p<0.001
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Fig. 3. Interrelationships between cytosolic-associated CP and CN truncation
Scatterplots showing ranked CP I levels as a function of either FLCN-Aα (A), ΔCN-Aα57
(B), or ΔCN-Aα48 (C) in hippocampal cytosolic fractions from all subjects.
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Fig. 4. Blockade of calpain activity inhibits Aβ-mediated proteolysis and activation of CN in
primary hippocampal cultures
(A–B, top panels) Representative Western blots of spectrin, CN-Aα, and GAPDH in mixed
hippocampal cultures treated 3 (A) or 24 h (B) prior with oligomeric Aβ(1-42) in the presence
or absence of the potent CP inhibitor calpeptin (CLPT) or the caspase I inhibitor Z-YVAD-
FMK (Z-YVAD). (A–B, bottom panels) Mean ± SEM NFAT-luciferase activity (% control)
in separate primary hippocampal cultures at 3 (A) and 24 h (B) after Aβ(1-42) treatment in the
presence or absence of CLPT. (D) Immunofluorescent labeling of MAP2 in mixed
hippocampal cultures 24 h after Aβ(1-42) treatment in the presence or absence of CLPT, or
FK506. *p<0.05, #p<0.001.
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Fig. 5. Proteolysis of NR2B is increased during MCI and correlated to activated CP I and ΔCN-
Aα48 levels
(A) Representative Western blots of NR2A and NR2B in human hippocampal membrane
fractions from 10 control and 10 MCI subjects. (B) Mean ± SD NR2B levels in human
hippocampal membrane fractions across all subjects. Note that data is from the same
subjects used for CP and CN measures shown in Figures 1 and 2. Inset shows the levels of
the 115 kDa NR2B proteolytic fragment relative to total NR2B levels (expressed as % of
total NR2B) for the same membrane fractions (C) Representative Western blots of NR2B
and PSD-95 in hippocampal synaptosomal fractions from three control and three MCI
patients (D) Western blot of NR2B in human hippocampal membrane fractions digested in
the presence or absence of Ca2+ and recombinant pig-calpain1 (CP I). (E–F) Scatterplots
showing ranked proteolytic levels for NR2B in human hippocampal membrane fractions
relative to ranked CP I (E) and ΔCN-Aα48 levels (F) measured in the cytosolic fractions of
the same subjects (see Figures 1 and 2). #p<0.01.
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Fig. 6. CP/CN-dependent proteolysis of NR2B in mixed hippocampal cultures treated with
oligomeric Aβ
Top panel shows representative Western blot (top) of NR2B in individual mixed
hippocampal cultures, and the bottom panel shows the average extent (mean ± SD) of NR2B
proteolysis (115 kDa band expressed as percent of total NR2B) measured in all cultures
treated with oligomeric Aβ(1-42) in the presence or absence of the CP inhibitor, calpeptin
(CLPT), or the CN autoinhibitory peptide (AIP). CT refers to control (untreated) cells.
*p<0.05; #p<0.01.

Abdul et al. Page 21

Aging Cell. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Abdul et al. Page 22

Ta
bl

e 
1

Su
bj

ec
t i

nf
or

m
at

io
n

G
ro

up
s

n
M

al
e/

Fe
m

al
e

A
ge

 m
ea

n 
± 

SE
M

Po
stm

or
te

m
 A

ut
op

sy
 In

te
rv

al
 m

ea
n 

± 
SE

M
M

M
SE

*  
m

ea
n 

± 
SE

M

C
on

tro
l

10
3/

7
89

.7
5 

± 
1.

87
3.

06
 ±

 0
.2

5
28

.7
5 

± 
0.

43

M
C

I
10

6/
4

89
.2

 ±
 1

.6
5

3.
03

 ±
 0

.2
8

24
.1

0 
± 

1.
21

* M
M

SE
 =

 m
in

i m
en

ta
l s

ta
te

 e
xa

m
in

at
io

n 
sc

or
e

Aging Cell. Author manuscript; available in PMC 2012 February 1.


