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Previous research has shown that muscarinic receptors (MAChRs) show loss of sensitivity in aging

and AD and are selectively sensitive to oxidative stress (OS). Thus, COS-7 cells transfected (tn)

with MAChR subtype M1 show > OS sensitivity [as reflected in the ability of the cell to extrude or

sequester Ca2þ following depolarization (recovery) by oxotremorine (oxo) and exposure to dop-

amine (DA) or amyloid beta (Aβ)] than M3-transfected COS-7 cells. Blueberry (BB) extract pretreat-

ment prevented these deficits. Research has also indicated that C2 ceramide (Cer) has several age-

related negative cellular effects (e.g., OS). When these cells were treated with Cer, the significant

decrements in the ability of both types of tn cells to initially respond to oxo were antagonized by BB

treatment. Present experiments assessed signaling mechanisms involved in BB protection in the

presence or absence of DA, Aβ, and/or Cer in this model. Thus, control or BB-treated M1 and M3 tn

COS-7 cells were exposed to DA or Aβ42 in the presence or absence of Cer. Primarily, results

showed that the effects of DA or Aβ42 were to increase stress (e.g., PKCγ, p38MAPK) and

protective signals (e.g., pMAPK). Cer also appeared to raise several of the stress and protective

signals in the absence of the other stressors, including PKCγ, pJNK, pNfκB, p53, and p38MAPK,

while not significantly altering MAPK, or Akt. pArc was, however, increased by Cer in both types of

transfected cells. The protective effects of BB when combined with Cer generally showed greater

protection when BB extract was applied prior to Cer, except for one protective signal (pArc) where a

greater effect was seen in the M3 cells exposed to Aβ42. In the absence of the Aβ42 or DA, for

several of the stress signals (e.g., pNfκB, p53), BB lowered their Cer-induced increases in M1- and

M3-transfected cells. We are exploring these interactions further, but it is clear that increases in

ceramide, to the same levels as are seen in aging, can have profound effects on calcium clearance

and signaling during oxidative stress.
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INTRODUCTION

As described below, numerous studies have suggested that one
of the factors that may mediate age-associated changes in
vulnerability to oxidative stress (OS) in aging may be ceramide.
Ceramide (Cer) is generated intracellularly by the sphingomyeli-
nase-induced cleavageof sphingomyelin (1-3), and this enzyme is
strongly increased during developmental neuronal death in rat
brain (4), producing increased Cer levels. These increases have
been found during apoptosis in neuronally differentiated PC12
cells (5) or cortical neurons (6) and in the ischemic gerbil
hippocampus (7). Previous experiments have also demonstrated
an association between Cer and cellular senescence, where in-
creased markers of senescence in fibroblasts (8) and inhibited
cellular growth (9, 10) have been observed. Numerous studies
have also suggested that Cer levels are increased by OS (e.g.,
refs 11, 12). Importantly, in this regard, Cer has been shown to

enhance the effects of hydrogen peroxide in decreasing calcium
buffering following hydrogen peroxide exposure (13, 14).

Additionally, Cutler and colleagues (15) have shown signifi-
cant increases in levels of membrane Cer in neuronal cells in
Alzheimer’s disease (AD) patients and agedmice that may reflect
increased OS and amyloid beta (Aβ) deposition. Research has
indicated that samples taken from various Alzheimer brain
regions showed four times the levels of Cer as those taken from
control brains (16-19). These increased levels of Cer have been
postulated to stabilize the APP-cleaving enzyme 1 (BACE1) and
increase Aβ (20). Conversely, a reduction of Cer levels appears to
reduce the formation of APP and Aβ in human neuroblastoma
cells (21). Thus, it has been suggested thatCer andAβ peptides act
in concert to induce neuronal death in AD, especially under OS
conditions. Studies also suggest that an additional effect of Aβ
peptides may be to negatively affect hippocampal functions such
as long-term synaptic plasticity in AD transgenic mice and
hippocampal preparations (22). The Aβ peptide promotes cal-
cium influx and disrupts calcium homeostasis in amanner similar
to that seen in aging (23, 24).
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It appears that, at least to some extent, the mechanisms
involved in the deleterious effects of Cer on calcium regulation
appear to be related to increases in stress-mediated signaling.
Studies have shown, for example, that increases in stress signaling
such as Cer-induced nuclear factor kappa B (NFκB) (5, 16,
25-27) can in turn enhance cellular Cer. Additional findings
have indicated that Cer can downregulate the neuroprotective
extracellular signal regulated kinase (ERK) and upregulate the
stress signals jun kinase (JNK) and p38mitogen activated protein
kinase (MAPK) (e.g., ref 28).

To determine whether Cer would enhance the efficacy of
oxidative stressors we assessed the effects of Cer in the presence
or absence of DA or Aβ42 on calcium baseline, response, and
clearance (buffering, recovery) following depolarization in M1-
or M3-transfected COS-7 cells (29). The rationale for utilizing
muscarinic receptor transfected COS-7 cells was to attempt to
discern the effects of OS on an important nexus: the receptor
in relative isolation. Experiments have shown that aging and
Alzheimer disease are associated with a loss of sensitivity in

Figure 1. Schematic representation of the effects of the stressors, cer-
amide, DA and/or Aβ42 on stress signals and calcium buffering (from
ref 33).

Figure 2. PKC γ immunoreactivity in (A)M1- or (B)M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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cognitive relevant muscarinic acetylcholine receptors (MAChR)
(30, 31). We have shown that this loss is sensitive both to aging
and OS. Additionally, cells transfected with M1-, M2- or
M4AChR showed greater disruptions in calcium regulation than
those transfected with M3 or M5AChR (29, 32).

In a subsequent study we utilized M1- and M3-transfected
COS 7 cells to investigate whether Cer would exhibit differential
effects on these cells. The results showed that significant decre-
ments were seen in the ability of M1- and M3-transfected cells to
respond initially to a depolarizing agent (oxotremorine) regard-
less of the particular stressor utilized (DA, Aβ42). However
blueberry (BB) pretreatment prevented these deficits (33), sup-
porting previous studies showing that BB was effective in pre-
venting the deleterious effects of DA or Aβ42 in the M1-
transfected COS-7 cells (34).

Since it is known, as mentioned above, that the mechanism of
action of Cer may be to increase stress signals, and since we
showed previously that BB protective effects involved antago-
nizing stress and enhancing protective signals induced by DA

and other stressors, it became of interest in the present study to
assess whether changes in the alterations in stress signals by
Cer could be reduced by BB treatment. Indeed, a study (35)
in M1-transfected COS-7 cells showed that BB antagonized
OS effects induced by DA in M1-transfected cells by lowering
activation of two important stress signals [e.g., cyclic AMP
response element binding protein (pCREB) and protein kinase
C gamma (pPKCγ)], while enhancing protective pMAPK acti-
vity. Similar findings were observed in primary hippocampal
cells that were pretreated with BB and followed by Aβ42 or DA,
where stress-induced increases in pCREB and pPKCγ were
reduced by the BB pretreatment.

Therefore, in the present study we investigated signals that
have been shown to regulate the downstream activation of
oxidative and inflammatory stressors (e.g., cytokines). Addition-
ally, we also examined protective signals that show declines in
aging including, apoptosis repressor with caspase recruitment
(Arc) (36), MAPK and protein kinase B (Akt). The latter two are
protective against oxidative stress (37) and inflammation (38).

Figure 3. pCREB immunoreactivity in (A)M1- or (B)M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; g = p < 0.05 from Cer þ DA.
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MATERIAL AND METHODS

Treatment and Transfection. COS-7 cells (ATCC) were grown,
transfected and maintained as described in Joseph and colleagues (39).
Cells were pretreated with either blueberry (BB, 2 mg/mL, 45 min),
C2 ceramide (75 μM, 30 min), or both in succession then treated with
DA (0 or 1mM, 4 h) orAβ42 (0 or 25 μM, 24 h). The Aβ42 was prepared as
described in Joseph et al. (35). Briefly, the Aβ42 was dissolved in distilled
deionized water and left at 37 �C overnight. An appropriate concentration
of Aβ42 was made using the media. No aggregates were formed either
overnight or when placed in the media. The concentration of the Aβ42
utilized here did not induce cell death in the neurons. The Cer concentra-
tion utilized were in the range chosen by previous experiments (e.g.,
20 μM (40) or 100 μM respectively (41)). We chose a shorter time and
increased the concentration. The BB concentration reflected the highest
amount that did not reduce response or recovery in control transfected
COS-7 cells in pilot experiments. TheBB extract was prepared as described
previously (23). Briefly frozen BB homogenized in water (2:1 w/v) for
3 min, centrifuged (13000g for 15 min at 4 �C), and then the supernatant
was poured into ice trays and frozen at 0 �C. The cubes were then crushed
in an ice crusher and then placed on trays and freeze-dried in a lyophilizer

for ten days. The resulting powder was reconstituted in growth media as
needed for the experiment. The Cer concentration utilized reflected a
physiological level that has been reported inmembranes of cells from aged
animals. The cells were washed and treatments removed before the
addition of the next treatment. For example, BB was removed before
Cer treatment and vice versa and then the subsequent treatments were
removed after their incubation times. The purpose of the treatments was to
alter the vulnerability of the cells, not to physically interfere with
subsequent applications.

Western Immunoblot Analyses. These assessments were made in
the transfected COS-7 cells using Western immunoblotting procedures.
The following markers were assessed. Stress signals: phospho JNK,
phospho p38MAPK, phospho NFκB, phospho CREB, PKC γ, and
p53. Protective signals: Arc, phospho Akt, phospho MAPK. These
assessments were made in the transfected COS-7 cells using immunoblot-
ting procedures (42, 43). Briefly, 20 μg of protein samples (2 replicates of
each sample were used per run) and pooled protein standard were run
on a 12.5% SDS-PAGE gel (39). The gel was soaked in protein transfer
buffer (TB: 200 mM glycine, 25 mMTris base, 20%methanol) for 10 min
at room temperature, and then electrophoretically transferred to nitro-
cellulose. Blots were blocked with TBST (140 mM NaCl, 20 mM

Figure 4. pJNK immunoreactivity in (A) M1- or (B) M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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Tris, 0.1% Tween-20, pH 7.5) with 5% nonfat dried milk or 3%BSA and
incubated in respective primary antibodies in TBST with 5% milk or 3%
BSA depending on the antibody, followed by washing with TBST and
incubation with the appropriate horseradish peroxidase-conjugated
secondary antibody in TBST with 5% milk. After a final washing in
TBST, the signal was detected using ECL Plus Reagents (Amersham).
The immunoreactive bands, corresponding to the molecular weight of
the protein of interest, were visualized with a digital CCD camera
(Hamamatsu Photonics) attached to a BioImaging System (EC3 Dark-
room, UVP) and the optical densities were quantified with the LabWorks
Imaging Acquisition and Analysis software (version 4.5, UVP). The
pooled protein standard was used to normalize the intensities of the
antibody-specific bands and the signals were expressed as percent of
optical density of the standard for comparison of signal across the blots.
Anti-β-actin or anti-GADPH primary antibody was used to check for
loading consistency. The following antibodies were used: anti-cPKC γ
(Santa Cruz, rabbit polyclonal), anti-phospho-MAPK (Cell Signaling,
mouse monoclonal), anti-phospho-CREB (Cell Signaling, rabbit poly-
clonal), anti-p53 (Abcam, mouse monoclonal), anti-phospho p38 MAPK
(Cell Signaling, rabbit polyclonal), anti-phospho NFκB (Abcam, rabbit
polyclonal), anti-phospho JNK (Cell Signaling, rabbit polyclonal),

anti-Arc (Santa Cruz, rabbit polyclonal), and anti-phospho Akt (Abcam,
rabbit monoclonal).

Data Analyses. Differences in immunoblot optical densities were
analyzed by ANOVA for each transduction factor under the various
conditions. Post hoc comparisons were done by using Fisher’s LSD test.

RESULTS

Stress Signals. As can be seen from the Introduction, we
assessed a number of stress signals in this study, and in order to
try to simplify the presentation of these results, we have organized
the signals into stress and protective signals. Generally, the
increase of stress signals such as PKCγ may act upstream of
CREB and NFκB through p38 MAPK to promote increases in
stressors (Figure 1).

Analyses of PKCγ showed that in M1-transfected cells both
Aβ42 and DA significantly increased PKCγ (p< 0.0001, for DA
and Aβ42 compared to control, Figure 2A). These effects were
antagonized by BB for both treatments (p<0.0001). Cer also
lowered the increases thatwere seen for both treatments under the

Figure 5. pNFκB immunoreactivity in (A)M1- or (B)M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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control condition, and there were no additional synergistic
inhibitor effects under BB/Cer or Cer/BB conditions.

For the M3-transfected cells (Figure 2B), there were some
increases in PKCγ by both Aβ42 and DA (p < 0.0001). As was
seen with theM1-transfected cells, BB reduced these increases for
bothDA andAβ42. However, Cer increased PKCγ in the absence
of the stressors (p<0.003, Cer vs control). BBwas able to reduce
these increases induced by Cer, or DA, especially when the
cells were treated with BB prior to Cer (e.g., Cer vs BB þ Cer,
p<0.005; Cer þ DA vs BBþ Cer þ DA, p<0.001). PKCγ
decreases were not seen with Cer vs Cer þ Aβ42 (p>0.05), but
the Cer þ Aβ42 condition was also not different from the BB þ
Aβ42 þ Cer condition (p > 0.05).

Similar results were seen with respect to pCREB with DA
in both M1- (p< 0.0001) (Figure 3A) and M3- (p< 0.0003)
(Figure 3B) transfected cells. However, it also appeared that
BB alone also enhanced pCREB in both types of transfected cells
(p<0.002), but did reduce DA-enhancement of pCREB for both
M1- andM3-transfected cells (p<0.0001 for both comparisons).

The DA and BB enhancements of pCREB were antagonized
in the CER-treated M1-transfected cells (e.g., DA vs Cer þ DA,
p<0.05), while in theM3-transfected cells, only theDA increases
in pCREB were decreased (p<0.001) and BB-induced increases
were unaffected (BB vs BB þ Cer, p>0.05). Aβ42 did not en-
hance pCREB, but BB did enhance pCREB in Aβ42-treated
M1- transfected cells (p<0.003). Cer effects were inconsistent on
pCREB in the presence of Aβ42.

When pJNKwas assessed, it appeared that the BB suppression
of DA and Aβ42 activation of this parameter were greater than
that seen with respect to CREB for bothM1 andM3 (p<0.0001
for the comparisons in both types of cells) (Figures 4A and 4B)
and did not affect baseline pJNK activity (p> 0.05). Cer treat-
ment enhanced baseline JNK activity (p<0.001) but did not
affect the enhancements in pJNK induced by DA or Aβ42 (p >
0.05 for both stressors). BB antagonized the Cer/DA and
Cer/Aβ42 effects on JNK (e.g., Cer þ DA vs BB þ Cer þ DA,
p<0.0001) whether the BBwas applied before or after Cer inM1
cells (Figure 4A).

Figure 6. p53 immunoreactivity in (A) M1- or (B) M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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The effects of DA and Aβ42 were similar in M3 cells as those
seen in M1 with respect to BB or Cer (Figure 4B). However, the
increases in pJNK were smaller overall, and Cer antagonized
the BB-induced decreases in DA by inducing increases in pJNK
whether the BB was applied before or after DA (Cer þ DA vs
BBþ Cer þ DA, p< 0.025; Cer þDA vs Cer þ BBþDA, p<
0.0001). BB antagonism of Aβ42-induced increases in pJNK was
unaffected.

In the case of pNFκB it appears that in the M1-transfected
cells, both Aβ42 andDA increased this parameter (p<0.0001 for
both, Figure 5A). These increases were significantly reduced by
BB treatment in these cells (p<0.0001 for both DA and Aβ42).
Cer significantly increased pNFκB relative to control (p<0.0001)
but reduced the Aβ42-induced increases (p<0.0001). Cer did not
alter the pNFκB increases in DA (p> 0.05). BB reduced the Cer
effects whether applied before or after Cer.

As shown in Figure 5B, in the M3-transfected cells similar
effects were seen with respect to pNFκB, which was increased by
both DA and Aβ42 (p< 0.0001), but the increases were less than

those seen in M1-transfected cells. As in the M1-tranfected cells,
BB reduced these effects (p<0.0001 for bothDAandAβ42), while
Cer increased control levels of pNfκB (p<0.001). BB antagonized
these effects, primarily when added prior to Cer (e.g., Cer þ DA
vs BB þ Cer þDA, p < 0.006).

The effects of the various treatments on p53 are shown in
Figures 6A and 6B forM1- andM3-transfected cells, respectively.
They were similar for both M1- and M3-transfected cells, ex-
cept that p53 was increased by bothAβ42 andDA (p<0.002 and
p< 0.003, respectively) for M1 but not M3, where p53 was only
increased by DA (p<0.002) and not by Aβ42. There was a trend
toward reduction of the Aβ42 by BB (p < 0.073), and BB treat-
ment reduced the DA-induced increases in p53 (p<0.003), while
in M3-transfected cells BB reduced p53 activation by either
stressors (e.g., Aβ42 vs BB þ Aβ42, p<0.017). Cer treatment
increased baseline p53 (control vs Cerþ control, p<0.0001) but
did not further alter the DA- or Aβ42-induced increases in p53
(e.g., Aβ42 vs Aβ42þCer, p>0.05). ForM1-transfected cells the
BB effects on p53 were blunted somewhat for Aβ42 when applied

Figure 7. pp38MAPK immunoreactivity in (A)M1- or (B)M3-transfectedCOS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB),
or ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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before or after Cer, while it appeared that in the M3-transfected
cells p53 was reduced by BB under Cer when either DA or Aβ42
were used as stressors.

Further analyses of the stress signals, as indicated inFigures 7A
and 7B, respectively, indicated that p38MAPK was significantly
increased by both DA and Aβ42 in bothM1- andM3-transfected
cells (p < 0.0001 for comparisons with both stressors in both
types of transfected cells). BB reduced these increases for both
stressors in both transfected cells (p < 0.0001). Conversely, Cer
significantly increased basal p38MAPK in both types of trans-
fected cells (p < 0.0001 for both M1- and M3-transfected cells)
but did not further enhance the DA- or Aβ42-induced increases.
BB reduced theCer enhancement of p38MAPK(p<0.0001) and
also the increases induced by the stressors inM1-transfected cells,
whether applied before or after the stressors (p < 0.0001).
However, in the case of the M3 receptors, BB suppressed the
Cer effects primarily when applied prior to Cer.

Protective Signals. As mentioned in the Introduction it has
been shown that pAKT, pMAPK, and pArc are protective

against inflammatory and oxidative stressors (26 , 27 , 29 , 30).
Akt may accomplish this effect through the inactivation
of BAD, while MAPK acts through a variety of pathways,
one of which is to increase protective bcl-2, which ultimately
antagonizes p38 MAPK. Arc acts to decrease caspases as
well as p53, to reduce oxidative stress. Again, the major
dependent measure that is important here is our functional
finding from the previous experiment concerned with calcium
dysregulation.

As shown in Figures 8A and 8B, BB reduced the increases in
pAkt induced by either DA or Aβ42 for both M1- and M3-
transfected cells (e.g., M1, DA vs BB þ DA, p < 0.0001).
However, BB alone also increased pAkt in both types of trans-
fected cells as compared to control (p<0.0001 for bothM1- and
M3-transfected cells). This increase was not seen with Cer, and
Cer also reduced both DA- or Aβ42-induced increases in pAkt
(M1, p<0.0001;M3, p<0.03 for both treatments). Cer reduced
theBB-induced increases in pAkt (BBvsCerþBB, p<0.05,M3,
p < 0.03, M1) primarily when applied after BB treatment.

Figure 8. pAkt immunoreactivity in (A) M1- or (B) M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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The differences in the values of pMAPK immunofluorescence
in the M1 or M3 cells exposed to DA, Aβ42, and/or Cer in the
presence or absence of BB are shown in Figures 9A and 9B

respectively. As was seen above with Akt, both DA and Aβ42
raised pMAPK when applied to control M1- or M3-transfected
cells (e.g., M1, p < 0.001, for both treatments). However, it
appeared that the Aβ42-induced increases in pMAPK were
suppressed by BB in the M1- (Aβ42 vs BB þ Aβ42, p < 0.001)
but notM3-transfected cells treated with BBwhere no differences
were seen (p>0.05). BB further enhancedDA-induced increases
in pMAPK in both M1- and M3-transfected cells (BB þ DA vs
DA, p< 0.0001). Cer did not significantly affect the increases in
pMAPK induced byDAorAβ42 in eitherM1- orM3-transfected
cells (p>0.05). It did, however, blunt the effect of BB in enhanc-
ing pMAPK with respect to DA (e.g., M1, DA þ BB vs BB þ
Cer þ DA, p < 0.001), but not with respect to Aβ42.

As can be seen from Figure 10A, Aβ42 induced increases in
pArc (p<0.0001) in M1- but not M3-transfected cells, while DA
induced decreases in this parameter in M1 cells (p< 0.0001). BB

reduced the effects of both Aβ42 (p<0.0001) but increased DA
(p<0.002) in both types of transfected cells. Cer increased pArc
alone (p<0.0001) as compared to the non-Cer condition, but did
not further increase Aβ42-induced increases in pArc. BB was able
to antagonize the effects ofCer (Cer vsBBþCer, p<0.0001) and
Aβ42 (CerþAβ42 vs BBþCerþAβ42, p<0.0001). These effects
were diminished when Cer was applied prior to BB.

In the M3-transfected cells (Figure 10B), Aβ42 did not affect
pArc, but as in the M1-transfected cells, DA reduced pArc (p<
0.002). BB did not alter Aβ42 with respect to pArc (p>0.05), but
DA increased pArc in the BB condition (p<0.0001 as in theM1-
transfected cells). Cer increased pArc relative to control (p<
0.0001) and both stressors (DA and Aβ42, both p < 0.0001,
relative to control). BB reduced these effects but primarily when
applied prior to Cer.

DISCUSSION

In this study we attempted to assess the putative signaling
mechanisms involved in BB protection against Aβ42-, DA- or

Figure 9. pMAPK immunoreactivity in (A)M1- or (B)M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; g = p < 0.05 from Cer þ DA.
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Cer-induced dysregulation in calcium function in muscarinic
receptor-transfected COS-7 cells that we had observed in a
previous study (39).

The results showed that, DA or Aβ42 increased many of the
stress (e.g., pPKCγ, p38 MAPK) and protective (e.g., pMAPK)
signals (Figure 1). Similarly, Cer also appeared to raise several of
the stress and protective signals in the absence of the other
stressors. These included pPKCγ, pJNK, pNFκB, p53, and p38
MAPK (Figure 1). Importantly, except for pJNK, where en-
hancementwas only seen in theM1-transfected cells, the increases
in the stress signals were seen in both M1- and M3-transfected
cells. These findings were similar to those showing increases in
NFκB (5, 16, 25-27, 44), as well as additional findings (44-46)
showing increases in p38 MAPK and pJNK with Cer (see also
ref47). Increases in these stress signals have been associated with
increases in cyclo-oxygenase-2 (COX-2) which is important in
stress induction and cellular inflammatory processes (45). Thus,
we would postulate that these processes may be the ones that
ultimately lead to increased ROS and calcium dysregulation.

In attempting to discern the possible synergistic effects of Cer
in the presence ofDAorAβ42, the results indicated that Cer effect
might be dependent upon the particular signal assessed and on the
subtype of transfected cell. It appeared Cer reduced the DA
activation of PKCγ and reduced Aβ42-induced PKCγ activation
as well as NFκB, in the M1-transfected cells. Conversely, PKCγ
activation induced byDAandAβ42was not altered byCer inM3-
transfected cells. Differences between the transfected cells were
also seen primarily with pCREB, whichwas reduced somewhat in
Aβ42-treated M1 cells and unaltered in M3 cells, as well as p53
where its activationwas unaltered inM1 cells and increased in the
M3 cells with Cer and Aβ42. Similar effects to that seen with
respect to p53 were also seen with Cer /Aβ42-treatedM1 and M3
cells. In brief, it appears that Cer can enhance stress signals (e.g.,
pPKCγ, p53, pNFκB) in the absence of exogenous stressors but
has rather mixed effects in the presence of stressors such as Aβ42
or DA.

Overall, the protective effects of BB when combined with
Cer generally reflected those seen previously (33) with calcium

Figure 10. pArc immunoreactivity in (A) M1- or (B) M3-transfected COS-7 cells under the various dopamine (DA), beta amyloid (Aβ42), blueberry (BB), or
ceramide (Cer) conditions. a = p < 0.05 from own treated control; b = p < 0.05 from overall control; c = p < 0.05 from overall Aβ42 control; d = p < 0.05 from
overall DA control; e = p < 0.05 from Cer control; f = p < 0.05 from Cer þ Aβ42 control; g = p < 0.05 from Cer þ DA.
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dysregulation,with greater protectionbeing seenwhenBBextract

was applied prior to Cer. In the absence of the Aβ42 or DA, BB,

for several of the stress signals such as pPKCγ, pNFκB, p53, and

p38MAPK, lowered their Cer-induced increases inM1- andM3-

transfected cells.Moreover, in the presence of the Aβ42 orDA, an

absence of Cer as can be seen from the figures, BB lowered

virtually all of the stress signals activated by these stressors, except

for CREB.
Therefore, we propose that BBs appear to be able to act at

multiple points in the pathway to prevent stress signal activation
and subsequent calcium disruption (40), even in the presence of
Cer. In addition, we would also propose that Cer could have
multiple effects that could lead to increased OS vulnerability in
aging. These could involve age-related changes in the neuronal
plasma membrane molecular structure and physical properties
that might be important determinants of age-related increases in
OS and inflammation vulnerability (48, 49). In fact, previous
research suggests that modifications of membrane lipid composi-
tion with cholesterol and sphingomyelin, to levels similar to those
seen in neuronal membranes in aging, dramatically increased the
vulnerability of the cells to OS, as assessed by alterations in
viability and impairments in calcium buffering (14,50), as well as
stress and protective signals. This suggests that the previously
observed finding that calcium buffering has been shown to be
significantly reduced in senescence (23, 51) and AD (52) may
involve alterations in membrane composition. There is an abun-
dance of data (e.g., ref 53) showing that polyphenols, such as
those from BBs (e.g., anthocyanins, chlorogenic acid, proantho-
cyanidins, hydroxycinamates, flavonols, catechins), can affect
membranes by increasing antioxidant protection against Cer. In
addition, they can also lead to the upregulation of receptors and
membrane-localized enzymes (54-57). They can also alter mem-
brane transport of molecules across the membrane (58) to
possibly enhance calcium regulation. Thus, in addition to de-
creasing the activation of the stress signals, the polyphenols
contained in the BB could also reduce the membrane effects of
Cer, as well as its oxidant potential. In this regard, in addition to
the effects on stress signaling, the deleterious effects of Cer also
may involve alterations in the biophysical properties of the
membranes, such as increasing membrane bilayer motion or
altering the lipid monolayer curviliniarity (59) or lipid rafts (e.
g., ref 60).

Finally, it should also be noted that given the mixed effects of
the various stressors and the BBs on the protective signals, the
primary benefit of the BBs in the calcium model may be
concerned with reduction of stress signals and enhancing mem-
brane function, as well as reducing oxidation. Therefore, it might
be suggested that the intake ofBBs and possibly other berriesmay
decrease OS vulnerability, reduce stress signaling and increase
neuronal calcium regulation, leading to improved neuronal
communication in the aged organism. Thiswould have important
implications for enhancing cognitive function in aging and
possibly in AD. Indeed, recent evidence from a study in elderly
people exhibiting symptoms of mild cognitive impairment (MCI)
indicated improvements in verbal memory after they were given
dietary supplementations of BB juice (up to 12 oz/day, depending
upon weight, for 12 weeks (61)).

ABBREVIATIONS USED

MAChRs, muscarinic acetylcholine receptors; OS, oxidative
stress; oxo, oxotremorine; DA, dopamine; Aβ, amyloid beta; BB,
blueberry; Cer, C2 ceramide; NFκB, nuclear factor kappa B;
JNK, jun kinase; MAPK, p38 mitogen activated protein kinase;
ERK, extracellular signal regulated kinase; pCREB, cyclic AMP

response element binding protein; pPKCγ, protein kinase C
gamma; TNFR, tumor necrosis factor alpha.
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