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Abstract
Impaired cognition and memory may be associated with down-regulation of cAMP-response
element-binding protein (CREB) in the brain in patients with Alzheimer disease, but the molecular
mechanism leading to the down-regulation is not understood. In this study, we found a selective
reduction in the levels of the regulatory subunits (RIIα and RIIβ ) and the catalytic subunit (Cβ ) as
well as the enzymatic activity of cAMP-dependent protein kinase (PKA), which is the major positive
regulator of CREB. We also observed that PKA subunits were proteolyzed by calpain and the levels
of PKA subunits correlated negatively with calpain activation in the human brain. These findings
led us to propose that in the brain in patients with Alzheimer disease, over-activation of calpain
because of calcium dysregulation causes increased degradation and thus decreased activity of PKA,
which, in turn, contributes to down-regulation of CREB and impaired cognition and memory.
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Alzheimer disease (AD) is clinically characterized by slow but progressive disturbance of
memory, thinking, and behavior, ending with dementia and death. In the last two decades,
many advances have been made concerning the mechanisms of the disease, especially amyloid
precursor protein processing, Aβ deposition, and tau abnormalities. However, the mechanisms
leading to the impairment of cognition and memory in AD patients are still hardly understood.

The principles of memory storage and processing are very complicated, and little is known to
date. Substantial evidence has suggested that the cAMP-response element-binding protein
(CREB), a ubiquitous transcription factor, is a key molecule for learning and memory and a
core component of the molecular switch that converts short-term to long-term memory (Barco
et al. 2003). Disturbance of CREB function has been shown to cause memory deficits in many
models. In AD brain and some mouse models of AD, CREB activity is impaired (Yamamoto-
Sasaki et al. 1999; Gong et al. 2004; Puzzo et al. 2005; Matsuzaki et al. 2006), but the
mechanisms leading to the CREB dysregulation are unknown.

The major regulator of CREB activity is cAMP-dependent protein kinase (PKA). When a signal
arrives at the cell surface, it activates the corresponding receptor, which, in turn, leads to the
transient elevation of intracellular cAMP and consequently activates PKA by disassociating
the regulatory subunits (R subunits) from the catalytic subunits (C subunits). The activated
PKA then moves into the cell nucleus, where it activates CREB by phosphorylating it. PKA
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is a tetrameric holoenzyme consisting of two C subunits and two R subunits in the absence of
cAMP. Several isoforms of both C subunit (Cα , Cβ , and Cγ ) and R subunit (RIα , RIβ ,
RIIα and RIIβ ) have been found in mammalian tissue. The Cα isoform is expressed
ubiquitously in most tissue, whereas the Cβ isoform is highly expressed in the brain (Cadd and
McKnight 1989). PKA-Cγ is expressed only in testis (Foss et al. 1992). All four isoforms of
the R subunits are expressed in human brain (Chang et al. 2003). The R subunit not only
controls PKA activity, but also localizes the kinase inside the cell.

To investigate whether deficient CREB function is caused by PKA dysregulation in AD, we
studied PKA activity and the levels of various PKA subunits/isoforms in AD brain. We found
that PKA is down-regulated in AD brain, and this down-regulation may result from degradation
of some PKA isoforms by over-activated calpain.

Methods
Human brain tissue

Medial temporal cortices of the six AD and seven age-matched normal human brains used for
this study (Table 1) were obtained from the Sun Health Research Institute Donation Program
(Sun City, AZ, USA). All brain samples were confirmed pathologically and stored at − 70° C
until used. The use of frozen human brain tissue was in accordance with the National Institutes
of Health guidelines and was approved by our institute’s institutional review committee.

PKA assays
Brain tissue was homogenized in nine volumes of buffer consisting of 50 mmol/L Tris–HCl
(pH 7.4), 8.5% sucrose, 10 mmol/L β-mercaptoethanol, 2.0 mmol/L EDTA, 2.0 mmol/L
benzamidine, and 2.0 μg/mL each of aprotinin, leupeptin, and pepstatin, followed by
centrifugation at 16 000 g at 4° C for 10 min. The supernatants were incubated in an PKA assay
mixture (20 μL) containing 50 mmol/L Tris–HCl (pH 7.4), 0.1 mmol/L EGTA, 4.0 μmol/L
cyclosporine A, 0.2 μmol/L okadaic acid, 1.0 mmol/L Na3VO4, 10 mmol/L MgCl2, 0.2 mmol/
L [γ-32P]ATP (500 cpm/pmol), and 30 μmol/L Malantide. Malantide is a specific peptide
substrate for PKA assay (Murray et al. 1990). After incubation at 30° C for 20 min, 10 μL each
of 10 mg/mL bovine serum albumin and 40% trichloroacetic acid were added into the assay
mixtures to terminate the reaction. The reaction mixture was left in wet ice for 30 min and then
centrifuged at 2300 g for 3 min. Aliquots of 10 μL supernatants containing Malantide were
spotted onto squares (1 × 1 cm) of P81 chromatography paper (Whatman International Ltd,
Maidstone, England). After washing with 75 mmol/L phosphoric acid five times, the
chromatography paper squares were dried, and the radioactivities were counted in a
scintillation counter to determine the 32P-incorporation into Malantide.

Western blot analysis
Western blots were carried out by using 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and standard procedure and developed by using ECL kit (Amersham
Biosciences, Piscataway, NJ, USA). The primary antibodies used in this study are listed in
Table 2.

In vitro proteolysis of PKA
Forebrain tissue from C57BL/6J mice was homogenized in nine volumes of buffer containing
50 mmol/L Tris–HCl (pH 7.0), 8.5% sucrose, 10 mmol/L β-mercaptoethanol, and 2.0 mmol/
L EDTA. After centrifugation of the homogenate at 900 g for 10 min, the resulting supernatant
(S1) was centrifuged again at 16 000 g, and the second supernatant (S2) was used as the
cytosolic fraction. The first pellet (P1) was resuspended in the homogenizing buffer and

Liang et al. Page 2

J Neurochem. Author manuscript; available in PMC 2008 March 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



centrifuged again at 900 g for 10 min, and this step was repeated twice to remove any residual
cytosol contaminants off the pellet. The final pellet was resuspended in the homogenizing
buffer, sonicated, and then centrifuged at 16 000 g for 10 min. The resulting extract was used
as the nuclear fraction.

For in vitro proteolysis, the cytosolic and nuclear fractions were incubated at 30° C for 10 or
30 min in the presence of 2.5 mmol/L CaCl2 and none or one of the following protease
inhibitors: 2.0 μg/mL aprotinin (a serine protease inhibitor; Sigma, St Louis, MO, USA); 2.0
μg/mL pepstatin (an aspartic protease inhibitor, Sigma); 2.0 μg/mL leupeptin (a cysteine and
serine protease inhibitor, Sigma); and 1.0 μmol/L calpain inhibitor I (ALLN, Calbiochem, La
Jolla, CA, USA). After incubation, the reaction was terminated by adding ¼ volume of
concentrated (4× ) sodium dodecyl sulfate–polyacrylamide gel electrophoresis sample buffer
into the reaction mixture, and the proteolysis of PKA subunits/isoforms was examined by
western blots.

Kainic acid injection of mice
Male FBV mice (25–30 g body weight, 9 weeks old) were housed individually in a 12-h light/
dark schedule with free access to food and water. A single dose of kainic acid (20 mg/kg) was
injected intraperitoneally. The mice were then killed 2.5, 6, 10, 24, 36, and 48 h after injection,
and the forebrains were immediately removed and homogenized in buffer consisting of 50
mmol/L Tris–HCl (pH 7.4), 8.5% sucrose, 10 mmol/L β-mercaptoethanol, and 2.0 mmol/L
EDTA. The levels of proteolysis of PKA subunits/isoforms in the brains were examined by
western blot analysis of the homogenates.

Correlation analysis
Linear correlation between calpain activation and levels of various PKA subunits/isoforms in
human brains was analyzed by using MS Excel. To quantify calpain activation, the active/
truncated calpain (76- and 78-kDa bands) and the inactive/full-length calpain (80 kDa) of brain
homogenates from six AD and seven control cases were determined by quantitative western
blots. Calpain activation was then calculated by using the ratios of the immunore-activities of
the active/truncated calpain to the inactive/full-length calpain. Levels of various PKA subunits/
isoforms were also determined by quantitative western blots.

Statistic analysis
Comparisons of means between groups were analyzed by student t-test. Correlation analyses
between calpain activation and the levels of PKA subunits/isoforms were carried out by linear
correlation method using Microsoft Excel 2003.

Results
PKA activity is down-regulated in AD brain

To learn whether PKA is dysregulated in AD brain, we determined PKA activity of the extracts
of the medial temporal cortices from postmortem brains of six AD and seven age- and
postmortem interval-matched control cases (Table 1). In the basal conditions in vivo, the
majority of PKA-C subunits are associated with the R subunits and, therefore, in an inactive
state. PKA activity assayed in tissue extracts without the addition of cAMP into the assay
mixture represents the active form of PKA (free PKA-C) in situ, whereas the activity assayed
in the presence of cAMP added into the assay mixture represents the total activity after full
activation (Murray et al. 1990). Therefore, we measured PKA activity in both conditions. We
found that both in the absence and in the presence of 5 μmol/L cAMP, PKA activity was
decreased by 25–30% in AD brains when compared with controls (Fig. 1a). These results
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suggest that both active PKA (free PKA-C) and total PKA (free PKA-C plus PKA-C associated
with R subunits) are decreased in AD brain, implying that the decreased activity might be due
to a decreased level of PKA-C. The ratio of the active to the total PKA activity did not change
in AD brain when compared with controls (Fig. 1b).

Levels of various subunits/isoforms of PKA are selectively decreased in AD brain
To investigate whether a decrease in protein levels of any components of the PKA complex
might underlie the decreased kinase activity in AD brain, we studied the protein levels of each
major brain subunit of PKA by western blots. We found that Cα and RIIβ of PKA displayed
as a single band at 42 and 53 kDa, respectively, in human brain samples (Fig. 2a), which is
consistent with previous observations (Chang et al. 2003). Cβ showed two bands at the apparent
molecular weights of 53 and 42 kDa, and the 42-kDa Cβ was the predominant form in human
brain. RI displayed as a predominant 48-kDa band and a weak 51-kDa band, representing
RIα and RIβ isoforms, respectively. RIIα displayed as close duplets at the apparent molecular
weight of 51 kDa. When the PKA subunits/isoforms between AD and control cases were
compared, we found a 50–60% reduction of the 53-kDa Cβ , the 51-kDa RIIα , and the 53-kDa
RIIβ in AD brain (Fig. 2a and b). There was also an ~15% reduction of PKA-Cα and the 42-
kDa PKA-Cβ in AD brain, but these decreases did not reach statistical significance. In the cases
of RIIα (51 kDa) and RIIβ (53 kDa), the reduction of the levels was accompanied by the
appearance of lower molecular weight bands (47 and 50 kDa, respectively; Fig. 2a), suggesting
that the decrease of full-length RIIα and RIIβ may be due to their selective proteolysis in AD
brain.

PKA subunits are degraded by calpain in the mouse brain
To elucidate by which protease(s) PKA subunits might have been proteolyzed in AD brain, we
first studied proteases responsible for PKA degradation in mouse brain. Because PKA is
distributed in both the cytoplasm and nucleus, the cytosol and the nuclear fractions from mouse
brain homogenate were prepared and incubated at 30° C for 10 or 30 min in the presence of
calcium and specific protease inhibitors. We found that incubation of brain cytosol and, to a
lesser extent, nuclear fraction with calcium-induced proteolysis of RIIα from 51 to 47 kDa
polypeptide (Fig. 3), which were similar to the partial truncation of RIIα observed in AD brain
(compare Fig. 3 with Fig 2a). The RIIα proteolysis was not inhibited by aprotinin or pepstatin,
the most commonly used potent inhibitors of serine protease and aspartic protease, respectively,
but was almost completely inhibited by leupeptin (a cysteine protease) and calpain inhibitor I
(Fig. 3). These results indicate that PKA-RIIα is proteolyzed by calpain, but not by serine or
aspartic proteases, from 51 into 47 kDa, and suggest that calpain-mediated RIIα proteolysis
could occur in AD brain.

A similar but much less marked proteolysis of PKA-RIIβ was also seen after 30 min incubation
of mouse brain cytosol (Fig. 3). Like that of RIIα , the RIIβ proteolysis was not inhibited by
aprotinin or pepstatin but by leupeptin and calpain inhibitor I, indicating that RIIβ is also
proteolyzed by calpain. The RIIβ degradation of the mouse brain cytosol was not accompanied
by the appearance of a lower molecular weight band, as seen in AD brain (compare Fig. 3 with
Fig. 2a). We did not observe any readily detectable degradation of Cα , Cβ , or RI after
incubation of mouse brain cytosol or nuclear fraction with calcium (Fig. 3).

Unlike the human brain, in which the 42-kDa Cβ is the predominant form of Cβ (Fig. 2a),
mouse brain did not have the 42-kDa form but only had the 53-kDa form (Fig. 3), which is
consistent with what was observed in rat brain previously (Nagakura et al. 2002). It is
interesting to note that RIIα showed a small upward gel mobility shift of its apparent molecular
weight after incubation of mouse brain cytosol but not nuclear fraction with calcium (Fig. 3).
It is possible that this gel mobility shift might have resulted from phosphorylation of RIIα by
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a calcium-activated protein kinase and residual ATP that were present in the cytosol but not
active in the nuclear fraction that was sonicated.

To investigate whether the calpain-mediated PKA-R proteolysis that we observed above in the
brain cytosol also occurs in vivo, we studied PKA proteolysis of mouse brain after the mice
were injected with kainic acid intraperitoneally. Kainic acid injection is well known to increase
intraneuronal calcium and, thus, activate calcium-activated enzymes including calpain (Wu et
al. 2004). As expected, 24 h after injection, we observed activation of calpain activity, as
evidenced by the cleavage of calcineurin from 60 kDa into 57 and 48 kDa (Fig. 4). Calcineurin
is known to be cleaved by activated calpain from 60 kDa into 57 and 48 kDa both in vitro and
in vivo (Liu et al. 2005a). Similar to calcineurin cleavage, we also observed slightly decreased
levels of all subunits/isoforms of PKA examined, including Cα , Cβ , RI, RIIα , and RIIβ , 24–
48 h after injection of kainic acid (Fig. 4). In the cases of Cβ and RIIα , we also observed a
proteolyzed product of Cβ (42 kDa band) and of RIIα (47 kDa band). The 42-kDa band derived
from the 53-kDa Cβ might also be present in AD brain, but the small level of the truncated
band might not be visible because there was a heavy 42-kDa band of Cβ in human brain (Fig.
2a). The 47-kDa truncated RIIα seen in the kainic acid-injected mouse brains had the same
apparent molecular weight as the truncated RIIα of AD brain (compare Fig. 4 with Fig. 2a).
These results suggest that PKA subunits can be proteolyzed in the brain by activated calpain.

Decreases in PKA subunits/isoforms are correlated to calpain activation in human brain
It is well known that calpain is over-activated in AD brain (reviewed by Raynaud and Marcilhac
2006). To investigate whether the degradation of PKA in AD brain is caused by calpain over-
activation, we carried out correlation analyses between calpain activation and the levels of
PKA subunits/isoforms. Calpain I is the major calpain isoform in the brain (Mattson and Chan
2003). The full-length, inactive calpain I (80 kDa) is activated after calcium-stimulated
autoproteolysis into 78- and 76-kDa truncated forms (Saito et al. 1993; Veeranna et al.
2004). In normal control human brains, calpain I displayed as two major bands (80 and 76 kDa)
and a very minor band (78 kDa), indicating that both inactivated and activated calpain I are
present in normal brain (Fig. 5a). In AD brain, most calpain I was truncated into the 76-kDa
active form, which is consistent with previous observations (Saito et al. 1993; Liu et al.
2005a). For correlation analysis, we used the ratio of the active calpain (78 and 76 kDa) over
the inactive calpain (80 kDa) to represent calpain activation in the brain samples. We found
that, except for RI, levels of Cα , Cβ (53 kDa), Cβ (42 kDa), RIIα (51 kDa), and RIIβ all
negatively correlated to calpain activation in human brain (Fig. 5b–h). The negative correlation
was more remarkable for Cβ (r = − 0.81), the 51-kDa RIIα (r = − 0.86), and RIIβ (r = − 0.77).
On the other hand, level of truncated 47-kDa RIIα correlated positively to calpain activation
(Fig. 5g). Taken together with the in vitro and in vivo studies presented above, these results
suggest that the decreased levels of PKA components in AD brain are most likely caused by
calpain over-activation.

Discussion
Impaired cognition and memory in AD are believed to be associated with down-regulation of
CREB activity (Yamamoto-Sasaki et al. 1999; Gong et al. 2004; Puzzo et al. 2005; Matsuzaki
et al. 2006), but the molecular mechanism leading to CREB down-regulation has not been
understood. CREB activity is regulated mainly by the cAMP–PKA–CREB pathway. In this
study, we used a cohort of human brain tissue with very short postmortem delays (average:
2.5–3 h) and found decreased PKA activity in AD brain. These findings are consistent with a
previous report showing decreased PKA activity in AD brain (Kim et al. 2001). We further
demonstrated the decreased levels of Cβ and RII subunits of PKA and increased calpain-
mediated PKA degradation in AD brain. These findings provide, for the first time, a molecular
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mechanism of PKA down-regulation through its increased degradation by over-activated
calpain. Our conclusion is consistent with several gene expression microarray studies that did
not find significant alteration of expression of PKA subunits/isoforms (reviewed by Reddy and
McWeeney 2006).

Under non-stimulated conditions, PKA is present as an inactive heterotetramer consisting of
two C subunits and two R subunits. Association of the R subunits to the C subunits has several
biological roles. First, it keeps the catalytic C subunits inactive and dynamically regulates the
activity in response to alteration of intracellular cAMP level. Second, it protects the C subunits
from degradation (Burton et al. 1997). Upon stimulation, increased cAMP binds to the R
subunits and dissociates them from the C subunits. The free C subunits catalyze
phosphorylation of the substrate proteins and then become vulnerable to degradation. A loss
of PKA-C subunit and PKA activity has been observed in PKA-R knockout mice (Burton et
al. 1997). Finally, the R subunits, especially RII, guide the C subunits to specific subcellular
localizations and substrates via binding to various PKA anchoring proteins (reviewed by Wong
and Scott 2004). In the present study, we demonstrate that the RIIα and RIIβ of PKA were
selectively degraded by calpain both in vitro and in vivo, and this degradation was correlated
to calpain activation in human brain. On the basis of these observations, we postulate the
following mechanism leading to down-regulation of PKA and CREB in AD brain (Fig. 6).
First, over-activation of calpain because of calcium dysregulation causes increased degradation
and, thus, decreased levels of PKA-RII in AD brain. Because there is less PKA-RII available
at the basal conditions to protect PKA-C from degradation, the C subunits, especially Cβ , of
PKA are also decreased in AD brain. This analysis is consistent with our finding that Cβ is
more affected than Cα in AD brain, because it has much less affinity to bind to the R subunits
(Gamm et al. 1996) and, thus, is more vulnerable to degradation caused by the lack of protection
from sufficient PKA-R. The consequent decrease in both PKA-C and PKA-RII leads to down-
regulation of PKA activity in AD brain. This is supported by our observation of decreased
activity of PKA both in the absence (representing the constitutive free PKA-C) and the presence
(representing the total PKA-C) of external cAMP. Finally, the down-regulation of PKA results
in down-regulation of CREB, both at basal and stimulated conditions and, consequently, less
expression of the CREB-regulating genes that are vital to cognition and memory.

To confirm the above-outlined hypothesis of calpain–PKA–CREB dysregulation in AD brain,
we studied CREB by western blots and found a dramatic decrease in both the level and the
phosphorylation of CREB in AD brain when compared with controls (unpublished
observations). Further studies indicated that CREB is also a substrate of calpain and that over-
activated calpain degraded CREB in AD brain (unpublished observations). Thus, calpain over-
activation could down-regulate CREB activity by degrading it directly and by inhibiting its
activity indirectly via down-regulation of PKA.

The PKA–CREB pathway has been shown to be vital to synaptic plasticity and cognition
(reviewed by Tully et al. 2003; Josselyn and Nguyen 2005). Animals deficient in either PKA-
Cβ or CREB show dramatic changes in synaptic plasticity and long-term potentiation (Qi et
al. 1996; Pittenger et al. 2006). CREB is activated via phosphorylation by PKA and is
inactivated via dephosphorylation by protein phosphatase 1 (PP1). We recently found that
calpain over-activation also truncates and activates calcineurin (also called PP2B) in AD brain,
resulting in calcineurin’s phosphatase activity being twofold higher in AD than in controls
(Liu et al. 2005a). Activated calcineurin can dephosphorylate and inactivate inhibitor 1 of PP1
(Cohen 1989), resulting in increased PP1 activity and dephosphorylation of CREB. Therefore,
the abnormal calpain over-activation in AD brain can also cause down-regulation of CREB by
up-regulating calcineurin via the calcineurin–inhibitor 1–PP1–CREB pathway.
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It has been shown previously that PKA-R can be degraded by the ubiquitin-proteosome system
(Hegde et al. 1993). In rat alveolar epithelial type II cells, PKA is proteolyzed by calpain also
(Zimmerman et al. 1996). To our knowledge, the present study is the first to demonstrate the
proteolysis of PKA-RII by calpain in the brain and a marked increase of PKA-RII proteolysis
in AD brain. This increased proteolysis leads to decreased levels of PKA-Cβ and decreased
PKA activity. It remains to be elucidated where the exact proteolysis site of RIIα by calpain is
which produces the 47-kDa truncated form and whether the truncated form can still bind to the
C subunits of PKA.

The down-regulation of PKA in AD brain might be involved in several mechanisms in addition
to impaired CREB functioning. In the brain, PKA can phosphorylate multiple protein substrates
and regulate several important pathways. For example, PKA may play an important role in
maturation of β-amyloid precursor protein and in β-amyloid peptide production (Su et al.
2003). PKA also phosphorylates tau and primes tau for further phosphorylation by another
important tau kinase, glycogen synthase kinase-3β (Jicha et al. 1999; Liu et al. 2004, 2006;
Wang et al. 2007). The most favorable sites for phosphorylation of tau by PKA are Ser214 and
Ser409 (Liu et al. 2006). Probably because of the decreased activity of the major tau
phosphatase, PP2A (Gong et al. 1993, 1995; Liu et al. 2005b), tau is abnormally
hyperphosphorylated in AD brain. In contrast to the hyper-phosphorylation of tau at multiple
phosphorylation sites, tau phosphorylation at Ser214 and Ser409 was not markedly increased
in AD brain (unpublished observations). These observations are interesting and could be
explained by the down-regulation of PKA, which might have neutralized the increased tau
phosphorylation at these two sites caused by the phosphatase down-regulation.

We found that PKA-RII, but not RI, was degraded by calpain and was decreased in AD brain,
where calpain is over-activated. These findings are interesting because they may imply an
impaired PKA substrate specificity in AD brain. RI is known to be diffused in the cytoplasm
of the cell, whereas RII has much higher affinity to PKA-anchoring proteins for targeting PKA-
C to specific subcellular localizations and substrates (Wong and Scott 2004). Thus, some
selective PKA-regulated pathways might be more affected than others in AD brain.

Calpain activation could proteolyze many other proteins, including other protein kinases, and
thus modulate their activities/functions. For example, calpain cleaves p35 and p39 into p25
and p29, respectively, thereby activating cyclin-dependent protein kinase 5 (Patzke and Tsai
2002). Calpain also cleaves protein kinase C during differentiation of embryonic myoblasts
and leads to the promotion of tumor cell adhesion in human breast carcinoma cells (Aragon
et al. 2002; Kennett et al. 2004). Therefore, PKA down-regulation could just be one of the
consequences of calpain over-activation that occurs in AD brain.

In conclusion, we have demonstrated that the RII subunits of PKA are proteolyzed both in
vitro and in the brain by calpain, and the proteolysis leads to decreased PKA-C level and PKA
activity in AD brain because of over-activation of calpain. Because PKA is the major regulator
of CREB, our findings provide a molecular mechanism leading to deficient CREB function
and impaired cognition and memory in AD. Correcting calpain over-activation might inhibit
cognitive impairment in AD and related disorders.
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AD  

Alzheimer disease

CREB  
cAMP-response element-binding protein

PKA  
cAMP-dependent protein kinase

PP  
protein phosphatase
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Fig. 1.
cAMP-dependent protein kinase (PKA) activity in the extracts of Alzheimer disease (AD) and
control brains. (a) PKA activity of the 16 000 g extract of the medial temporal cortex from six
AD and seven age-matched control brains was assayed in the absence or presence of 5 μmol/
L cAMP. (b) Ratio of PKA activity in the absence or in the presence of cAMP. *p < 0.05 as
compared with the control group.
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Fig. 2.
Levels of cAMP-dependent protein kinase (PKA) subunits/isoforms in Alzheimer disease
(AD) and control brains. (a) Western blots of the medial temporal cortical homogenate from
six AD and seven control brains, which were probed with antibodies against various subunits/
isoforms of PKA, as indicated on the left of the blots. (b) Densitometric quantitation of the
blots shown in panel (a). Mean ± SD of the relative immunoreactivities are shown. *p < 0.05
as compared with the control groups.
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Fig. 3.
In vitro proteolysis of cAMP-dependent protein kinase (PKA) subunits/isoforms. The cytosolic
and nuclear fractions of mouse brain homogenate were incubated at 30° C for 10 or 30 min in
the presence of calcium and selective protease inhibitors, as indicated above the blots. The
levels and proteolysis of various PKA subunits/isoforms of the samples were then analyzed by
western blots.
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Fig. 4.
cAMP-dependent protein kinase (PKA) degradation in mouse brain. Western blots of
calcineurin and various isoforms of PKA subunits in the brain homogenate of mice after a
single intraperitoneal injection of kainic acid at the indicated time points before killing the
animals.
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Fig. 5.
Correlation analysis between the levels of cAMP-dependent protein kinase (PKA) subunits/
isoforms and calpain activation in human brain. (a) Western blots of calpain I of medial
temporal cortical homogenate from six Alzheimer disease (AD) and seven control cases. The
apparent molecular weights of the full length and the truncated calpain are marked on the right
of the blot. (b–h) Linear correlation analyses between the levels of each PKA subunit/isoform
and calpain activation in 13 human brains (six AD and seven controls).
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Fig. 6.
A proposed scheme of calpain–cAMP-dependent protein kinase (PKA)–cAMP-response
element-binding protein (CREB) dysregulation in Alzheimer disease (AD) brain.
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Table 2
Primary antibodies used in this study

Antibody Type Specificity Source/references

Anti-PKA Polyclonal PKA-Cα Abcam, Cambridge, UK
PKAβ (C-20) Polyclonal PKA-Cβ Santa Cruz Biotechnology, Santa Cruz, CA, USA
PKARI Monoclonal PKA-RI BD, Franklin Lakes, NJ, USA
PKARIIα Monoclonal PKA-RIIα BD, Franklin Lakes, NJ, USA
PKARIIβ Monoclonal PKA-RIIβ BD, Franklin Lakes, NJ, USA
R126d Polyclonal Calcineurin Pei et al. (1998)
Anti-calpain I Polyclonal Calpain I Sigma, St Louis, MO, USA

PKA, cAMP-dependent protein kinase.
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