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Abstract. In Alzheimer’s disease (AD) transgenic mice, activation of synaptogenic protein kinase C & (PKCe) was found to
prevent synaptotoxic amyloid-B (A)-oligomer elevation, PKCe deficits, early synaptic loss, cognitive deficits, and amyloid
plaque formation. In humans, to study the role of PKCe in the pathophysiology of AD and to evaluate its possible use as an early
AD-biomarker, we examined PKCe and A in the brains of autopsy-confirmed AD patients (n=20) and age-matched controls
(AC, n=19), and in skin fibroblast samples from AD (n = 14), non-AD dementia patients (n = 14), and AC (n=22). Intraneuronal
AP levels were measured immunohistochemically (using an AB-specific antibody) in hippocampal pyramidal cells of human
autopsy brains. PKCe was significantly lower in the hippocampus and temporal pole areas of AD brains, whereas A3 levels
were significantly higher. The ratio of PKCe to AR in individual CA1 pyramidal cells was markedly lower in the autopsy AD
brains versus controls. PKCe was inversely correlated with A levels in controls, whereas in AD patients, PKCe showed no
significant correlation with AR. In autopsy brains, PKCe decreased as the Braak score increased. Skin fibroblast samples from
AD patients also demonstrated a deficit in PKCe compared to controls and an AD-specific change in the AB-oligomer effects on
PKCe. Together, these data demonstrate that the relationship between A levels and PKCe is markedly altered in AD patients’
brains and skin fibroblasts, reflecting a loss of protective effect of PKCe against toxic A3 accumulation. These changes of PKCe

levels in human skin fibroblasts may provide an accurate, non-invasive peripheral AD biomarker.
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INTRODUCTION

Our understanding of the earliest events in the patho-
physiologic progression of Alzheimer’s disease (AD)
remains limited, presenting a major obstacle to the
development of new therapeutics that can prevent or
slow neurodegeneration in AD, and the discovery
of diagnostic biomarkers that can identify high-risk
patients who may benefit from early treatment [1].
Studies of brains from postmortem AD patients and
mouse models of AD have revealed that one of the
earliest pathologic events is the loss of synapses in
specific brain areas critical for memory, such as the
hippocampus. This loss of synapses, and the associ-
ated cognitive deficits, has been shown to precede other
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pathologic hallmarks of AD, such as the deposition of
amyloid plaques and neurofibrillary tangles [2—4]. Pro-
tein kinase C & (PKCeg) is predominantly expressed
in the brain [5] and has recently been implicated in
several aspects of AD pathophysiology [6, 7]. PKCe
deficiency in the brain has been reported to occur early
in AD progression in the Tg2576 transgenic mouse
model [8]. AR has been shown to directly bind to a
specific PKC pseudo-substrate domain (a 28-35 amino
acid sequence) to block PKC activity [9]. Aging, the
major risk factor for sporadic AD, is also associated
with a deficit in PKCe [10]. Conversely, activation of
PKCe has been shown to cause degradation of AP via
the endothelin converting enzyme [7, 11], activation
of a-secretase to generate the synaptogenic non-toxic
soluble amyloid- protein precursor o (SABPPa) [12,
13], and reduction of GSK3-3 activity [14], thereby
decreasing hyperphosphorylation of tau. In neurons,
activation of PKCe reduces AP oligomer-induced
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destruction of mature synapses and has been shown
to enhance memory and prevent neuronal death [8,
15]. Other studies have shown that apolipoprotein E
3 (ApoE3) stimulates the synthesis of PKCe [16],
thereby increasing synaptogenesis in cultured neuron
networks.

In AD, therefore, loss of the synaptogenic and anti-
apoptotic effects of PKCe, including PKCe-induced
degradation of AB-oligomers, could be a crucial early
event in AD that leads to synaptic loss and cog-
nitive impairment and the eventual accumulation of
AP and deposition of amyloid plaques and neu-
rofibrillary tangles [8]. Therapies that maintain the
balance between PKCe and A3-oligomers may protect
synapses required to sustain cognitive functions such
as learning and memory. Further, diagnostic assays
that can detect an imbalance between PKCe and Af3-
oligomers may be able to identify patients at the earliest
stages of the disease.

A growing body of evidence shows that AD is asso-
ciated with changes in peripheral tissues, outside the
central nervous system [17-25]. Amyloid pathogene-
sis and tau metabolic pathways are not limited to the
brain, but are ubiquitous in the human body and found
in blood, saliva, skin, and other peripheral tissues [20,
25, 26]. For example, primary human skin fibroblasts
of symptomatic and presymptomatic patients carrying
the Swedish familial AD mutation produce excess A3
protein [17, 21]. AD-specific AP deposition has also
been noted in the human lens [19], as well as AD-
related abnormalities in blood cells [18, 22, 24] and
A deposition in blood vessels, skin, subcutaneous tis-
sue, and intestine of AD patients [20]. Collectively,
these findings suggest that AD pathophysiology has
systematic expression while its phenotypic expres-
sion is brain-specific. Based on these observations,
we hypothesized that PKCe in skin fibroblasts might
serve as an accurate peripheral biomarker of AD that
reflects changes in PKCe in the AD brain. In this study,
we measured PKCe and A3 levels in human autopsy
brain samples and in fresh and banked skin fibroblast
samples from patients with AD, patients with non-
AD dementia (non-ADD), and age-matched controls
to evaluate the diagnostic accuracy of skin fibroblast
PKCe as a biomarker of AD.

MATERIALS AND METHODS

Human brain tissue samples

Freshly frozen and freshly fixed (for immunofluo-
rescence microscopy) autopsy-confirmed AD (n=10

Table 1
Patient ID and autopsy diagnosis of hippocampus area of
Alzheimer’s disease (AD) patients and age-matched control cases

Age Gender

Patient ID  Autopsy % Female
diagnosis
AN15589 AD Braak2 84
AN18056 AD Braak4 88
ANO01667 AD Braak 5 68
AN10254 AD Braak 6 78
AN02930 AD Braak 3 80
AN14554 AD Braak 6 61
AN17726 AD Braak2 72
ANO06468 AD Braak4 98
AN16195 AD Braak5 73
ANO02773 AD Braak 5 81
AN10329 Control 81
ANO00704 Control 82
ANO00316 Control 75
AN17896 Control 69
AN12667 Control 86
ANI15515 Control 73
ANO08396 Control 76
AN02921 Control 89
ANO03324 Control 97

Average
age £ SD

78.3£10.5 50%

80.88 £8.77 50%

SRR mmmm R

hippocampus, n =10 temporal pole area) and age-and
gender-matched control (AC, n=9 hippocampus,
n=10 temporal pole area) brain tissue slices were
obtained from the Harvard Brain Tissue Resource
Center, McLean Hospital, Boston, MA (Tables 1 and
2). Approval for the study was obtained from Dr.
Francine M. Benes, Harvard Brain Tissue Resource
Center, McLean Hospital. All patients (or their legal
representatives) gave informed consent to provide
brain tissue samples at autopsy, which was performed
within 24 h of death. The pathological diagnosis of AD
was conducted according to the Consortium to Estab-
lish a Registry for Alzheimer’s Disease (CERAD).
The study was carried out in accordance with the Code
of Ethics of the World Medical Association (Dec-
laration of Helsinki) for experiments involving humans
(http://www.wma.net/en/30publications/10policies/b3
/index.html).

Human skin fibroblast samples

Skin fibroblast samples from 28 patients (AD:
n=14, 9 autopsy-confirmed AD; 3 genetically vali-
dated AD, and 2 clinically confirmed AD; non-AD
dementia: n=14, one autopsy-confirmed; 13 genet-
ically validated), and 22 non-demented AC cases
(n=150) were obtained from the cell bank at the Coriell
Institute for Medical Research (Camden, NJ; Tables 3).
The number of cell lines used for each experiment is
described in Table 3 (see footnotes). Fresh fibroblasts
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Table 2

493

Patient ID, autopsy diagnosis and PKCe expression levels of temporal pole area of Alzheimer’s disease (AD) patients versus age-matched
control cases

Patient ID Autopsy diagnosis Age Gender PKCe (A.U.) (immunoblot)* Average Age £ SD % Female
ANO02005 AD Braak 5 81 M 345.857 82.5+6.3 50%
AN19148 AD Braak 5 82 F 471.888

AN11070 AD Braak 5 86 F 433.533

AN12095 AD Braak 6 90 F 480.835

ANO07090 AD Braak 6 80 M 311.959

ANO02485 AD Braak 5 73 M 391.273

AN19950 AD Braak 5 84 M 370.288

ANO05080 AD Braak 4 90 F 360.301

AN14738 AD Braak 5 87 M 402.133

AN18776 AD Braak 6 72 F 273.495

ANO01877 Control 93 F 538.083 83+6.9 50%
AN06400 Control 91 F 598.736

AN06291 Control 87 M 561.813

AN06291 Control 86 F 507.404

AN02397 Control 85 M 419.806

AN18592 Control 82 F 587.720

AN06669 Control 81 M 608.417

AN09667 Control 80 M 393.754

AN09933 Control 73 M 237.759

AN18904 Control 72 F 447.286

*Average of at least three measurements. Student’s #-test, type 1, one-tail distribution; p <0.01.

were isolated from punch biopsy (2—3 mm, upper arm)
skin samples taken from patients with clinically con-
firmed AD (n=5) and AC (n=35; Table 4). Biopsies
were performed by qualified personnel under the super-
vision of Dr. Shirley Neitch and with the IRB approval
of Marshall University (Huntington, WV). All patients
(or their legal representatives) provided informed con-
sent. The clinical diagnosis of AD was made by Dr.
Neitch. The method of isolating and culturing fibrob-
lasts from skin biopsies is described elsewhere [27,
28]. For this study, we used cells from passages 5 to
14.

Antibodies

Anti-amyloid-B peptide (MOAB-2) (Cat No:
MABN254; Millipore, Billerica, MA) detects AP in
soluble, oligomeric, and fibrillar forms in human AD
brain tissue by immunofluorescence, according to the
manufacturer. The antibody was specifically cloned
(6C3) to recognize unaggregated, oligomeric, and fib-
rillar forms of AB4y and AB4, but not ABPP. An
independent laboratory verified the application of this
antibody to detect unaggregated forms of intraneu-
ronal AB42 and APB40 but not intraneuronal ARPP
by immunoblot and immunoprecipitation analysis in
5 x FAD mice brains [29]. The antibody for PKCe (C-
15) (Santa Cruz Biotechnology, Santa Cruz, CA.; Cat
No: sc-214) has been used to detect PKCe of human
origin by immunoblotting and immunofluorescence

analysis; a very recent study used the C-15 antibody
for absolute quantitation of endogenous PKCe with
high precision and accuracy using a capillary immu-
noelectrophoresis system [30]. Anti-B-tubulin, a class
IIT rabbit monoclonal antibody (Millipore Corpora-
tion, Cat No: 04-1049), was used for normalization
of protein loading in immunoblotting. Anti-3-actin
antibody was obtained from Santa Cruz Biotechnol-
ogy. Absolute concentration of PKCe was measured
by ELISA using Human Protein Kinase C Epsilon
(hPKCe) ELISA Kit (Antibodies-online.com). The
manufacturer has recommended this sandwich enzyme
immunoassay for the in vitro quantitative measure-
ments of PKCe in human tissue homogenates.

Immunoblot analysis of cultured skin fibroblasts

Flasks containing cultured skin fibroblasts were
washed three times with 1x PBS (pH 7.4), the cells
were collected using a cell scraper, transferred to 1.5 ml
microcentrifuge tubes, and centrifuged at 1000 rpm for
Smin. The cell pellet was suspended in homogeniz-
ing buffer (10 mM Tris pH 7.4, 1 mM PMSE, 10 mM
EGTA, 10mM EDTA, and 50mM NaF) and soni-
cated for 30 s. The homogenate was centrifuged again
at 4°C for 10min at 10000 rpm and the supernatant
was collected and transferred to a new tube. Total
protein concentration was measured using a Brad-
ford Protein assay Kit (Thermo Scientific, Rockford,
IL). Protein samples (20 pg) were boiled in 2x
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Table 3
In-depth demographics, genetic/family history, and clinical history of the banked patients!

Cell ID Age Gender Description

Alzheimer’s disease (AD)

1 AG08245*#1 75 M Caucasian, No family history of AD. 7y of disease duration
before the biopsy, autopsy-confirmed AD. The skin biopsy
was taken postmortem.

2 AG06263*#1 67 F Caucasian, no family history of AD. This is a sporadic AD case
by clinical diagnosis. 7y of disease duration. The skin biopsy
was taken antemortem.

3 AG14149*# 80 F Caucasian, autopsy-confirmed AD with strong family history
and APOE4 gene.
4 AG06840*# 56 M Canadian Caucasian, clinically confirmed familial AD with

presenilin 1 (PSEN1) gene. History of progressive memory
loss of one year. The skin biopsy was taken antemortem.

5 AG04401+# 53 F Caucasian, autopsy-confirmed familial AD patient. The skin
biopsy was taken ante-mortem.

6 AG06262*# 66 M Caucasian, clinically confirmed AD with no family history. The
skin biopsy was taken ante-mortem.

7 AG05770*#/ 70 M Caucasian, no family history of AD. 7.5y of disease duration

before the biopsy, autopsy-confirmed AD. The skin biopsy
was taken postmortem.

8 AG04402*# 47 M Caucasian, clinically affected member of a family with AD
with signs of early dementia. Early-onset familial AD with
APOE genotype.

9 AG10788*#1 87 Unknown Caucasian, autopsy-confirmed AD with 17y of disease

duration. Family history of AD with ApoE4 gene. The biopsy
was taken antemortem.

10 AG04159%7 52 F Caucasian, clinically confirmed, familial Type 3 AD. The
biopsy was taken antemortem.
11 AG05810%7 79 F Jewish Caucasian, clinically affected with severe late stage

dementia, typical of AD. Three siblings died with
autopsy-confirmed AD. The biopsy was taken antemortem.

12 AG08527#" 61 M German Caucasian, autopsy-confirmed AD. The biopsy was
taken antemortem.

13 AG06844" 59 M Caucasian, autopsy-confirmed familial type 3 AD; 11y of
disease duration. The biopsy was taken antemortem.

14 AG08259" 90 M Caucasian, autopsy-confirmed AD with no family history; 3y

of disease duration. The biopsy was taken antemortem.
Non-Alzheimer’s disease
dementia (Non-ADD)
1 GMO04198*#1 63 F Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**
Caucasian, clinically affected familial Parkinson’s disease.
Caucasian, choreic movements with clinically confirmed and
genetically validated Huntington’s disease™*.
4 GMO06274#1 56 F Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

2 ND34265*# 62
3 GMO05030*#/ 56

==

5 GMO02165*#7 57 M Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

6 GMO02167+# 59 F Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

7 ND31618** 63 F Caucasian, clinically affected familial Parkinson’s disease.

8 AG08395*# 85 F Caucasian, autopsy-confirmed Parkinson’s disease. The skin
biopsy was taken postmortem.

ND27760%" 55 F Caucasian, familial Parkinson’s disease Type 1; PARK1.**

10 GM20926%" 35 F Lithuanian Caucasian, inclusion body myopathy with
early-onset Paget disease and frontotemporal dementia™*.

11 GM04226%" 74 M Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

12 GMO02173" 52 F Caucasian, clinically confirmed and genetically validated

Huntington’s disease.**
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Table 3
(Continued)
Cell ID Age Gender Description

13 GMO00305" 56 F Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

14 GMO05031" 60 M Caucasian, clinically confirmed and genetically validated
Huntington’s disease.**

Age-matched Control (AC)

1 AG04058*# 53 M Caucasian, non-demented age-matched control. The skin
biopsy was taken antemortem.

2 AG07716** 39 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

3 AG06881*# 63 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

4 AG07803* 66 M Caucasian, non-demented age-matched control. The skin
biopsy was taken antemortem.

5 AG09555* 53 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

6 AG09697*# 63 F Caucasian, non-demented age-matched control. The skin
biopsy was taken antemortem.

7 AG09977*#1 63 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

8 AG09148** 67 M Caucasian, non-demented age-matched control. The skin
biopsy was taken antemortem.

9 AG06242#1 71 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

10 AG04560*#° 59 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

11 AG06237*# 45 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

12 AG08044* 58 F African American, non-demented. The skin biopsy was taken
antemortem.

13 AG05840" 55 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

14 AGO7714%7 56 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

15 AG11358# 71 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

16 AG12998*" 65 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

17 AG11734" 50 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

18 AG05840" 55 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

19 AG12927" 66 F Caucasian, Non-demented. The skin biopsy was taken
antemortem.

20 AG04461" 66 M Caucasian, non-demented. The skin biopsy was taken
antemortem.

21 AGI11363" 74 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

22 AG13358" 72 F Caucasian, non-demented. The skin biopsy was taken
antemortem.

! All information was obtained from the Coriell Cell Repository. *Cell lines used in PKCe ELISA-based slope/intercept assay (Fig. 7). *Cell
lines used in PKCe ELISA-based basal level measurement (Fig. 6). " Cell lines used in PKCe immunoblot-based basal level measurement (Fig.
4). **The time of biopsy taken was not reported as to whether it was antemortem or postmortem.

Laemmli buffer for 10 min and separated on 4-20%
gradient Tris-Glycine gels. Separated proteins were
transferred to nitrocellulose membrane and the mem-
brane was blocked in BSA at room temperature (RT)
for 15 min and incubated with 1:2000 dilution anti-
PKCe rabbit polyclonal antibody and 1 : 5000 dilution

anti-B-tubulin for 1h at RT. The blot was washed
three times with Tris-buffered saline-Tween 20 (TBS-
T) and further incubated with alkaline phosphatase
conjugated secondary antibody (Jackson Immunore-
search Laboratories, West Grove, PA) at 1:10,000
dilution for 45 min. The blot was washed three times
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Table 4
In-depth demographics, genetic/family history, and clinical history of the samples from freshly taken biopsies™
Cell ID Age Gender Description
Alzheimer’s disease (AD) (n=15)
40M59-AD 59 Caucasian, clinically confirmed early-onset AD. After 7y of disease duration, the

punch biopsy was taken antemortem.

Caucasian, clinically confirmed AD with no family history. This sporadic AD case had
2y of disease duration at the time of punch biopsy. The skin biopsy was taken
antemortem.

Caucasian, clinically confirmed AD with no family history. This sporadic AD case had
9y of disease duration at the time of punch biopsy. The skin biopsy was taken
antemortem.

Caucasian, clinically confirmed AD with no family history. This sporadic AD case had
no record when the disease started. The skin biopsy was taken antemortem.

Caucasian, clinically confirmed AD with no family history. This sporadic AD case had
9y of disease duration at the time of punch biopsy. The skin biopsy was taken
antemortem.

42M78-AD 78

43M88-AD 88 M

61M78-AD 78 M

93F82-AD 82 F

Age-matched Control (AC) (n=15)

80M45-AC 45 M Caucasian, non-demented age-matched control. The skin biopsy was taken
antemortem.

25M39-AC 39 M Caucasian, non-demented control. The skin biopsy was taken antemortem.

39M65-AC 65 M Caucasian, non-demented age-matched control. The skin biopsy was taken
antemortem.

51MS5-AC 55 M Caucasian, non-demented age-matched control. The skin biopsy was taken
antemortem.

78F45-AC 45 F Caucasian, non-demented age-matched control. The skin biopsy was taken
antemortem.

*All 10 samples (5 AD and 5 AC) were used in PKCe based ELISA.

with TBS-T and developed using the 1-step NBT-BCIP
substrate (Thermo Scientific). Signal intensities of
the images were recorded using ImageQuant RT-ECL
(GE Life Sciences, Piscataway, NJ) and densito-
metric quantification was performed using IMAL
software (Blanchette Rockefeller Neurosciences Insti-
tute, Morgantown, WV). Intensities of PKCe bands
were normalized against 3-tubulin for each lane.

Immunoblot analysis of temporal lobe tissue

Brain tissue was homogenized in 10 mM Tris-HCl
(pH 7.4), 1mM PMSF (phenylmethylsulfonyl fluo-
ride), 1 mM EGTA, 1 mM EDTA, 50mM NaF, and
20 uM leupeptin and lysed by sonication. Protein con-
centration was measured using the Coomassie Plus
(Bradford) Protein Assay kit (Pierce, Rockford, IL).
20 ng of protein from each sample was subjected to
SDS-PAGE analysis in 4-20% gradient Tris-Glycine
gels (Invitrogen, Carlsbad, CA). All samples were
loaded in the same gel. To avoid artifacts, the same
order of sample loading was followed both for PKCe
and B-actin blots. The separated protein was then trans-
ferred to nitrocellulose membrane. The membrane was
blocked with 5% BSA at room temperature for 15 min
and incubated with primary antibody (anti-PKCe and
anti-(-actin) overnight at 4°C. After the incubation,
the blot was washed three times with TBS-T and

incubated with alkaline phosphatase conjugated sec-
ondary antibody at 1 : 10,000 dilution for 45 min. The
membrane was washed three times with TBS-T and
developed using the 1-step NBT-BCIP substrate. Blots
were imaged in the ImageQuant RT-ECL and densito-
metric quantification was performed using the IMAL
software.

Real-time quantitative RT-PCR

RNA was isolated from ~1 x 10° cultured skin
fibroblasts using Trizol reagent (Invitrogen) follow-
ing the manufacturer’s protocol. 2 ug of total RNA
was reverse transcribed using oligodT and Superscript
IIT (Invitrogen) at 50°C for 1 h. Two pl of the cDNA
product was amplified using primers for PKCe (For-
ward: 5'-AGCCTCGTTCACGGTTCTATGC-3/, Rev-
erse: 3’-GCAGTGACCTTCTGCATCCAGA-5'), and
B-tubulin (Forward: 5'-TTGGGAGGTGATCAGCG-
ATGAG-3', Reverse: 3'-CTCCAGATCCACGAGCA-
CGGC-5") (Origene, Rockville, MD). Following a
25-cycle amplification at 55°C annealing temperature,
the amplicons were analyzed in an E-Gel system (Invit-
rogen). The gel image was documented with a Fuji
Image gel scanner (FLA-9000, Fuji Film, Hanover
Park, IL) and densitometric quantification was per-
formed using IMAL software (Blanchette Rockefeller
Neurosciences Institute). Data were represented as
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normalized ratios of PKCe optical density (OD)
compared to 3-tubulin OD for three independent exper-
iments.

Preparation of amylospheroids (ASPDs)

ASPDs were prepared as published elsewhere [31,
32]. Briefly, AB4y was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol ~ (HFIP) and incubated
overnight at 4°C followed by 3h at 37°C. The
dissolved A4, was lyophilized in 1.5-ml polypropy-
lene centrifuge tubes at 40 nM/tube. The lyophilized
AR was dissolved in PBS without Ca®t or Mg?* at
<50 uM and centrifuged at 100 rpm for 14 h at 4°C.
After incubation, the A solution was purified using
a 0.65-pm cutoff filter (Amicon Ultra, Millipore) to
remove any fibrils. The final concentration of ASPDs
was determined using a nanodrop spectrophotometer
(Nanodrop 2000, Thermo Fisher, Pittsburgh, PA)
(280=1490M~!'cm™1).

Measurement of PKCe in skin fibroblasts by ELISA

The absolute concentration of PKCe in skin
fibroblast samples before and after treatment with
ASPD (toxic amylospheroids derived from soluble
oligomeric AB4;) was measured by ELISA using the
hPKCe ELISA Kit (Antibodies-online.com), which
has been recommended for the in vitro quantitative
measurement of PKCe in human tissue homogenates.
ELISA was performed on skin fibroblast samples from
the following: 11 patients with non-AD dementia (non-
ADD, 4 Parkinson’s disease, 6 Huntington’s disease
(HD), and 1 frontotemporal disease), 17 patients with
AD (5 autopsy-confirmed AD, 4 familial AD genes,
and 8 clinically confirmed sporadic AD), and 20 AC,
respectively (Table 3). Skin fibroblast cells were cul-
tured to 100% confluency in low glucose DMEM
medium supplemented with 10% serum. The medium
was changed every three days. After treatment with
ASPD (0, 50, 250, or 500 nM) for 16 h, the cells were
washed three times with ice-cold 1 x PBS (~4 mL x 3
times/60 mm dish). A cold cocktail (100 wL) of 1x
PBS containing protease and phosphatase inhibitors
(pH 7.2) was added to each culture dish. The cells
were collected by scraping and transferred into a
new tube on ice followed by sonication. The super-
natants were collected by centrifugation (10,000x g
for 5min) and stored at —80°C for ELISA assay. In
some experiments, the proteasome was inhibited by co-
administration of 5 wM lactacystin (Sigma Chemical,
Cat#L.6785) with toxic ASPD in each culture dish.

Measurement of intraneuronal PKCe and A in
hippocampal sections of autopsy-confirmed
human brain by confocal microscopy

Intraneuronal PKCe and A were measured by
immunofluorescence microscopy in hippocampal sec-
tions from 10 autopsy-confirmed AD patients and 9
age-matched controls (Table 1). During autopsy, the
hippocampi were removed and fixed at the Harvard
site. Fixed hippocampi were dissected to 0.5-0.8 cm
thickness and then immersed in fixative containing
10% formalin (postmortem interval range: 6.83-24 h).
Hippocampi were sectioned into 0.4 cm slices with a
vibratome (Leica VT1200S, Leica, Buffalo Grove, IL)
and processed for paraffin embedding and sent to our
site (Blanchette Rockefeller Neurosciences Institute,
Morgantown, WV).

Paraffin-embedded sections were cut into 6-pm
slices and deparaffinized with xylene, dehydrated with
graded alcohol (100% to 50%), and washed with three
times with 1 x PBS. Hippocampal slices were then
treated with citrate buffer (10 mM citric acid at pH
6.0) added with 0.05% Tween 20 at 95°C for 30 min
for antigen retrieval. After blocking non-specific pro-
tein binding with Image-iT™ FX signal enhancer
(Life Technologies, Grand Island, NY) for 1h at RT,
hippocampal sections were incubated with primary
antibodies against PKCe (1 : 100, Santa Cruz Biotech-
nology), AR peptide (MOAB-2 antibody; 1:1000;
Millipore), and neuron specific enolase (chicken poly-
clonal antibody; 1:75; Thermo Scientific, Rockford,
IL) for 48 h at 4°C and then for 24 h at RT. Sections
were then incubated with biotinylated horse anti-rabbit
antibody (1:20; Vector Laboratories, Burlingame,
CA) for 3 h at RT, and then with Alexa Fluor 568 goat
anti-mouse IgG (1:200; Life Technologies), strepta-
vidin conjugated with Alexa Fluor 488 (1:100; Life
Technologies), and Alexa Fluor 647 goat anti-chicken
IgG (1:100; Life Technologies) for 3 h at RT. Between
each antibody incubation, all sections were washed 3
times for 5 min each time. Hippocampal sections were
mounted on glass slides with Vectashield mounting
medium with DAPI (Vector Laboratories) to counter-
stain nuclei and sealed with coverslips.

Hippocampal slices were oriented with a Zeiss Axio
Observer Z1 microscope equipped with a 710 confo-
cal scanning system using the 10x objective lens in the
DAPI channel (for staining nuclei). The random CA1
area that appeared immediately after switching to the
higher magnification lens, 63 x Plan-APO Chromat oil
immersion objectives (1.4 NA), was imaged for appro-
priate fluorescence used for quantification. Confocal
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images of hippocampal sections were acquired in line
scan mode and with a pinhole of approximately 1.00
Airy unit.

Statistical analyses

Statistical analyses were performed with Sigma
Plot®12.5 (Systat Software, Inc., San Jose, CA). The
difference between two means was assessed by paired
or unpaired z-test. The difference between multiple
means was assessed by ANOVA. For all detail statis-
tical analyses are presented in supplemental section.
All pyramidal cells (127 for AC and 128 for AD
cases) counted in confocal microscopy images of
all hippocampus slices (9 AC and 10 AD patients
autopsy brains) were included in the data analysis.
Statistical data analysis of confocal images was fol-
lowed as described elsewhere [8]. Briefly, all confocal
images were first statistically analyzed by single factor
ANOVA. Confocal data with a significant overall dif-
ference among the groups as demonstrated by ANOVA
were further analyzed for between-group differences
with paired two-tailed ¢ test comparisons. Statistical
analyses were followed as described elsewhere [33,
34]; a detailed description of all statistical analyses is
provided in the supplemental materials.

RESULTS

Lower intraneuronal PKCe and higher
AB-oligomer levels in CAl pyramidal cells of
hippocampi of autopsy AD brains

We used a PKCe-specific antibody and an A(-
specific antibody for immunohistochemistry and
confocal microscopy to quantify relative levels of
PKCe and A in CA1l pyramidal cells of hippocampi
from AD and non-demented AC brain tissues, using
the same method as previously published for 5 x FAD
mouse brain tissues [29]. We examined a total of 128
pyramidal cells randomly selected from fresh-fixed
brain slices from 10 autopsy-confirmed AD patients,
and 127 pyramidal cells randomly selected from slices
of 9 autopsy-confirmed AC cases (see patient popu-
lation details in Table 1). To normalize for variations
in fluorescence intensity between tissue samples, the
fluorescence intensity of PKCe and A3 were normal-
ized to DAPI intensity within the same neuron. In CA1
neurons in AC brain slices, the intraneuronal PKCe lev-
els were inversely correlated [polynomial, inverse first
order: f=y0+ (a/x); p<0.001] with un-aggregated,

oligomeric, and fibrillar A levels (Fig. 1A, B). Non-
linear fitting showed that the rate of decrease was faster
at the lower AP concentration and this rate slowed
after the PKCe-AB homeostasis was lost. In CAl
neurons of AD brain slices, there was no inverse rela-
tionship between intraneuronal PKCe and AR levels
(Fig. 1A, C). In AD cases, the PKCe -A[3 correlation
was lost (p>0.66; non-significant), with a consis-
tently lower level of PKCe compared with AC brains
(see Supplemental Materials for detailed statistical
analysis).

The intraneuronal PKCe level for each patient
was calculated by averaging the levels from all CA1
cells per patient sample (Fig. 2A, B). For individ-
ual patients, the intraneuronal PKCe was inversely
correlated with AP level for the AC cases (n=9;
slope=—0.4724+0.185 (SEM); p<0.05), whereas
PKCe in AD cases showed no significant correlation
with AB-oligomers (n=10; slope =—0-0018 £0-071
(SEM), p>1.00; non-significant) (Fig. 2A, B). The
level of PKCe in CA1 cells was significantly lower for
AD versus AC cases (p <0.05) (Fig. 2C). Conversely,
the AB-oligomer level in CAl pyramidal cells of
human brains was significantly higher for AD patients
versus AC cases (p <0.005) (Fig. 2D). Therefore, the
ratio of PKCe to AB-oligomers in individual patients
was markedly lower in the AD brains compared to
AC brains (p <0.03) (Fig. 2E). Notably, AB-oligomer
concentrations in hippocampal CA1 pyramidal cells
increased with age in AC cases, but not in AD patients
(Supplementary Fig. 1A, B).

Lower PKCe levels in the temporal poles of
autopsy AD brains

To further study PKCe levels in another area of the
brain known to be affected by AD pathology, we exam-
ined the levels of PKCe by immunoblot analysis in
the temporal pole area of autopsy brain samples from
AD patients (n=10) and AC (n=10) (see patient pop-
ulation details in Table 2). We found that the PKCe
levels in the temporal poles of human brains were sig-
nificantly lower for AD cases versus AC (p <0.025;
Fig.3A, B). Using linear regression analysis, the PKCe
levels in the temporal poles of AD and AC brains
were inversely proportional to the Braak score, a mea-
sure of the amount of fibrillary tangles produced by
hyperphosphorylation of tau (Fig. 3C; see Supplemen-
tal Materials for detailed statistical analysis). This is
the first direct measure of PKCe levels in relation
to phosphorylated tau (Braak score) in autopsy AD
brains.
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Fig. 1. Intraneuronal PKCe and A levels in CA1 pyramidal cells of human autopsy brains measured by immunohistochemistry and confocal
microscopy. A) Immunohistochemistry of neuron-specific enolase (NSE; a marker for neuronal cells), PKCe, and amyloid oligomers in CA1
pyramidal cells of human hippocampus, imaged by a confocal microscopy using PKCe- and AB-specific antibodies. To normalize for variations
in fluorescence intensity between tissue samples, the fluorescence intensity of PKCe and AP were normalized to DAPI intensity within the
same neuron. In CA1 pyramidal cells of age-matched control (AC) human hippocampus, the PKCe level was inversely correlated [polynomial,
inverse first order: f=y0+ (a/x)] with AP (un-aggregated, oligomeric, and fibrillar) level (B); this relationship was not seen in the AD patient
group (C). Each data point corresponds to a single CA1 pyramidal cell; 127 pyramidal cells were randomly selected from the slices of all 10
autopsy-confirmed AD patients, and 128 pyramidal cells were randomly selected from the slices of all 9 autopsy-confirmed AC cases. Data,
shown in the figure and used for statistical analysis, were fluorescence ratios of PKCe and DAPI (PKCe /DAPI), and A and DAPI (AB/DAPI)
within the same neuron to normalize variable factors between tissue samples, included that human brain autopsies were not prepared at the same
time.
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Fig. 2. Intraneuronal PKCe and A levels in CA1 pyramidal cells of individual patient’s autopsy brain. The PKCe and A levels were averaged
from all measured neurons for each patient. To normalize or variations in fluorescence intensity between tissue samples, the fluorescence intensity
of PKCe and AR were normalized by DAPI intensity within the same neuron. The PKCe levels were inversely correlated with A levels for
age-matched control (AC, n=9) group (A); this relationship was not seen in the AD (n=10) patient group (B). C) When compared to the AC
group, PKCe levels were lower in AD patients (z-test; p <0.05). D) The concentration of AB-oligomers in CA1 cells was higher in AD patients
compared to AC cases (t-test; p <0.005). E) The average ratio of PKCe to A for individual CA1 cells (PKCe /AR) was significantly higher
for AC cases compared to AD patients (z-test; p <0.02). Data, shown in the figure and used for statistical analysis, were fluorescence ratios of
PKCe and DAPI (PKCe /DAPI), and AR and DAPI (AB/DAPI) within the same neuron to normalize variable factors between tissue samples,

included because the autopsies were not performed at the same time.

Lower levels of PKCe in cultured skin fibroblasts
from AD patients

We obtained skin fibroblast samples from a tissue
bank (Coriell Cell Repository, Camden, NJ; Tables 3),
as well as from fresh tissue sources through our clin-
ical collaborators at Marshall University (Table 4).

Banked skin fibroblast samples (rn=10) included 6
cases of sporadic AD (late onset, without family his-
tory), and 4 cases of familial (early-onset) AD; 9 out
of the 10 AD samples were autopsy-confirmed. We
performed an immunoblot analysis of PKCe in the
10 banked AD skin fibroblast samples, in addition
to banked cell samples from 11 AC and 10 non-AD
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Fig. 3. PKCe¢ levels in temporal lobe and Braak score in autopsy-confirmed Alzheimer’s disease (AD) brains. A, B) The PKCe levels in the
temporal lobe of human brains was significantly lower for AD cases (n=10) to age-matched controls (AC, n=10) measured by immunoblot
with B-actin as loading control (p <0.025). C) PKCe levels in the temporal lobe of human brains from AD patients and AC cases (n =20) was

inversely correlated with the Braak score.

dementia patients. PKCe levels in the AD skin fibrob-
lasts were approximately 40% lower compared to AC
samples (p<0.0001; Fig. 4). In AC cells, the ratios
varied between 0.7—1.2; in the non-AD dementia cells,
the ratios varied between 0.72—1.3 (with one excep-
tions, HD6); and in AD cells, the ratios of all the cell
lines were below 0.6. Mean values across each set of
skin fibroblast samples were 0.857 £0.0361 (SEM)
in AC cells, 1.040 £ 0.288 in non-AD dementia cells,
and 0.501 £0.021 in AD cells. PKCe was significantly
lower in AD compared to AC (p <0.0001) and non-AD
dementia (p <0.04) skin fibroblast samples. The mean
value for AC11 (0.621 % 0.040) was the lowest among
the ACs; however, it was also statistically significantly
different when compared separately with all AD cases
(p <0.02). Values are reported as means == SEM for at
least three independent experiments.

The average normalized ratio of PKCe to B-tubulin
was 0.857 £0.036 (SEM) in AC, 1.040 & 0.288 innon-
AD dementia, and 0.501 £ 0.021 in AD skin fibroblast
samples. While one AC sample had a low mean basal
PKCe level (Fig. 4B, AC11, 0.6213 £0.040), it was

statistically significantly higher than the PKCe level
in all AD cases (p<0.017).

The data from the immunoblot analyses of PKCe
in banked skin fibroblast samples were confirmed in
immunofluorescence analyses (Supplementary Fig. 2).
The average intensities of FITC-tagged PKCe in AC
and AD cells were 18.092 +2.087 and 9.110 &+ 1.420,
respectively, p <0.05. We also examined PKCe expres-
sion at the transcript level in the banked skin fibroblast
samples. The average mRNA levels of PKCe com-
pared to B-tubulin were determined by RT-PCR for
3 AD, 3 AC, and 2 HD banked skin fibroblast sam-
ples (Fig. 5A). The normalized average PKCe mRNA
level for the AD skin fibroblast samples was signifi-
cantly lower than that of the AC and HD samples (z-test,
p<0.003; AC: 0.904 +0.103, AD: 0.530 £ 0.061, and
HD: 0.701 £0.143; Fig. 5B).

To measure the levels of PKCe in skin fibroblasts in
amore quantitative manner, we used a high-throughput
PKCe ELISA kit. We examined PKCe levels in both
banked and fresh skin fibroblast samples and verified
that the levels of PKCe were lower in AD skin fibrob-
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Fig. 4. PKCe expression in banked cultured human fibroblasts from age-matched controls (AC), Alzheimer’s disease (AD), and non-AD
dementia. A) Immunoblot of PKCe and B-tubulin in AC, AD, and non-AD dementia banked and cultured fibroblasts. AC1, AC2, and
AC3 (AGO07714, AG11734, and AG12927) are skin fibroblasts from age-matched controls; AD1, AD2, and AD3 (AG06844, AG04159,
and AGO08245) are from autopsy-confirmed AD patients; and HD1 and HD2 (GMO06274, GM04198) are from Huntington’s disease
patients. B) Graphical representation of normalized densitometric ratios of PKCe to B-tubulin in skin fibroblast samples from 11
AC cases, 10 autopsy-confirmed AD patients, 8 HD patients, 1 Parkinson’s disease (PD) patient, and 1 patient with frontotemporal
dementia (FT). In AC cells, the ratios varied between 0.7-1.2; in the non-AD dementia cells, the ratios varied between 0.72-1.3 (with
one exceptions, HD6); and in AD cells, the ratios of all the cell lines were below 0.6. [Cell lines: AD1=AG06844, AD2=AG04159,
AD3=AG06840, AD4=AG08245, AD5=AG05770, AD6=AG08527, AD7=AG06263, AD8=AGI10788, AD9=AG08259,
AD10=AG05810; AC1 =AG07714, AC2=AG11734, AC3 = AG05840, AC4=AG12927, AC5=AG06242, AC6 = AG04461, AC7 = AG11363,
AC8=AG09977, AC9 = AG12998, AC10= AG04560, AC11=AG13358; PD=ND27760, FT = GM20926, HD1 = GM06274, HD2 = GM02173,
HD3 =GM00305, HD4 = GM04198; HD5 =GMO05031, HD6 = GM02165, HD7 = GM04226, HD8 = GM05030].

lasts compared to non-ADD cases and AC (Fig. 6A, ASPDs caused a decrease in PKCe to the levels seen
AD versus AC p <0.0002; AD versus non-AD demen- in AD skin fibroblasts (Fig. 6A, C). A similar reduc-
tia p <0.0004). tion in PKCe levels was seen in skin fibroblasts from
non-ADD (n=11) patients (data not shown), but not
Toxic oligomeric AB reduced PKCe levels in in fibroblasts from AD cases (n=17) after treatment
cultured skin fibroblasts with ASPDs (500 nM derived from soluble oligomeric
AB42) (Fig. 6B). ASPD treatment led to an increase in
We next examined the relationship between PKCe PKCe in skin fibroblasts from AD patients (Fig. 6B).
levels in skin fibroblasts and the presence of Af- The effect of ASPD treatment on PKCe was similar
oligomers. The most toxic soluble ARB-oligomers are for both banked and freshly isolated skin fibroblasts.
those prepared from A4, as ASPDs [31, 32]. We pre- Similar to the relationship between PKCe and A3
viously reported a toxic effect of ASPDs on PKCe that observed in the hippocampal CAl pyramidal neu-
was greater than that of ADDL (AR-derived diffusible rons in AC brain slices, PKCe levels in AC skin
ligands) containing 12-mers, whereas Af-monomers fibroblasts were inversely correlated with increas-
caused no reductionin PKCe [15, 31, 32]. Treatment of ing concentrations of externally added AB-oligomers

cultured skin fibroblasts from AC (n =20) with 500 nM (ASPD) (slope = —0.0007 £ 0.0001 [SEM] ng/mL/j.g
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Fig. 5. RT-PCR analysis of PKCe in cultured skin fibroblasts. A) mRNA was isolated from the banked skin fibroblast samples from 3 AC, 3
AD, and 2 HD patients (AC1, AC2, and AC3: AG11363, AG09977, and AG12998, respectively; AD1, AD2, and AD3: AG06263, AG10788,
and AG08259, respectively; HD1 and HD2: GM02165 and GM04226, respectively; Table 3). RT-PCR amplicons of PKCe and B-tubulin were
run on E-Gels and imaged on a Fuji gel scanner. B) Histogram representing the amount of PKCe transcript normalized to -tubulin for the 8
skin fibroblast samples. Values represent mean &= SEM for least three independent experiments.

PKCe protein/nM AR) (Fig. 6D). In contrast, the
lower basal PKCe levels in AD skin fibroblasts
showed a positive correlation with Af-oligomers
(slope =0.0005 £ 0.0001 [SEM] ng/mL/png PKCe
protein/nM Ap) (Fig. 6E).

Differential effect of AB-oligomer (ASPD)
treatment on PKCe in cultured skin fibroblasts: A
potential diagnostic biomarker for AD

To further quantify the observed changes in PCKe
levels in response to ASPD in AD versus AC skin
fibroblasts, we calculated the slopes (x 10™* ng/mL/pg
PCKe protein/nM AR) and intercepts (ng/mL/pg
PCKe protein) of PKCe levels in individual skin
fibroblast samples treated with increasing concentra-
tions of ASPD. The absolute quantities of PKCe were
measured by ELISA (Fig. 7A). Almost all AC skin
fibroblast samples (n=17) showed negative slopes,
whereas all AD skin fibroblast samples (n=14) pro-
duced positive slopes. Plots of the intercepts versus
slopes for each tested skin fibroblast sample distin-
guished AD skin fibroblasts (AD, red, within the box)
from controls (AC, green) and other non-AD dementia

(non-ADD, blue) patients from banked cells (n=29)
and cells isolated and cultured from freshly taken
punch biopsies (n = 10). There was also no difference in
PKCe levels between familial and sporadic AD groups
and no difference in the slope of the PKCe versus
ASPD linear plot between two groups.

Based on the intercept versus slope plots, two diag-
nostic criteria for an AD-positive skin fibroblast PKCe
ELISA were defined: a slope >1.01 and an intercept
<1.2. These two criteria showed high AD diagnostic
accuracy, sensitivity, and specificity for detecting AD
based on the response of skin fibroblasts to ASPD treat-
ment (Fig. 7B, D). The slope/intercept was also found
to be proportional to disease duration (n=9) (Fig. 7C),
which was calculated from the date of biopsy and the
day the first symptoms of dementia were observed
(see Supplemental Materials for detailed statistical
analysis).

Proteasome blocking increases PKCe
Proteasome blocking by lactacystin increased the

relative concentration of PKCe in AC tissues in the
presence of ASPD. As a result, we found an increase
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Fig. 6. Reduced levels of PKCe in cultured skin fibroblasts from Alzheimer’s disease (AD) patients. The absolute quantity of PKCe (hPKCe,
ng/mL/pg protein) levels in banked and fresh skin fibroblast samples was measured by ELISA specific to human PKCe. A) PKCe levels in
human skin fibroblasts from non-AD dementia (non-ADD; n=11, Table 3) and age-matched control (AC; n=20, 15 from Table 3 and 5 from
Table 4; AG08044 was not included) cases were higher than in AD patient samples (n=17; 12 from Tables 3 and 5 from Table 4). B, C)
Effect of soluble toxic oligomeric spheroidal amyloid (ASPD) treatment on the levels of PKCe in AD and AC skin fibroblasts (¢-test statistical
analysis: banked cell lines: p <0.00001 for AC versus AC+ ASPD and p <0.00005 for AD versus AD+ ASPD; freshly isolated cell lines:
p<0.0004 for AC versus AC+ ASPD and p <0.00004 for AD versus AD + ASPD). When treated with ASPD (500 nM toxic amylospheroids
derived from soluble oligomeric AB4>), the levels of PKCe in AC skin fibroblasts was decreased to levels seen in AD skin fibroblasts. The basal
level of PKCe was low in both banked (n = 12) and freshly isolated (n=5) AD skin fibroblasts and increased after ASPD treatment. C) Basal
levels of PKCe were high in both banked (n=17) cells and freshly isolated (n=5) AC skin fibroblasts and decreased after ASPD treatment.
D) PKCe levels in cultured AC skin fibroblasts were inversely correlated with the concentration of externally added AB-oligomers (ASPD)
(slope =—0.0007 £ 0.0001 [SEM], ng/mL/p.g PKCe protein/nM AR). E) The lower basal PKCe levels in AD skin fibroblasts showed a positive
correlation with increasing concentration of ASPD (slope =0.0005 = 0.0001 [SEM], ng/mL/pg PKCe protein/nM AR).
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Fig. 7. Differential PKCe levels in response to toxic amylospheroids (ASPD): a potential peripheral biomarker of AD. A) Slopes and inter-
cepts were calculated based on measuring absolute quantities of PKCe by ELISA after treatment of skin fibroblast samples with increasing
concentrations of ASPD (0, 100, 250, and 500 nM). Intercept versus slope plots distinguished AD skin fibroblasts (AD, red) from AC (green)
and non-ADD (blue) skin fibroblasts (n =39 (29 banked and 10 fresh samples); AD =14 (9 from Table 4 (banked) and 5 from Table 5 (freshly
taken from clinic), AC =17 (12 from Table 4 (banked) and 5 from Table 5 (freshly taken from clinic), Non-ADD =8 (all banked). B) Diagnostic
criteria and diagnostic performance of a skin fibroblast PKCe biomarker of AD. C) The sensitivity and specificity of the skin fibroblast PKCe
biomarker of AD. D) The slope/intercept value was proportional to the disease duration (n=9). We had indeed 9 points (n =9 patients, in plots
there are 7 points) in the plot. Three individual had the same disease duration. In fact the error bar was estimated from those three points.

in slope (from a high negative slope to a lower negative
slope; Table 6, Fig. 8) in the PKCe versus ASPD plot
for AC cases. This suggests that degradation of PKCe
occurs via the proteasome pathway in AC tissues. In
contrast, when we blocked the proteasome with lacta-
cystin in AD cases, we found a decrease in slope (from
a high positive slope to a lower positive slope; Table 6,
Fig. 8) in the PKCe versus ASPD plots.

DISCUSSION

Using a variety of methods, we demonstrated that,
in human brain tissues from autopsies and both banked
and fresh skin fibroblast samples, the balance between
AB-oligomers and PKCe levels in normal control tis-
sues is markedly altered in AD. The results reported

here in human tissues are consistent with previous find-
ings in AD transgenic mice and provide compelling
support for further validation of AB-induced changes
in skin fibroblast PKCe as a new diagnostic marker for
AD.

PKC isozymes, particularly a and &, play a criti-
cal role in regulating major aspects of AD pathology
including the loss of synapses, the generation of
AP and amyloid plaques, and the GSK-33-mediated
hyperphosphorylation of tau in neurofibrillary tangles.
Expression levels of different PKC isozymes in differ-
ent brain regions and cultured skin fibroblasts have
been summarized from previous studies (Table 5).
To the best of our knowledge, this is the first report
of PKCe levels in human brain tissue and cultured
skin fibroblasts from patients with AD, non-ADD, and
age-matched controls. We found that in both fresh
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Table 5
PKC isozymes in AD brain and cultured skin fibroblasts
Isozyme Brain
Brain region C Total Method Reference
PKCa Hippocampus N 1 NC Immunoreactivity [36]
Frontal Cortex NC NC NC Immunoreactivity [36]
Temporal cortical tissue N NC ND Immunoreactivity [37]
PKCBI Hippocampus N 1 1 Immunoreactivity [36]
Cortex NC 1 4 Immunoreactivity [36]
Temporal cortical tissue J NC ND Immunoreactivity [37]
PKCRII Hippocampus 3 NC J Immunoreactivity [36]
Frontal Cortex N 1 4 Immunoreactivity [36]
PKCy Hippocampus NC NC NC Immunoreactivity [36]
Frontal Cortex NC NC NC Immunoreactivity [36]
Temporal cortical tissue NC ND Immunoreactivity [37]
Peripheral
Brain region M C Total Method Reference
PKCa Cultured fibroblasts - - J Immunoreactivity [38]
PKCy Cultured fibroblasts - - NC Immunoreactivity [38]
M, Membrane; C, Cytosol; NC, No change; ND, Not determined.
Table 6
Change in slope of PKCe versus ASPD plots after blocking the proteasome with lactacystin in cultured human skin fibroblasts in the presence
of ASPD
Slope Slope
AC Cell Without With % Change AD Cell Without With % Change
Line Lactacystin Lactacystin  in slope Line Lactacystin Lactacystin  in slope
AGO08044 —3.211 —0.933 70.94 AG10788 6.612 2.669 —59.63
0078F45* —3.104 —2.244 27.71 0093F82* 2.258 2.585 14.48
AG04560 —6.548 —6.309 3.65 AG06262 8.608 3.885 —54.87
AG06242 —8.034 —4.581 42.99 AGO05570 8.622 7.345 —14.81
AG09970 —12.036 —9.805 18.54
Average percentage increase Average percentage decrease
32.77 £ 12.84 (SEM) 28.71+£16.57 (SEM)

*Fresh sample obtained from the clinic. AC, age-matched control; AD, Alzheimer’s disease.

frozen autopsy brains and skin fibroblast samples,
basal PKCe was lower in AD patients compared to
age-matched controls. Furthermore, while there was
a significant inverse correlation between PKCe and
soluble AP oligomers in the brain and skin fibrob-
last samples from normal controls, this correlation was
lost in the tissues from AD patients. In normal tis-
sues, the inverse correlation between AP with PKCe
is likely based on their reciprocal inhibitory effects,
which maintains a homeostatic balance. In early AD,
we hypothesize that a loss of this balance leads to a
reduction in PKCeg, a loss of PKCe-mediated inhibi-
tion of AR, and a subsequent increase in A3 and the
progression of the disease.

In our diagnostic assay, toxic A oligomers added
to AC fibroblasts reduced PKCe to levels observed for
AD patients, but increased the lower basal levels of
PKCe in fibroblasts from AD patients. We hypothe-
sized that this effect reflects activation of proteasome
degradation of PKCe in AC tissues thatis lostin AD tis-

sues. To test this hypothesis, the proteasome pathway
blocker, lactacystin, was co-administered with toxic
AP oligomers. As expected, in ACs, the proteasome
blocker greatly reduced the AB-induced reduction of
PKCe. Consequently, we found that in PKCe versus
ASPD plots, the negative slope increased to a less neg-
ative slope for AC cases (n=>5) and the positive slope
decreased to less positive slope for AD cases (n=4,
p<0.01) (Fig. 8). In other words, lactacystin blocked
PKCe degradation and increased the basal level of
PKCe in both AC and AD cases, leading to a ‘blunting’
of the PKCe versus ASPD plot slopes. This indicates
that proteasome-mediated degradation of PKCe is not
lostin AD, and that the higher PKCe in AD cells (after
ASPD treatment) rather represents de novo synthesis of
PKCe. After the addition of ASPD to these AC cells,
PKCe decreased, therefore we had a negative corre-
lation and a negative slope. But in AD, there was an
abnormal de novo synthesis of PKCe, perhaps in an
effort by the cell to degrade the high A levels and
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Fig. 8. Effect of proteasome inhibition on differential PKCe levels
in response to toxic amylospheroids (ASPD) in cultured human skin
fibroblasts from age-matched controls (AC) and Alzheimer’s disease
(AD) patients. Percent change in slope of PKCe versus ASPD plot.
For AC cases, the slope increased to become less negative (n=>5);
for AD cases, the slope decreased to become less positive (n=4),
p<0.01.

bring the levels back to normal. Addition of ASPD to
these cells just triggers more PKCe synthesis, leading
to a positive slope. In AD cells, the normal homeo-
static relationship between PKCe and A is lost, with
abnormal de novo synthesis of PKCe in AD but not
AC that can be detected as a difference in slope by
the assay. The abnormal mechanism of de novo syn-
thesis of PKCe induced by ASPD is an area of active
investigation in the lab.

Taken together, the results reported here for human
brain and peripheral skin fibroblasts reinforce the clin-
ical relevance of previous pre-clinical observations in
mouse models of AD, and implicate PKCe loss as a
marker of early AD. Our ELISA-based assay found that
the loss of the inverse relationship between PKCe—Ap
oligomers in skin fibroblasts can accurately distinguish
between tissues from AD patients and age-matched
controls. This assay may detect an early pathologic
event in AD—the imbalance of the reciprocal inhibi-
tion of PKCe and A oligomers—that is recapitulated
in the peripheral tissues and thus may provide an oppor-
tunity for development of new diagnostic assays for
AD. Whereas in non-AD patients, PKCe regulates and
reduces elevation of A3 oligomers, the reverse could
begin to predispose the patient to AD. Namely, if PKCe
decreases in the aged brain (or with the ApoE4 muta-
tion), AP oligomers rises and suppresses PKCe. Signs
of an abnormal PKCe and AR balance, with de novo

synthesis of PKCe in response to Af3, could indicate
that a patient is predisposed to AD. The low sample
size is one of the limitations of the present study; we
are currently validating PKCe as a biomarker of AD
in a larger number of clinical samples collected from
multiple sources.

Braak score, a well-proven quantitative repre-
sentation of neurofibrillary tangles, is one of the
gold standards of AD diagnosis at brain autopsy. In
the present study, we found with increasing Braak
score the PKCe levels decreased. To the best of our
knowledge this is the first direct measure of PKCe
levels in relation to phosphorylated tau (Braak score)
in autopsy AD brains.

These results suggest, therefore, a potentially impor-
tant relationship of reduced PKCe to AD pathology.
The observations reported above document this PKCe-
AP oligomer relationship in both brain tissues and
peripheral (skin) tissues. Thus, these findings pro-
vide further support for the systemic expression of
AD pathophysiology while symptomatic expression
is restricted to the brain. Factors that have systemic
impact, such as genetics, hypoxia, ischemia, and
metabolic dysfunction could, therefore, be critically
important in the etiology of AD.
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