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a b s t r a c t
PKC signaling is critical for the non-toxic degradation of amyloid precursor protein (APP) and inhibition of
GSK3β, which controls phosphorylation of tau protein in Alzheimer's disease (AD). Thus the misregulation
of PKC signaling could contribute to the origins of AD. Bryostatin, a potent PKC modulator, has the potential
to ameliorate both the neurodegeneration and the recent memory loss associated with AD. As reported
herein bryostatin and a potent synthetic analog (picolog) are found to cause stimulation of nonamyloidogenic pathways by increasing α-secretase activity and thus lowering the amount of toxic Aβ
produced. Both bryostatin and picolog increased the secretion of the α-secretase product (s-APP-α) of APP
at sub-nanomolar to nanomolar concentrations. A peripheral AD-Biomarker has previously been autopsyvalidated. This Biomarker, based on bradykinin-induced differential phosphorylation of Erk1 and Erk2, has
been used here to test the therapeutic efﬁcacy both for bryostatin and picolog. Both of these PKC activators
are then shown to convert the AD Erk1/2 phenotype of ﬁbroblasts into the phenotype of “normal” control
skin ﬁbroblasts. This conversion occurred for both the abnormal Erk1/2 phenotype induced by application
of Aβ1–42 to the ﬁbroblasts or the phenotype observed for ﬁbroblasts of AD patients. The Aβ1–42-induction,
and PKC modulator reversal of the AD Erk1/2 biomarker phenotype demonstrate the AD-Biomarker's
potential to monitor both disease progression and treatment response. Additionally, this ﬁrst demonstration of the therapeutic potential in AD of a synthetically accessible bryostatin analog warrants further
preclinical advancement.
© 2009 Elsevier Inc. All rights reserved.

Introduction
Accumulating evidence indicates a series of AD pathophysiological
abnormalities in tissues other than in the brain, including blood, skin
ﬁbroblasts, and ocular tissues. In AD skin ﬁbroblasts, several cellular
and molecular abnormalities were observed, such as ﬁbroblast K+
channels (Etcheberrigaray et al., 1993, 1994), PKC isozymes (Govoni et
al., 1993; Favit et al., 1998), Ca2+ signaling (Ito et al., 1994), MAP kinase
Erk1/2 phosphorylation (Zhao et al., 2002; Khan and Alkon, 2006),
and dysfunctional PP2A (Zhao et al., 2003). Gene expression studies
using familial AD (FAD) skin ﬁbroblasts showed that the disease
process may even start before the onset of cognitive decline (Nagasaka
et al., 2005). FAD ﬁbroblasts were found to produce excess Aβ in
culture ﬁbroblasts (Citron et al., 1994; Johnston et al., 1994). More
recently, a new autopsy-conﬁrmed, internally controlled, phosphorylated Erk1/2 peripheral biomarker in skin ﬁbroblasts has been
introduced (Khan and Alkon, 2006; 2008).
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Controlled activation of α-secretase to reduce Aβ formation offers
an alternative strategy to reduce Aβ and possibly treat AD.
Furthermore, PKCɛ activation also activates endothelin converting
enzyme activity, which reduces amyloid plaque pathology in
transgenic mice (Choi et al., 2006).
The macrocyclic lactone bryostatin, a natural product extracted
from Bugula neritina, was found to activate PKC isozymes selectively
(Etcheberrigaray et al., 2004). These PKC isozymes then activate αsecretases directly or through MAP kinase (Alkon et al., 2007). Due to
the scarcity of bryostatin, its difﬁcult isolation, and the complexity of
the molecule, simpliﬁed and accessible synthetic analogs of bryostatin
have been developed and have been found to be superior to bryostatin
in some cases (Wender and Verma, 2008; Wender et al., 1998, 2002).
In this study we showed that low concentrations (nM) of bryostatin
and a synthetic analog termed, picolog, activated the non-amyloidogenic pathway by increasing the levels of α-secretase product(s). Both
of these PKC activators were then shown to convert the AD Erk1/2
phenotype of ﬁbroblasts into the phenotype of “normal” control skin
ﬁbroblasts. This conversion occurred for both the abnormal Erk1/2
phenotype induced by application of Aβ1–42 to the ﬁbroblasts or for
the phenotype observed for ﬁbroblasts of AD patients. These results
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indicate that the Erk1/2 biomarker may serve as model for monitoring
drug efﬁcacy and/or disease progression and that more accessible and
tunable analogs of bryostatin can effectively emulate bryostatin's role
in the potential treatment of AD.
Experiments
Materials
Bradykinin (m.wt. 1060.2) was obtained from Calbiochem (San
Diego, CA). Phospho-p44/p42 Erk1/2 antibodies from rabbit were
purchased from Cell Signaling Technology (Danvers, MA). Secondary
anti-rabbit antibody with peroxy conjugation was obtained from The
Jackson Laboratories (Bar Harbor, ME). Bryostatin was purchased from
Biomol International (Plymouth Meeting, PA). Amyloid beta (Aβ1–42)
was obtained from American Peptide Company (Sunnyvale, CA). 6E10
antibody (Covance, Emeryville, CA; formerly Signet Laboratories,
Dedham, MA) was used to measure s-APP-α by Western blot.
Cell culture
Banked skin ﬁbroblasts from AD patients and age-matched control
cases were purchased from Coriell Cell Repository (Camden, NJ). Cells
were cultured and maintained in T25/T75 culture ﬂasks with DMEM
(high glucose) containing 10% fetal bovine serum and 100 U/mL
penicillin and 100 μg/mL streptomycin. All cells were used within 7 to
16 passages.
Preparation of bryostatin and picolog solutions
The designed, synthetic analog of bryostatin, picolog, was prepared
according to published methods (Wender et al., 2002). Picolog's
molecular structure is shown next to that of bryostain in Fig. 1. Picolog
has been shown to bind with high afﬁnity to PKC isozymes, translocate
PKC-GFP fusion proteins in RBL cells, and suppress proliferation of
various human cancer cells lines in a fashion comparable or superior
to bryostatin. Picolog and bryostatin were dissolved in DMSO (50 μM)
and aliquots were stored at −20 °C. Different concentrations of
picolog and bryostatin solutions were prepared from these aliquots in
regular medium just before each experiment.
PKC activity assay
Each rat brain (Pel-Freez) was homogenized by sonication in 3
volumes of homogenization buffer (10 mM Tris–HCl pH 7.4, 50 mM
NaF, 1 mM PMSF). Homogenates (100 μL) were incubated in triplicate
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for 5 min at 37 °C with PKC activator (bryostatin/picolog), then
centrifuged at 100,000 ×g for 10 min. The precipitate was resuspended after sonication in the original volume. PKC activity was
measured in 10 μL aliquots of supernatant and precipitated without
added diacylglycerol or phosphatidylserine, measuring the incorporation of 32P from ATP-γ-32P into histones as described previously
(Nelson and Alkon, 1995). The ratio of PKC activity in the membrane to
total PKC activity was used as an index of the degree of activation.
Measurement of s-APP-α
Alzheimer's disease ﬁbroblast cells (AG06848) were grown to 100%
conﬂuency in a 75 cm2 culture ﬂask. Culture medium was replaced by
serum-free medium 2 h before the drug (bryostatin/picolog) treatment and kept in an incubator at 37 °C, 5% CO2. After 2 h, the serum
free-medium was replaced by medium (3 mL) with appropriate
concentration of drug (picolog/bryostatin) and kept in an incubator at
37 °C, 5% CO2. Treatment was maintained for 180 min. Upon
completion of the treatment, the medium was collected and
centrifuged at 1000 rpm for 5 min to remove any cellular debris. The
supernatant was transferred into a pre-cooled labeled centrifuged
tube, and immediately placed on ice and vortexed with 1/100 volume
of 2% Na-deoxycholate (DOC) and placed at 4 °C for 30 min,
precipitated by pre-cooled 100% trichloroacetic acid (1/10 volume of
mixture) and kept overnight at 4 °C, spun at 20,000 ×g. The
supernatant was removed and the pellet was washed in acetone and
spun again at 20,000 ×g for 30 min at 4 °C. The supernatant was
decanted and the pellet was dried overnight with paraﬁlm with a very
small hole on top to protect the samples from debris. The protein pellet
was dissolved in 20 μl of homogenization buffer (100 mM Tris, pH7.4,
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 1% Triton X-100, 1%
protease inhibitor mixture, 1% phosphatase inhibitor cocktails).
Twenty μl of 2× sample buffer was added and boiled in a water bath
for 10 min. The resulting cocktails were loaded on 4–20% Tris–Glycine
gels to conduct electrophoresis at 120 V for 80 min. Normalization of
protein on each lane of the blots was done by loading equal volume of
samples of conditioned medium standardized to total cell lysate
protein concentration. This was followed by transfer of the protein
onto a nitrocellulose membrane. After blocking the non-speciﬁc
binding with 5% BSA for 1 h at room temperature, the antibody for sAPP-α (6E10, Covance, Emeryville, CA; formerly Signet Laboratories,
Dedham, MA, 1:500 dilution), was added and incubated overnight on
an end-to-end rocker at 4 °C. On the following day, the nitrocellulose
membrane was washed three times (20 min each) with washing buffer
(Bio-Rad Laboratories, Hercules, CA) with intermittent shaking at
room temperature and incubated with an HRP-conjugated secondary
antibody (Jackson Labs) for 1 h and followed by washing three times
(20 min each) with washing buffer with intermittent shaking. The sAPP-α bands were stained with DAB (3,3 diaminobenzidine) staining.
Therapeutic efﬁcacy in a cellular model system
Therapeutic efﬁcacy of bryostatin and picolog was tested with an
autopsy-validated peripheral AD-Biomarker developed by our laboratory based on bradykinin-induced differential phosphorylation of Erk1
and Erk2 (Khan and Alkon, 2006, 2008) in human skin ﬁbroblasts.
Bryostatin and picolog treatment

Fig. 1. Chemical formula of bryostatin and picolog.

Fibroblast cell lines from control patients were treated with 1.0 μM
Aβ1–42 (in DMEM culture medium with 10% fetal bovine serum), for
16 h in 5% CO2 and 37 °C after reaching 90–100% conﬂuence. After the
16 h of incubation with Aβ1–42, the medium was removed and washed
three times with regular culture medium. Then an additional 16 h of
incubation was conducted with 0.2 nM bryostatin/5 nM picolog in
regular culture medium. The doses of both bryostatin and picolog
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were chosen based on the previously demonstrated potency of
bryostatin at very low concentrations, i.e. within the sub-nanomolar range (Etcheberrigaray et al., PNAS 2004). The bryostatin
concentration of 0.2 nM was previously chosen because of its
maximum potency at that concentration. We then chose concentrations of picolog to compare potencies of picolog and bryostatin.
Differential phosphorylation of Erk1/2
Conﬂuent (90–100%) skin ﬁbroblasts (Coriell Cell Repository,
Camden, NJ) after bryostatin and picolog treatment were serumdeprived for 16 h. A 10 nM bradykinin (BK) challenge was conducted
for 10 min (BK+). For each patient three pairs of BK and vehicle (DMSO,
without BK, BK−) were measured. After the treatment, the medium
was removed and the ﬂasks were placed on dry ice/ethanol for 30 min.
Homogenization buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 0.5% NP-40, 1% Triton X-100, 1% protease inhibitor
mixture, 1% phosphatase inhibitor cocktail) was then added. The ﬂasks
were placed on an end-to-end rocker at 4 °C. After 30 min, cell extracts
were collected with a cell scraper and sonicated three times on ice and
kept on ice for 30 min. Cell lysates were centrifuged at 14,000 rpm
(Eppendorf Centrifuge 5417R; Brinkman Instruments, Westbury, NY)
for 15 min. The supernatants were used for Western blotting. The total
number of cell passages was not allowed to exceed 16.
Western blot analysis
Cell lysates were mixed with equal volumes of 2× SDS sample
buffer and boiled for 10 min. The resulting cocktails were loaded on
10% gradient Tris–Glycine gels to conduct electrophoresis. This was
followed by transfer of the protein onto a nitrocellulose membrane.
After blocking the non-speciﬁc binding with nonfat milk for 1 h at
room temperature, the blots were incubated with antibodies for total
phospho-Erk1/2 measurements at 4 °C for 16 h. Blots were washed
and the phospho-Erk signal was detected by ECL using anti-rabbit
secondary antibodies from Jackson Laboratories and recorded on ﬁlm.
Blots were then stripped with stripping buffer and probed with the
anti-Erk antibody and signals were recorded as above. Signal intensity
was recorded with a BioRad densitometer. For Bradykinin-treated
cells (BK+), both the P-Erk1 and P-Erk2 were elevated compared to
untreated cells.
AD-Index measurement
The AD-Index measurement was described elsewhere (Khan and
Alkon, 2006, 2008). Strip densitometric analysis was conducted using
Imul (http://brnineurosci.org/imul.html). Total intensities of P-Erk1
and P-Erk2 bands were measured separately. The ratios of P-Erk1 to
P-Erk2 in the presence of BK (BK+) and in the absence of BK (BK−)
were calculated separately. From these measurements, an Alzheimer's disease Index (AD-Index) was calculated as follows: ADIndex = [p-Erk1/p-Erk2]BK+ − [p-Erk1/p-Erk2]BK−.
The AD-Index was measured for each control cell line before and
after inducing the AD phenotype with 1.0 μM Aβ1–42. After the Aβ1–42
treatment the AD-Index was again measured before and after
bryostatin/picolog treatment. For AD cell lines, the AD-Index was
measured in a similar way, immediately before and after bryostatin
(0.2 nM) or picolog (5 nM) treatment.
Results
Activation of α-secretase through PKC activation by bryostatin and
picolog
It is well documented that at sub-nanomolar to nanomolar
concentrations, bryostatin activates PKC. In comparison to bryostatin,

Fig. 2. PKC activation by bryostatin and synthetic analog, picolog.

picolog also activated PKC at nanomolar concentration (Fig. 2).
However, at sub-nanomolar concentrations bryostatin was more
potent than picolog. The α-secretase product (s-APP-α) was used as
a measurement of α-secretase activity in AD skin ﬁbroblasts. After
bryostatin or picolog treatment the medium was collected and s-APPα was assayed by a conventional immunobloting technique. In the
range of sub-nanomolar to nanomolar concentrations, both bryostatin
and picolog increased the secretion of the s-APP-α from amyloid
precursor protein (APP) in AD skin ﬁbroblasts (for bryostatin: 289 ± 67
(SEM); for picolog: 160 ± 29 (SEM) with respect to 100 for control,
respectively). The production of s-APP-α by picolog was concentration-dependent (Figs. 3A(i) B). Bryostatin was found to be more potent
for s-APP-α production at sub-nano-molar concentrations (Fig. 3C).
The 6E10 antibody that has been used in this study to detect s-APPα secretion from human cell lines by Western blot analysis was
described in numerous articles in the literature (Yang et al., 2007;
Kozikowski et al., 2003; Sennvik et al., 2000; Petanceska and Gandy,
1999). These studies demonstrated that this antibody recognizes the
1–16 amino acid sequence of human Aβ. This region is absent in the βsecretase cleavage product (s-APP-β) of full length APP as was
demonstrated in a study by Sennvik et al. (2000). The 6E10 antibody,
also detects full length APP. However, the full length APP was not
secreted by the cells into the medium, demonstrated by the lack of a
band corresponding to the full length APP (Fig. 3A(i)). In our analyses
we measured s-APP-α as secreted into the medium that was collected
after centrifugation at 1000 rpm for 5 min to remove any cellular
debris. In this way no APP (which remains with the cellular pellet)
contaminated our measurements of s-APP-α. Therefore pertinent to
this study, this antibody only detects s-APP-α that is speciﬁcally
derived from α-secretase activity (Fig. 3A(ii)). The increase in s-APPα depletes the amount of Aβ1–40 as well as Aβ1–42.
Therapeutic efﬁcacy in AD ﬁbroblasts
Drug efﬁcacy was tested using bradykinin induced differential
phosphorylation of Erk1 and Erk2 and was followed by measuring the
AD-Index. The AD-Index was measured for six different human AD
skin ﬁbroblasts as before (Khan and Alkon, 2006, 2008) and was
found to be positive. Positive AD-Index values correspond to AD
pathology. Both bryostatin (0.2 nM) and picolog (5 nM) treatment
lowered the AD-Index values for AD ﬁbroblasts, indicating that these
compounds restored the healthy phenotype of AD ﬁbroblasts (Figs. 4A
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Fig. 3. Increase of α-secretase activity by picolog Alzheimer's disease ﬁbroblasts: (A) (i) Western blot analysis of secretion of s-APP-α by picolog treatment. (ii) Illustration of
recognition of s-APP-α by 6E10 antibody. (B) Concentration dependence of α-secretase product formation (s-APP-α) by picolog. (C) Comparison of α-secretase activity induced by
sub-nanomolar concentrations of bryostatin and picolog. (N = Number of independent measurements, ⁎P b 0.028).

and C). Corresponding AD-Index changes of individual cases have
been illustrated in Figs. 4B and D.
Therapeutic efﬁcacy of bryostatin and picolog in control ﬁbroblasts
Since the PKC activator, bryostatin, has shown both neuroprotective and cognitive enhancing efﬁcacy, we tested the possibility that
bryostatin might prevent the Aβ1–42-induced abnormalities of the
AD-Biomarker. Addition of 0.2 nM bryostatin protected against the
Aβ1–42-induced change of the AD-Biomarker into the positive values
to normal AD-Index that would have indicated the presence of AD
(Figs. 5A, B). After bryostatin treatment, the AD-Index values
returned back to the normal lower values (N = 6, AD-Index value
changes from +0.130 ± 0.035 to − 0.034 ± 0.049 (SEM)).
Similar results were obtained after picolog treatment (Figs. 5C
and D). After soluble amyloidogenic Aβ1–42 treatment (1 μM, 16 h),
the ﬁbroblasts were then found to have the AD-speciﬁc, positive ADBiomarker values (N = 4, AD-Index changes from −0.071 ± 0.035

(SEM) to + 0.045 ± 0.017 (SEM)). After picolog treatment, the
positive AD-Index values produced by the treatment of Aβ1–42
returned back to the normal lower values (AD-Index = − 0.010
± 0.029 (SEM)) for control ﬁbroblasts (Figs. 5C and D).
Discussion
One of the most important histopathological hallmarks of AD is the
presence of neuritic amyloid plaques or deposits of aggregated Aβ.
Inhibiting excessive Aβ generation is also considered as one the most
important therapeutic targets for AD drug development. Abnormal Aβ
formation is a result of sequential proteolytic cleavage of transmembrane amyloid precursor protein (APP) by β- and γ-secretases. On the
other hand, the non-amyloidogenic pathway activates α-secretase(s)
that cause cleavage of APP within the Aβ sequence to generate s-APP-α,
the soluble, non-toxic metabolic product. Modulation of these three
secretase activities has received a great deal of attention for development of AD therapeutic strategies. Inhibition of β- and/or γ-secretases
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Fig. 4. Bryostatin and picolog treatment reverses AD-Index of human Alzheimer's disease ﬁbroblasts: (A) Skin ﬁbroblasts cells from AD patients were treated with 0.2 nM bryostatin
for 16 h. AD-Index was measured before and after the treatment and found to be decreased after each treatment. (N = Number of skin ﬁbroblast from individual patient cell lines,
⁎P b 0.02, Error bars = SEM of all AD-Index values). (B) Scatterplot of individual data points from each cell lines of panel A. (C) Skin ﬁbroblasts cells from AD patients were treated with
5 nM picolog for 16 h in culture medium. AD-Index was measured before and after the treatment and found to be decreased after each treatment. (N = Number of skin ﬁbroblast from
individual patient cell lines, ⁎P b 0.008, Error bars = SEM of all AD-Index values). (D) Scatterplot of individual data points from each cell lines of panel C.

or activation of α-secretase pathways should decrease amyloid formation. However, γ-secretase has other essential substrates, such as Notch,
Delta and Jagged (De Strooper et al., 1999) and inhibition of these could
cause gastrointestinal problems and perhaps other side-effects (Milano
et al., 2004). Inhibition of β-secretase would be more promising, and has
been supported by several studies showing that knockout mice when
crossed with amyloid generating mutant APP transgenic mice, are
entirely resistant to amyloid accumulation (Luo et al., 2001). However,
β-secretase other substrates as well, such as type III neuregulin 1
(NRG1), which is essential for nerve myelination and bundling axons
(Willem et al., 2006; Glabe, 2006).
Implications of synthetic analog of bryostatin
Bryostatin's ability to reverse the AD phenotype in ﬁbroblasts,
combined with its other known neurological effects such as the ability
to increase memory and learning in various animal models, suggest
that bryostatin could be an important therapeutic treatment for AD as
well as other neurological conditions. However, the limited availability of active bryostatins from both natural sources (0.00014%
isolation yield) as well as synthetic means (N70 steps) indicates that
simpliﬁed, synthetically accessible and tunable bryostatin analogs
would be invaluable in the search for equivalent or even superior
agents. The ability of one such analog, picolog (b30 steps), to mimic
bryostatin's efﬁcacy in this study indicates that such analogs could be
therapeutically signiﬁcant and thus merit preclinical advancement.
Secretase modulation therapeutic approach of AD
The therapeutic approaches for AD drug development to reduce
Aβ can be categorized as: anti-amyloid treatments, anti-polymeriza-

tion strategies, ion channel modulation approaches, and neuronal/
cellular signaling modulation strategies. It is well documented that
ion channel-modulating agents (e.g. acetylcholinesterase inhibitors
(donepezil, rivastigmine etc), cholinergic receptor modulators
(galantamine), and NMDA receptor antagonists (mematine)), cause
modest symptomatic relief without providing disease modiﬁcation.
Anti-amyloid treatment can be performed with three different
approaches: immuno-therapeutic strategy, an anti-polymerizing
strategy, and secretase modulation. Although immunotherapeutic
approaches for transgenic mice model were effective, in human
clinical trials, they failed due to T-cell mediated auto-immune
responses (Orgogozo et al., 2003).
On the other hand, modulation of secretases offers an alternative
strategy for decreasing Aβ formation by preventing transmembrane
APP cleavage. APP is subject to post-translational processing by three
major enzyme systems (α-, β- and γ-secretases). Evidence has
accumulated that inhibition of β- and/or γ-secretases decrease Aβ.
However, γ- and β-secretases have other essential substrates such as
Notch, inhibition of which can cause gastrointestinal problems (De
Strooper et al., 1999; Milano et al., 2004) and NRG1 (essential for
nerve myelination) (Willem et al., 2006; Glabe, 2006). In contrast, αsecretases cleave the APP to generate two non-toxic fragments, one
of which is released extracellularly. The soluble form of APP-α (sAPP-α) is also neuroprotective and possibly synaptogenic. The αsecretases are potently regulated by PKC, particularly the α- and ɛisozymes (Lanni et al., 2004; Etcheberrigaray et al., 2004). PKC
activation also has a crucial role in learning and memory enhancement (Sun and Alkon, 2005; Alkon et al., 2005). Conversely,
inhibition of PKC consistently abolishes learning and memory
retention. The strategy of PKC-mediated activation of α-secretases,
therefore, has the advantage of three parallel beneﬁcial consequences
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Fig. 5. Bryostatin/picolog treatment reverses AD-Index of Aβ1–42-treated control ﬁbroblasts: (A) Skin ﬁbroblasts from control patients were treated with 1.0 μM Aβ1–42 in culture
medium for 16 h to produce the AD phenotype. After Aβ1–42-treatment, the AD phenotype skin ﬁbroblasts were exposed with 0.2 nM bryostatin in culture medium for 16 h. The
abnormal AD-Index was reversed to normal (negative) values. (N = Number of skin ﬁbroblast from individual patient cell lines, P b 0.005). (B) Scatterplot of individual data points
from each cell lines of panel A. (C) The skin ﬁbroblasts from control patients were treated with 1.0 μM Aβ1–42 for 16 h in culture medium to produce the AD phenotype. After Aβ1–42treatment, the AD phenotype skin ﬁbroblasts were exposed to 5 nM picolog in culture medium for 16 h. The abnormal AD-Index was reversed to normal (negative) values.
(N = Number of skin ﬁbroblast from individual patient cell lines, ⁎P b 0.01, ⁎⁎P b 0.01). (D) Scatterplot of individual data points from each cell lines of panel C.

in AD therapy: increasing production of s-APP-α and reducing Aβ,
enhancing memory via PKC-mediated phosphorylation of downstream substrates, and decreasing phosphorylation of tau through
inhibition of GSK-3β. Bryostatin-induced synaptogenesis for longterm associative memory is also regulated by PKC activation
(Hongpaisan and Alkon, 2007).
Soluble Aβ induces and picolog treatment reverses the Alzheimer's
phenotype of human ﬁbroblasts
Accumulating evidence suggests that soluble Aβ1–42 can induce
some of the neuropathology both with in vitro (brain slice) and in vivo
administration (Sun and Alkon, 2002). Furthermore, in vivo infusion
of Aβ25–35 (an active form of Aβ1–42) can also induce learning and
memory impairments that are characteristic of early AD patients (Sun
and Alkon, 2002). In addition, for familial AD patients, skin ﬁbroblasts
showed enhanced secretion of Aβ1–42 (Citron et al., 1994; Johnston et
al., 1994) while AD-speciﬁc reduction of speciﬁc K+ channels were
induced by Aβ1–42 in normal human ﬁbroblasts (Etcheberrigaray et al.,

1993, 1994). For these reasons, we applied Aβ1–42 to the normal
ﬁbroblasts to assess its impact on Erk1/2 phosphorylation. The ADIndex was ﬁrst measured for these control ﬁbroblasts and was found
to have the expected negative (normal) values of the AD-Index. After
soluble Aβ1–42 treatment (1 μM, overnight), the ﬁbroblasts were then
found to have the AD-speciﬁc positive AD-Biomarker.
Since the PKC activator bryostatin had shown both neuroprotective (in double transgenic mice) and cognitive enhancing efﬁcacy, we
then tested the possibility that bryostatin might prevent the Aβ1–42induced abnormalities of the AD-Biomarker. As predicted, addition of
0.2 nM bryostatin (Khan and Alkon, 2008) or 5 nM picolog (Fig. 5)
prevented the Aβ1–42-induced change of the AD-Biomarker into the
positive values that would have indicated the presence of AD. Similar
to bryostatin from our previous study (Khan and Alkon, 2008),
picolog also reversed the abnormal Erk1/2 phenotype of AD
ﬁbroblasts. Such results demonstrate that the PKC activators,
bryostatin and picolog, have the potential to ameliorate both the
neurodegeneration and the recent memory loss of AD, and offer
evidence for the hypothesis that PKC signaling deﬁcits may
themselves contribute to the origins of AD.
Possible underlying mechanism of α-sectretase activation and its
relationship to the AD-Index measurement

Fig. 6. Illustration of effects of Aβ and PKC activators (bryostatin and picolog) on the ADIndex.

First, we hypothesize that the AD-Biomarker shows enhanced
Erk1/2 phosphorylation in response to bradykinin because AD
patients already have reduced levels of PKCα/ɛ-mediated phosphorylation of Erk1/2 as illustrated in our previous work (Khan and Alkon,
2006). When challenged with PKC activation, the AD ﬁbroblasts show
an increased dynamic change of Erk1/2 phosphorylation because they
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are starting from a decreased steady state level. Aβ application to
normal ﬁbroblasts reduces PKC activity because Aβ directly downregulates PKC, as has been previously demonstrated (Favit et al., 1998;
Lee et al., 2004). In this way, Aβ application would simulate AD (Fig.
6). PKC activators such as bryostatin and picolog would counteract the
effect of Aβ and thereby reverse or prevent the Aβ-induced changes of
AD-Index (Fig. 6). Other effects of AD-speciﬁc lowering of PKC
isozymes might induce reduced α-secretase activity and/or reduced
endothelin-converting enzyme degradation of Aβ. However, the
relationship of the AD-Index to other effects of PKC reduction is not
explored in the present study.
It would be interesting to examine the AD-Index in AD ﬁbroblasts
after inhibiting γ-secretase and this will be examined in future
studies. If γ-secretase activity is inhibited, we expect lower amounts
of Aβ production and as a result lower AD-Index value as compare to
values obtained without γ-secretase inhibition.
Drug efﬁcacy in a cellular model
Values of the AD-Biomarker (AD-Index) were measured for control
ﬁbroblasts and were found to have the negative (normal) values of the
AD-Biomarker. After soluble amyloidogenic Aβ1–42 treatment (1 μM,
16 h), the ﬁbroblasts were then found to have the AD-speciﬁc, positive
AD-Index values. Since the PKC activator, bryostatin, has shown both
neuroprotective and cognitive enhancing efﬁcacy, we then tested the
possibility that picolog might prevent the Aβ1–42-induced abnormalities of the AD-Biomarker. Addition of 5 nM picolog protected against
the Aβ1–42-induced change of the AD-Biomarker into the positive
values that would have indicated the presence of AD (see above). Both
bryostatin (0.2 nM) and picolog (5 nM) treatment lowered the ADIndex values for AD ﬁbroblasts, indicating that these compounds
restore the healthy phenotype of AD ﬁbroblasts as well as have the
potential for use as AD treatments.
A growing body of evidence indicates that AD pathophysiological
abnormalities occur in the brain as well as in blood and blood vessels,
skin ﬁbroblasts and ocular tissues. PKC signaling was found to be
critical for non-toxic degradation of APP directly and/or through
MAPK (Alkon et al., 2007). The AD-phenotype and/or AD-Index of
skin ﬁbroblasts are correlated with AD neuropathology of brain.
Recent ﬁndings from our laboratory showed that the AD-Index values
of autopsy-conﬁrmed patients were correlated with AD neuropathology of amyloid plaques and ﬁbrilliary tangles (Khan and Alkon, 2006,
2008). The amelioration of the AD-Index by bryostatin/picolog by
itself does not directly indicate that the neuropathology will be
ameliorated. However, bryostatin treatment of AD transgenic mice
lowered Aβ in the brain and increasing survival rate (Etcheberrigaray
et al., 2004). Similarly, treatment of AD transgenic mice by picolog and
other accessible and tunable analogs would be critical to examine for
effects on Aβ and amyloid plaques for further clinical development of
these novel agents.
Thus, the AD-Biomarker successfully follows the bryostatin and
picolog induced PKC-mediated transformation of cellular signaling in
AD ﬁbroblasts. These results suggest that the AD-Index measured in
human ﬁbroblasts could reﬂect therapeutic efﬁcacy in cellular
systems. PKC signaling deﬁcits may contribute to the origins of
Alzheimer's disease, so screening of PKC activators with the AD-Index
measurement may provide a basis for rapid drug screening, at least at
the early stages of AD drug development. This method would avoid
lumbar puncture required by CSF biomarker for drug screening and
efﬁcacy testing.
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