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Abstract: Alzheimer’s disease (AD) dementia impacts all facets of higher order cognitive function and is character-
ized by the presence of distinctive pathological lesions in the gray matter (GM). The profound alterations in GM 
structure and function have fostered the view that AD impacts are primarily a consequence of GM damage. However, 
the white matter (WM) represents about 50% of the cerebrum and this area of the brain is substantially atrophied 
and profoundly abnormal in both sporadic AD (SAD) and familial AD (FAD). We examined the WM biochemistry by 
ELISA and Western blot analyses of key proteins in 10 FAD cases harboring mutations in the presenilin genes PSEN1 
and PSEN2 as well as in 4 non-demented control (NDC) individuals and 4 subjects with SAD. The molecules exam-
ined were direct substrates of PSEN1 such as Notch-1 and amyloid precursor protein (APP). In addition, apolipopro-
teins, axonal transport molecules, cytoskeletal and structural proteins, neurotrophic factors and synaptic proteins 
were examined. PSEN-FAD subjects had, on average, higher amounts of WM amyloid-beta (Aβ) peptides compared 
to SAD, which may play a role in the devastating dysfunction of the brain. However, the PSEN-FAD mutations we 
examined did not produce uniform increases in the relative proportions of Aβ42 and exhibited substantial variabil-
ity in total Aβ levels. These observations suggest that neurodegeneration and dementia do not depend solely on 
enhanced Aβ42 levels. Our data revealed additional complexities in PSEN-FAD individuals. Some direct substrates 
of γ-secretase, such as Notch, N-cadherin, Erb-B4 and APP, deviated substantially from the NDC group baseline for 
some, but not all, mutation types. Proteins that were not direct γ-secretase substrates, but play key structural and 
functional roles in the WM, likewise exhibited varied concentrations in the distinct PSEN mutation backgrounds. 
Detailing the diverse biochemical pathology spectrum of PSEN mutations may offer valuable insights into dementia 
progression and the design of effective therapeutic interventions for both SAD and FAD. 
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Introduction

Alzheimer’s disease (AD) is one of the most 
devastating disorders affecting the elderly pop-
ulation. The average life expectancy in Western 
countries has dramatically improved over the 
last 100 years which resulted in an estimated 
35.5 million dementia cases worldwide [1]. 

From a pathogenic point of view, AD is divided 
into sporadic (SAD) which represents 99% of 
cases, and early onset familial (FAD) which 
accounts for 1% and is caused by autosomal 
dominant mutations in the amyloid precursor 
protein (APP), presenilin 1 (PSEN1) and preseni-
lin 2 (PSEN2) genes with loci on chromosomes 
21, 14 and 1, respectively [2-4]. There are 40, 
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197 and 25 currently recorded mutations in the 
APP, PSEN1 and PSEN2 genes, respectively, 
that generate an assortment of different AD 
phenotypes (http://www.molgen.vib-ua.be/AD- 
Mutations/). A neuropathological characteristic 
shared by SAD and FAD is the abundant deposi-
tion of amyloid-beta (Aβ) peptides in the extra-
cellular space of the brain parenchyma and the 
walls of the cerebral vasculature. These pep-
tides are produced by posttranslational cleav-
age of APP by β-secretase 1 (BACE1) followed 
by PSEN/γ-secretase and range from 38 to 43 
amino acid residues [5]. The γ-secretase is a 
transmembrane complex composed of 4 differ-
ent proteins: Nicastrin, anterior pharynx-defec-
tive 1 (Aph-1), presenilin enhancer (Pen-2) and 
PSEN1 or PSEN2 [6]. 

Two of the major differences between SAD and 
PSEN-FAD are the relatively early age of onset 
and the faster clinical course of the latter which 
may be explained not only by the effects on Aβ, 
but also by the over 90 substrates on which the 
PSEN/γ-secretase acts [7]. The peptides de- 
rived from the PSEN/γ-secretase cleavage 
intervene directly in a wide variety of vital func-
tions including: regulation of transcription, cell 
cycle, cell death, neurite outgrowth and cell dif-
ferentiation, angiogenesis and tumorigenesis, 
cell adhesion, targeting of tyrosinase to mela-
nocytes and modulation of voltage gated sodi-
um- and potassium-channels that control the 
generation and propagation of action poten-
tials [7]. The specific type of mutation and its 
location along the PSEN molecule will deter-
mine explicit secondary and tertiary structures 
that, in concert with the other 3 components of 
the γ-secretase complex (Nicastrin, Aph-1 and 
Pen-2) and the composition of the surrounding 
membrane, generate a unique quaternary con-
formation which dictates the final substrate 
affinity and consequent specific activity. Due to 
the extraordinarily wide range of pathophysio-
logical effects linked to individual PSEN muta-
tions, a comprehensive description of geno-
type-phenotype correlation has been difficult to 
establish. PSEN mutations can result in func-
tional alterations that affect many essential 
functional pathways. In addition, the PSEN 
mutations are responsible for a very heteroge-
neous array of clinical dysfunctions including 
myoclonus, seizures, extrapyramidal signs, spa- 
stic paraparesis, aphasia, agnosia, cerebellar 
ataxia and psychiatric and behavioral disor-

ders. A diverse spectrum of neuropathologic 
findings including cotton wool plaques, Lewy 
bodies, Pick bodies, white matter (WM) chang-
es, ectopic neurons and at times clusters of 
amyloid core plaques in the WM are evident. 
For a detailed review of these clinical and path-
ological features and their putative associa-
tions with specific PSEN amino acid substitu-
tions and their structural locations the reader is 
referred to the excellent reviews of Larner and 
Doran [8, 9], Ryan and Rossor [10] and Mann et 
al. [11].

Transgenic mouse models harboring PSEN 
mutations do not produce amyloid plaques; 
however, these constructs demonstrate abun-
dant pathological alterations in the absence of 
APP mutations [12]. The mouse PSEN-FAD phe-
notype includes extensive neurodegeneration 
with up to 30% or more neuronal loss, wide-
spread synaptic loss, astrogliosis, neurofibril-
lary-like tangles, defective axonal transport, 
and decreased PSEN1, APP, synaptophysin, 
kinesin and acetylcholine as well as increased 
oxidative stress, cathepsin-D, lysosomal activi-
ty, apolipoprotein E (ApoE) and BACE1 [12]. In 
addition, electrophysiological alterations affec- 
ting long-term potentiation, behavioral abnor-
malities, increased susceptibility to exitotoxic 
injury, dysregulation of calcium signaling and 
impaired hippocampal neurogenesis are 
observed [12]. Furthermore, PSEN1-/- embryos 
exhibit gross abnormalities of the axial cyto-
skeleton and spinal ganglia resulting from 
defective somite segmentation and differentia-
tion that produces marked deformities of the 
ribcage and death from ensuing respiratory fail-
ure [13]. These mice also exhibit defective neu-
rogenesis and loss of neural progenitor cells 
[13]. Vascular alterations are prominent in the 
PSEN-FAD transgenic mice with microscopic 
and ultrastructural changes in the brain micro-
vasculature, such as string and deformed ves-
sels, degenerating capillaries, thickening of the 
basement membrane and endothelial cell 
nuclei distortions, all in the absence of cerebral 
amyloid angiopathy [14]. Moreover, the PSEN1-/-  
mice develop intracranial hemorrhages of vari-
able severity, suggesting a general failure in 
Notch signaling pathways which are important 
in brain vasculature development [15]. Intri- 
guingly, in FAD mutation carriers studied in the 
Dominantly Inherited Alzheimer Network (DIAN) 
initiative, brain microhemorrhages were detect-
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ed in 6% of young asymptomatic FAD mutation 
carriers and in 25% of mildly symptomatic sub-
jects [16]. 

Alzheimer’s disease has been primarily consid-
ered a disorder of the brain gray matter (GM) 
despite the fact that the WM represents about 
50% of the cerebrum and that this area of the 
brain is substantially atrophied and profoundly 
abnormal in AD [17-22]. Obvious cerebral WM 
changes consisting of MRI hyperintensities and 
anisotropic changes in diffusion tensor MRI 
together with myelin rarefaction and gliosis at 
the histological level are present in a substan-
tial fraction of AD cases [23-28]. It is generally 
believed that the degenerative changes ob- 
served in the WM are due to either vascular 
insufficiency or are second to GM neuronal or 
axonal loss or a mixture of these [29-31]. 
However, the lack of consistent correlation 
between GM and WM damage challenges this 
contention. Furthermore, in patients with mild 
cognitive impairment (MCI), WM atrophy pre-
cedes GM degeneration, suggesting the pro-
vocative argument that axonal and myelin 
chemical abnormalities may be a primary 
change. This concept lends support to the ‘ret-
rogenesis hypothesis’ for the etiology of AD 
which proposes neurodegeneration begins in 
WM with oligodendrocyte dysfunction and 
myelin loss, causing defective axonal support 
and consequential GM neuronal death [32-38]. 
Our biochemical and morphological data on 
SAD WM have revealed: 1) increased levels of 
soluble Aβ40 and Aβ42 peptides [39], 2) a sig-
nificant decrease in the amounts of myelin-
associated proteins and cholesterol [39], 3) 
ultrastructural changes such as reduction in 
axonal numbers and diameters, decreased 
number of oligodendrocytes and astrocytosis 
[31], 4) dilation of the WM periarterial spaces, 
suggestive of interstitial fluid stasis that corre-
lates with vascular amyloid burden in the walls 
of cortical vessels [40], 5) reduction in the den-
sity of microvessels [31] and 6) significant 
quantitative proteomic alterations in molecules 
related to cytoskeletal maintenance, calcium 
metabolism and cellular survival compared to 
non-demented control (NDC) cases [41].

In an earlier publication, we examined the neu-
ropathological and molecular heterogeneity 
among demented individuals harboring 10 
PSEN mutations [42] and focused on the GM 
APP, Aβ peptides and γ-secretase substrates 

Notch-1, N-Cadherin and Erb-B4 [42]. In the 
present investigation, we extended our studies 
of the same PSEN mutations by quantifying the 
WM levels of Aβ peptides as well as 21 other 
WM proteins and 2 GM synaptic molecules. We 
selected the WM for intensive investigation 
because this area of the brain is greatly affect-
ed in PSEN-FAD [43-47] and SAD. As a compar-
ative frame of reference, we also determined 
the levels of these proteins in 4 NDC individuals 
as well as 4 individuals with SAD. The investi-
gated molecules were grouped as direct sub-
strates of PSEN1 (Notch-1, N-cadherin, Erb-B4 
and APP) as well as those participating in syn-
aptic function (neurexin and neuroligin in the 
GM), cytoskeletal functions (neurofilament or 
NF-light, NF-medium and NF-heavy), axonal 
transport (α-tubulin, β-tubulin, kinesin, dynein, 
dynactin and tau), structural functions (α- 
synuclein, glial fibrillary acidic protein or GFAP 
and myelin basic protein or MBP), apolipopro-
teins (ApoE and apolipoprotein A-1 or ApoA-1) 
and neurotrophic function (vascular endothelial 
growth factor or VEGF and pigment epithelium 
derived factor or PEDF). We discuss the inter-
PSEN mutant phenotypic variability and quanti-
tative molecular deviations compared to the 
levels present in SAD and NDC individuals as 
well as their pathological relevance to ongoing 
clinical trials. 

Material and methods

Human subjects and neuropathological analy-
ses

We utilized the frontal lobe deep WM from a 
coronal slice at the level of the nucleus accum-
bens in 10 individuals carrying the following 
PSEN1 and PSEN2 mutations; (PSEN1: A79V, 
F105L, Y115C, M146L, A260V, V261F, V261I, 
P264L and A431E and PSEN2: N141I) as well 
as 4 SAD cases. These tissues were provided 
by the Department of Pathology and Laboratory 
Medicine, Indiana University School of Me- 
dicine. For comparison and frame of reference 
we also included the frontal lobe deep WM from 
4 NDC cases. The postmortem interval (PMI) 
averages for the PSEN1 and PSEN2 mutations, 
SAD and NDC individuals were 12.3 h, 10.8 h 
and 3.2 h, respectively. The differences in PMI 
between the NDC, SAD and PSEN1/2 subjects 
are due to the different sources of tissue pro-
curement. The NDC cases were obtained from 
The Brain and Body Donation Program at 
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Banner Sun Health Research Institute (BSHRI). 
The relatively short average PMI of 3.2 h for the 
NDC cases is partially due to a rotating team 
that is on call 24 hours a day and the deaths 
occurring in the same community as the 
Institute [48]. On the other hand, the PSEN 
brains were obtained from different laborato-
ries with different autopsy protocols, operation-
al constraints and postmortem standards. To 
make comparisons with the PSEN subjects 
more significant, we included SAD subjects 
with early disease onset. In the three cohorts, 
the average ages at death were 53 years for 
the PSEN-FAD, 64 years for the SAD and 67 
years for the NDC group. The mean age at dis-
ease onset for the PSEN-FAD mutations and 
SAD subjects was 45 years and 52 years, 
respectively. For the PSEN-FAD mutation and 
SAD cases, APOE genotype, age at death, age 

at onset, gender, brain weight, and the average 
number of cotton wool plaques, mature 
plaques, primitive plaques and diffuse plaques 
as well as the average number of neurofibrillary 
tangles (NFT) per mm2 are presented in Table 
1. A detailed description of the neuropathologi-
cal assessments is given in our previous publi-
cation [42]. The demographics and neuropatho-
logical characteristics for the 4 NDC cases, 
obtained from BSHRI, such as APOE genotype, 
age at death, gender, brain weight, total plaque 
score, plaque density, total NFT score and WM 
rarefaction (WMR) score are presented in Table 
2. In general, these NDC cases were selected 
for having few or no amyloid deposits and a low 
Braak NFT stage. The relative lack of pathology 
is also reflected in the NDC cohort’s average 
brain weight (1418 g), which contrasted with 
the low average brain weight of the PSEN-FAD 

Table 1. Presenilin and sporadic Alzheimer’s disease subject demographics and neuropathology scor-
ing

Case ID APOE  
genotype

Age at 
death 

(y)

Age of 
onset 

(y)
Gender

Brain  
weight 

(g)

Avg 
CWP*

Avg mature 
plaques*

Avg 
primitive 
plaques*

Avg 
diffuse 

plaques*
Avg NFT*

A79V-PSEN1 3/4 61 50 F 1060 0.00 8.67 43.67 65.33 9.00
F105L-PSEN1 2/3 68 60 F 1070 0.00 1.00 0.00 78.67 17.00
Y115C-PSEN1 3/3 51 41 M 1026 46.33 0.67 8.67 70.67 31.33
N141I-PSEN2 3/4 57 42 M 1136 49.00 2.00 1.33 67.67 65.00
M146L-PSEN1 3/3 52 47 M 1150 13.67 14.00 0.00 102.00 14.33
A260V-PSEN1 2/3 46 40 M 1140 0.00 2.33 0.67 109.00 31.00
V261F-PSEN1 3/3 47 36 M 950 0.00 0.67 0.00 2.00 49.00
V261I-PSEN1 3/3 55 48 F 1185 0.00 1.00 0.00 1.67 0.00
P264L-PSEN1 3/3 53 48 F 940 0.00 8.00 0.00 12.67 14.67
A431E-PSEN1 3/3 43 35 F 764 PF 36.33 11.67 5.00 42.00 55.33
SAD-1 3/3 62 47 M 910 0.00 23.33 0.00 12.00 42.33
SAD-2 3/4 66 55 M 1325 0.00 11.67 0.00 30.67 6.33
SAD-3 3/4 73 58 M 1236 PF 0.00 5.67 0.00 15.33 12.00
SAD-4 3/4 55 48 F 1100 0.00 36.67 0.00 21.33 55.33
*All counts are measured in mm2; PSEN, presenilin; SAD, sporadic Alzheimer’s disease; APOE, apolipoprotein E; y, years; g, grams; Avg, average; 
CWP, cotton wool plaques; NFT, neurofibrillary tangle; PF, post-fixed; M, male; F, female.

Table 2. Non-demented control subject demographics and neuropathology scoring

Case ID APOE 
genotype

Age at 
death (y) Gender Brain 

weight (g)
Total plaque 

score
Plaque 
density

Total NFT 
score

Total WMR 
score

NDC-15 3/4 76 M 1375 5.5 sparse 0 1
NDC-16 3/3 65 M 1400 0 zero 1 2
NDC-17 3/3 53 M 1456 0 zero 1 0
NDC-18 2/3 74 M 1440 0 zero 2 2
APOE, apolipoprotein E; y, years; g, grams; NFT, neurofibrillary tangle; WMR, white matter rarefaction; M, male. The maximum 
total plaque score is 15. The maximum total NFT score is 15 and the maximum WMR is 12. See reference number [49] for 
neuropathology scoring details.
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mutations (1073 g) and the SAD cases (1112 g) 
(Tables 1 and 2). These values excluded one 
PSEN-FAD and one SAD case which were 
weighed post-formalin fixation (Table 1).

Tissue preparation and biochemical analyses

White matter (1 g) was homogenized in 10 ml of 
90% glass-distilled formic acid (GDFA) using 
the Omni TH tissue grinder (Kennesaw, GA). 
The homogenates were centrifuged for 1 hr at 
4°C at 250,000 x g in a SW41 rotor (Beckman, 
Brea, CA). The supernatants were collected and 

placed into 1000 MWCO dialysis tubing. Buffer 
exchange was performed in deionized H2O (2 
changes, 1 h each) then in 0.1 M ammonium 
bicarbonate (3 changes, 1 h each). The sam-
ples were lyophilized and submitted to Western 
blot or ELISA as described below.

Aβ40 and Aβ42 ELISA

Lyophilized WM proteins were shaken for 4 h at 
4°C in 1400 µl 5 M guanidine-hydrochloride, 
50 mM Trizma, pH 8.0 and then centrifuged at 
100,000 x g for 1 h at 4°C in a Beckman 50.4 

Table 3. Antibodies Used in Western Blots

Primary antibody Antigen specificity or immunogen Secondary 
antibody Company/Catalog #

Notch-1 NICD N-terminal 14 aa R Millipore/AB5709
N-Cadherin aa 802-819 of mouse N-Cadherin M BD Transduction Laborato-

ries/610920
Erb-B4 aa 1258-1308 of human Erb-B4 R Santa Cruz/sc-283
CT20APP Last 20 aa of APP M Covance/SIG-39152
Neurexin 1,2,3 CT tails of α/β neurexins 1,2,3 R Synaptic Systems/175003
Neuroligin aa 718-843 of rat neuroligin 1 R Synaptic Systems/129013
α-tubulin Synthetic peptide of human α-tubulin R

R
Cell Signaling/2144S

β-tubulin N-terminal synthetic peptide of human β-tubulin R Cell Signaling/2128S
Kinesin 5A Synthetic peptide: aa 1007-1027 R Pierce/PA1-642
Dynein Cytoplasmic dynein from chicken embryo brain M Sigma/D5167
Dynactin aa 1266-1278 of human dynactin-1 G Abcam/ab11806
Tau (HT7) aa 159-163 M Pierce/MN1000
NF-Heavy PO- epitope on heavy NF protein (210 kDa) M Abcam/Ab7795
NF-Medium PO- and non-PO- forms of medium NF protein 

(160 kDa)
M Abcam/Ab7794

NF-Light Recognizes the light NF subunit (~68 kDa) M Abcam/Ab7255
α-synuclein aa 15-123 of Rat synuclein-1 R BD Transduction Laborato-

ries/610786
GFAP Recombinant GFAP R Abcam/ab7260
MBP aa 119-131 M Millipore/MAB381
ApoE Recombinant ApoE G Millipore/AB947
ApoA-1 aa 127-142 of human ApoA-1 R Life Technologies/701239
PEDF Human PEDF R BioProducts MD/AB-PEDF1
VEGF165 Recombinant human VEGF165 R Millipore/07-1419
GAPDH Full-length human GAPDH protein M Life Technologies/39-8600
Actin Ab-5 Clone C4 M BD Transduction Laborato-

ries/A65020
Actin N-terminus of human α-actin R Abcam/Ab37063
NICD, Notch intracellular domain; aa, amino acid; CT, C-terminal; APP, amyloid precursor protein; NF, neurofilament; GFAP, glial 
fibrillary acidic protein; MBP, myelin basic protein; Apo, Apolipoprotein; PEDF, Pigment epithelium-derived factor; VEGF, Vascular 
endothelial growth factor; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; M, HRP conjugated AffiniPure goat-anti rabbit 
IgG (catalog # 111-035-144, Jackson Laboratory); R, HRP conjugated AffiniPure goat-anti mouse IgG, (catalog # 115-035-146 
Jackson Laboratory); G, HRP conjugated AffiniPure bovine-anti goat IgG (catalog # 805-035-180).
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Ti rotor. Pierce’s Micro BCA protein assay kit 
(Rockford, IL) was used to determine the total 
protein quantity in the supernatant. The quanti-
ties of Aβ40 and Aβ42 were measured with kits 
from Life Technologies Corp (Carlsbad, CA), fol-
lowing the manufacturer’s instructions. 

Western blots

Lyophilized WM proteins were reconstituted in 
500 µl of 5% SDS, 5 mM EDTA, 20 mM Tris-HCl, 
pH 7.8 and centrifuged for 20 min in a TLA120.2 
(Beckman) rotor at 435,000 x g. Total protein 
was determined with the Micro BCA protein 

assay kit (Pierce). For a detailed Western blot 
protocol, see Maarouf et al [49]. Briefly, equal 
amounts of total protein from each case were 
separated on 4-12% Bis-Tris gels (Life 
Technologies Corp) and transferred onto 0.45 
µm nitrocellulose membranes (Life Techno- 
logies Corp). All membranes were re-probed 
with anti-mouse, anti-rabbit actin or GAPDH 
antibodies to serve as a total protein loading 
controls. Table 3 provides the descriptions of 
all antibodies used in this study. Quantity One 
software (Bio-Rad, Hercules, CA, USA) was 
used to measure the trace quantity of each 

Figure 1. Quantities of Ab40 (red bars) and Ab42 (blue bars) as detected by ELISA. A: The levels of Aβ in the gray 
matter reported in ng/g wet weight of brain tissue [42]. Four of 10 PSEN-FAD subjects had higher amounts of Aβ40 
relative to Aβ42. B: Aβ (pg/mg of total protein) was also quantified in the white matter for the same PSEN-FAD in-
dividuals. Only 2 PSEN-FAD cases (M141I and P264L) had elevated Aβ40 over Aβ42. GM, gray matter; WM, white 
matter; SAD = sporadic Alzheimer’s disease; NDC = non-demented control. The asterisk next to N141I denotes that 
this case has a PSEN2 mutation. All other subjects are PSEN1 carriers. See Tables 1 and 2 for subject key and 
information. 
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band which corresponds to the measured area 
under each band’s intensity profile curve. 
Reported units are in optical density (OD) x mm.

Statistical analyses

One of the challenges in the present study was 
to determine how direct comparisons on a 
number of different protein markers could be 
made using data derived from Western blot 
densitometry analyses. Since the molecular 
markers use different scales of measurement, 
direct comparisons of the raw values were not 
practical and did not allow for meaningful inter-
pretations of the data. One of our interests was 
to determine whether the protein levels of the 
studied PSEN-FAD cases were different from 
NDC and also how SAD differed from NDC. We 
were also interested in examining the inter-indi-
vidual variability of the molecular markers 
among the different PSEN-FAD cases. We used 
a method based on the t-distribution for small 
samples suitable for finding the confidence for 
small samples as is the case of the NDC group 
of patients [50]. A linear combination T of 
Student’s t statistics is proposed as a practical 
method of obtaining confidence intervals for 
the common mean, and the distribution func-
tion of T is conveniently approximated for the 
general case [51]. We obtained the confidence 
interval and used this interval to determine the 
appropriateness of the FAD and SAD patients. 
We conducted intervals with 5% type I error 
rate. The critical region of the test given by the 
asymptotic theory is modified to try to produce 
more accurate results in small to moderate 
sample sizes. Values that fell within the inter-
vals were considered consistent with the NDC 
cases and those beyond the interval were con-
sidered to be inconsistent. We conducted these 
analyses through SAS 9.2 and PROC IML.

Results

Aβ levels in the GM and WM

The histograms illustrated in Figure 1A and 1B 
show the levels of GM and WM Aβ peptides, 
respectively, in 9 PSEN1-FAD and 1 PSEN2-FAD 
(denoted by asterisk) mutation carriers com-
pared to SAD and NDC cases. The levels of 
Aβ40 were disproportionately increased rela-
tive to Aβ42 in GM in the M146L, V261F, V261I 
and A431E mutation carriers (Figure 1A) [42], 
resulting in lower GM Aβ42:40 ratios. Inte- 

restingly, 2 of the SAD cases also have relative-
ly low GM Aβ42:40 ratios, although the differ-
ence between the 2 Aβ isoforms is much less 
pronounced than in the 4 PSEN-FAD cases 
[42]. On the other hand, in the WM, only 2 of the 
PSEN-FAD cases (N141I and P264L) and 1 of 
the SAD cases contained more Aβ40 than 
Aβ42 (Figure 1B). In terms of mean total GM Aβ 
concentration (Aβ40+Aβ42), this was 2-fold 
higher in PSEN-FAD cases than in SAD cases 
(12 µg/g wet weight vs. 6 µg/g wet weight), and, 
as expected, significantly higher that of the 
NDC mean (Kruskal-Wallis, p = 0.039), as previ-
ously published [42]. The same trends are 
observed for the WM in which PSEN-FAD cases 
had a total Aβ mean of 31 ng/mg total protein 
and the SAD cases had a mean of 4.2 ng/mg 
total protein while the NDC group had a mean 
of 0.22 ng/mg total protein (Kruskal Wallis, p = 
0.004). In the WM, the differences in total Aβ 
levels are greater between FAD and SAD (7.4 
fold) in comparison to GM.

Western blot results

Figure 2 through Figure 6 display the PSEN-
FAD and SAD individual confidence values 
when compared to the confidence intervals of 
NDC group. Molecules investigated by Western 
blot were grouped as follows: 1) direct sub-
strates of PSEN1 in the WM (Notch-1-Figure 
2A, N-cadherin-Figure 2B, Erb-B4-Figure 2C, 
APP-Figure 2D and its C-terminal fragments 
(CTFs)-Figure 2E), 2) GM synaptic proteins 
(neurexin-Figure 3A and neuroligin-Figure 3B), 
3) proteins performing cytoskeletal functions in 
the WM (NF-light-Figure 3C, NF-medium-Figure 
3D and NF-heavy-Figure 3E), 4) WM axonal 
transport molecules (α-tubulin-Figure 4A, 
β-tubulin-Figure 4B, kinesin-Figure 4C, dynein-
Figure 4D, dynactin-Figure 4E and tau-Figure 
4F), 5) proteins related to structural functions 
in the WM (α-synuclein-Figure 5A, GFAP-Figure 
5B and MBP-Figure 5C), 6) WM apolipoproteins 
(ApoA-1-Figure 6A and ApoE-Figure 6B), 7) WM 
neurotrophic proteins (PEDF-Figure 6C and 
VEGF-Figure 6D). 

Direct substrates of the PSEN

With the exception of the A260V and P264L 
mutation carriers, the PSEN-FAD subjects had 
decreased levels of Notch-1 relative to the NDC 
cohort, while 3 out of 4 SAD individuals had 
Notch-1 levels within the NDC range (Figure 
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Figure 2. Upper and lower confidence levels (UCL and LCL) derived from Western blot densitometry analyses from 
non-demented control subjects. The distribution values for each of the interrogated proteins observed in each 
individual PSEN mutation and SAD cases #1-4 cases are shown along y-axis. A: Notch-1, B: N-cadherin, C: Erb-B4, 
D: Amyloid precursor protein (APP) and E: Amyloid precursor protein C-terminal fragments (APP-CTFs). All analyses 
were performed in the white matter.
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2A). In general, the amounts of N-cadherin in 
the PSEN-FAD and SAD groups were consistent 
with NDC subjects and the SAD cases, with the 
exception of Y115C and A431E in which the 
N-cadherin was elevated (Figure 2B). The levels 
of Erb-B4 fluctuated among the PSEN-FAD sub-
jects with half of the PSEN-FAD mutations hav-
ing lower levels of this molecule (Figure 2C). 
Similar to the Notch-1 results (Figure 2A), SAD 
case #4 also had reduced levels of Erb-B4 
when compared to the NDC group (Figure 2C). 
Full length APP did not demonstrate large dif-
ferences in the PSEN-FAD and SAD individuals 
compared to the NDC cases (Figure 2D). In ref-
erence to PSEN-FAD CTFs, only A260V showed 
an increase, whereas V261F and V261I showed 
a decrease in the levels of these peptides 
(Figure 2E). 

Synaptic molecules

In the GM of PSEN-FAD cases, neurexin was 
consistently under-represented in 7 (A79V, 
A260V, F105L, Y115C, A431E, V261F and 
M146L) of the 10 PSEN-FAD individuals relative 
to the NDC cohort (Figure 3A). In contrast, neu-
roligin was elevated in 6 (A79V, F105L, V261F, 
N141I, V261I and M146L) out of 10 cases with 
only one case A260V below the lower confi-
dence level in the PSEN-FAD cohort (Figure 3B). 
In SAD subjects, the levels of GM neurexin and 
neuroligin, for the most part, were close to the 
range of the NDC cohort with the exception of 
SAD case #4 (Figure 3A and 3B).

Cytoskeleton molecules

Six out of 10 PSEN-FAD subjects had levels of 
NF-light chain similar to the NDC group with the 
remaining 4 (F105L, V261F, V261I and M146L) 
PSEN-FAD individuals having lower amounts of 
this protein (Figure 3C). Neurofilament-medium 
chain (Figure 3D) followed the same trend as 
NF-light (Figure 3C) in both the PSEN-FAD and 
SAD cohort in which only SAD #4 had decreased 
level vs. the NDC subjects. Relative amounts of 
NF-heavy chain were all within the NDC range in 
both the PSEN-FAD and SAD cohorts (Figure 
3E). 

Axonal transport molecules

With the exception of P264L for α-tubulin and 
V261I, M146L and P264L for β-tubulin, all the 
remaining PSEN-FAD had lower amounts of 

these two proteins relative to the NDC cases 
(Figure 4A and 4B), suggesting a loss of micro-
tubules when compared to the NDC cohort. The 
SAD group fell below the lower confidence inter-
val for α-tubulin (Figure 4A). The SAD cases, on 
the other hand, were mostly within the NDC 
confidence interval for β-tubulin with the excep-
tion of SAD case #4 (Figure 4B). In general, 
most of the values of the cargo proteins kine-
sin, dynein and dynactin in the PSEN-FAD and 
SAD individuals were within the range of the 
NDC group (Figure 4C-E). Four cases (A79V, 
A260V, F105L and N141I) in the kinesin graph 
(Figure 4C) and 3 cases (F105L, V261F and 
N141I) in the dynein graph (Figure 4D) were 
underrepresented in the PSEN-FAD group. The 
cargo proteins kinesin and dynein were 
decreased relative to NDC in SAD case #4 
(Figure 4C and 4D). The relative levels of the 
microtubule stabilizing tau protein were incon-
sistent among the PSEN-FAD subjects, with 
F105L, Y115C, V261F, V261I and M146L hav-
ing decreased values and the A260V displaying 
a positive value (Figure 4F), compared to the 
NDC cases. In the SAD cohort, only case #4 
had a value below the NDC confidence limit 
(Figure 4F). 

Structural proteins

The relative levels of α-synuclein in the PSEN-
FAD mutations and SAD cases all fell within the 
range of the NDC group (Figure 5A). On the 
other hand, the relative amounts of GFAP were 
increased in 7 of the 10 PSEN-FAD individuals, 
with the remaining cases falling within the con-
fidence interval of NDC group (Figure 5B). In the 
SAD versus NDC comparisons, the GFAP values 
were only increased in SAD case #4 while the 
other 3 SAD individuals had levels similar to the 
NDC group (Figure 5B). In reference to MBP, 4 
of the 10 PSEN-FAD individuals (V261F, V261L, 
M146L and P264L) had levels lower than the 
NDC group (Figure 5C), whereas in the SAD 
cases MBP levels did not dramatically differ 
from the controls (Figure 5C). 

Apolipoproteins

In general, all the ApoA1 values in the PSEN-
FAD mutations fell within the NDC confidence 
interval with the exception of V261L which had 
a negative level (Figure 6A). The relative 
amounts of ApoE in six of the PSEN-FAD cases 
were within the range of the NDC confidence 
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Figure 3. Upper and lower confidence levels (UCL and LCL) derived from Western blot densitometry analyses from 
non-demented control subjects. The distribution values for each of the interrogated proteins observed in each 
individual PSEN mutation and SAD cases #1-4 cases are shown along y-axis. A: Neurexin in the gray matter (GM), 
B: Neuroligin in the gray matter (GM), C: Neurofilament-light (NF-L) chain, D: Neurofilament-medium (NF-M) chain 
and E: Neurofilament-heavy (NF-H) chain. Unless otherwise noted, all analyses were performed in the white matter.
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interval (Figure 6B). Case A79V was increased 
and cases V261F, N141I and V261I were 
decreased compared to the NDC cohort (Figure 
6B). Both apolipoproteins were within the NDC 
confidence limits for the SAD cohorts (Figure 
6A and 6B). 

Neurotrophic factors

The levels of PEDF were increased in PSEN-FAD 
Y115C and decreased in V261F, N141I and 
V261I relative to the NDC confidence limits 
(Figure 6C). In the SAD cases, PEDF levels fell 
within the confidence interval of NDC (Figure 

6C). Lastly, the VEGF analysis only showed 3 
PSEN-FAD cases (A-79V, V261F and V261I) 
with negative levels relative to NDC (Figure 6D). 
Case #4 was the only SAD individual with a neg-
ative value in comparison to the NDC group 
(Figure 6D).

Discussion

The WM in FAD and SAD is profoundly affected 
in morphological and volumetric parameters 
since there is severe atrophy resulting from 
loss of axons and myelin and concomitant 
expansion of the lateral ventricles [52-54]. This 

Figure 5. Upper and lower confidence levels (UCL and LCL) derived from Western blot densitometry analyses from 
non-demented control subjects. The distribution values for each of the interrogated proteins observed in each in-
dividual PSEN mutation and SAD cases #1-4 cases are shown along y-axis. A: α-synuclein, B: Glial fibrillary acidic 
protein (GFAP) and C: Myelin basic protein (MBP). All analyses were performed in the white matter.

Figure 4. Upper and lower confidence levels (UCL and LCL) derived from Western blot densitometry analyses from 
non-demented control subjects. The distribution values for each of the interrogated proteins observed in each in-
dividual PSEN mutation and SAD cases #1-4 cases are shown along y-axis. A: α-tubulin, B: β-tubulin, C: Kinesin, D: 
Dynein, E: Dynactin and F: Tau. All analyses were performed in the white matter.
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WM rarefaction is often associated with wide-
spread dilation of the periarterial spaces sug-
gesting chronic retention of interstitial fluid as 
well as loss of WM tissue [40]. In addition, the 
presence of ectopic neurons containing NFT 
and clusters of amyloid plaques in the WM have 
also been reported in some cases of PSEN-FAD 
[45, 47]. Presently, there is a relative paucity of 
information regarding the WM biochemical 

alterations and their contribution to the patho-
physiology of SAD and FAD compared to the 
GM. Therefore, we sought to determine the 
amount of Aβ peptides as well as analyze 21 
different WM structural and functional proteins 
in 10 different PSEN-FAD mutation carriers. In 
addition, 2 GM synaptic proteins were ass- 
essed. We were concerned about the effect of 
the wide range of PMI in our PSEN-FAD cohort. 

Figure 6. Upper and lower confidence levels (UCL and LCL) derived from Western blot densitometry analyses from 
non-demented control subjects. The distribution values for each of the interrogated proteins observed in each indi-
vidual PSEN mutation and SAD cases #1-4 cases are shown along y-axis. A: Apolipoprotein A1 (ApoA1), B: Apolipo-
protein E (ApoE), C: Pigment epithelium derived factor (PEDF) and D: Vascular endothelial growth factor (VEGF). All 
analyses were performed in the white matter.
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Therefore, we performed linear correlations 
between the PMI and densitometry and immu-
noassay values observed for the different pro-
tein markers, and found that there was no sig-
nificant correlation between these parameters 
in any case (p > 0.05). 

In reference to the Aβ quantifications, 3 impor-
tant conclusions can be drawn from our data: 
1) The PSEN-FAD mutations do not always pro-
duce a uniform increase in the Aβ42:Aβ40 
ratios, 2) the PSEN-FAD mutations have, on 
average, higher total amounts of Aβ peptides, 
when compared to SAD, which may play a role, 
besides other factors, in the global devastating 
dysfunction of the brain in FAD and 3) there is a 
great deal of individual variability in Aβ amounts 
among the different PSEN-FAD mutations. 
Consideration should be given to the fact that 
Aβ levels in the WM are roughly 1000-fold less 
than in the GM. This implies that the accumula-
tion of the Aβ peptides mainly occurs in GM 
extracellular space, neuronal cell bodies, neu-
rites, presynaptic terminals and vascular walls 
rather than in the long WM axons, associated 
glial or WM microvasculature. Therefore, the 
presence of Aβ in the WM of SAD and PSEN-
FAD may be due to interstitial fluid diffusion 
from the GM or alternatively it may represent a 
small intracellular axonal pool and/or myelin-
bound Aβ [55-58] that is elevated in SAD and 
PSEN-FAD, since these peptides were not 
increased in the NDC cases. 

In a previous publication, we reported a bio-
chemical analysis of the PSEN1 E280A (‘paisa’) 
mutation in GM samples and observed abun-
dant diffuse amyloid plaques with a peculiar 
staining pattern distinct to previously described 
plaques in PSEN cases [59]. In addition, 
increased amounts of APP-CT99 and Aβ42 
were present along with Aβ peptides longer 
than 40-42 amino acid residues [59]. In more 
recent studies, examination of young PSEN1 
E280A mutation carriers between 18-26 years 
of age, demonstrated a thinner cerebral cortex 
[60], greater hippocampal and parahippocam-
pal activation, less precuneus and posterior 
cingulate deactivation, less GM in parietal 
regions, and higher CSF and plasma Aβ42 lev-
els compared to non-carriers [61]. It has been 
recently suggested that CSF levels of Aβ and 
tau as well as brain amyloid deposition in PSEN-
FAD subjects follow a pattern similar to that 
observed in SAD [62].

It is widely believed that the PSEN-FAD pheno-
type is a consequence of the increased produc-
tion of the Aβ42 peptide, thus supporting the 
amyloid cascade hypothesis as the central fac-
tor in the pathogenesis of both SAD and FAD. 
However, this hypothesis has been challenged 
since in several PSEN-FAD mutations the prev-
alent accumulated amyloid form is Aβ40 [42, 
63-65]. In addition, not all PSEN-FAD muta-
tions cause an increase in the Aβ42:40 ratio 
[42, 64]. Intriguingly, in the PSEN1 insR352 
mutation, which expresses a frontotemporal 
dementia phenotype, there is substantially less 
Aβ42 accumulation [63], although these exper-
iments were carried out in cultured cells. 
Furthermore, in the case of the PSEN1 muta-
tion G183V, which is associated with fronto-
temporal dementia and neuropathologically 
characterized by Pick-type tauopathy, Aβ 
deposits and Aβ peptides were not detected 
[66]. These observations suggest that neurode-
generation and dementia may be phenomena 
independent of increased Aβ42 production 
[64]. 

Our data revealed a great deal of heterogeneity 
in protein expression among the different 
PSEN-FAD mutations. For example, 3 of the 10 
PSEN1 mutations which deviated the most 
from the NDC baseline were F105L, V261F and 
V261I which shared decreased amounts of 
Notch-1, Erb-B4, NF-light, NF-medium, α-tubulin 
and tau. In addition, the F105L mutation had 
also decreased values of neurexin, β-tubulin, 
kinesin and dynein, while the V261F and V261I 
mutations had decreased values of APP, APP-
CTFs, MBP, ApoE, PEDF and VEGF. The 3 muta-
tions (F105L, V261F and V261I) also shared 
elevated GFAP. Interestingly, the PSEN muta-
tions V261F and V261I had the most abundant 
levels of Aβ in the WM. In general, the proteins 
that revealed the most consistent changes in 
the PSEN-FAD cohort were Notch-1, neurexin, 
α-tubulin, β-tubulin and GFAP. Eight of the 10 
PSEN-FAD subjects had reduced amounts of 
Notch-1 relative to the controls, while the 2 
remaining cases fell within the range of the 
NDC cohort. Notch-1 is a receptor that is 
sequentially cleaved, with the final γ-secretase 
processing releasing the nuclear transcription 
factor notch intracellular domain (NICD) which 
is a key component in tissue development and 
renewal [67, 68]. It is possible that abnormally 
low levels of NICD may have negative effects on 
cognition. With the exception of the PSEN2 
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mutation N141I and the PSEN1 mutations 
V261I and P264L, all the remaining PSEN 
mutations carriers had lower neurexin levels 
than the NDC group. On the other hand, 6 out of 
the 10 different mutation carriers had 
increased levels of neuroligin relative to the 
NDC cases. Presenilins are key proteins in the 
release of neurotransmitters and regulation of 
long-term potentiation [69]. The binding part-
ners neurexin and neuroligin are both sub-
strates of the PSEN/γ-secretase and have been 
described as pivotal proteins in pre-synaptic 
and post-synaptic junctions [70-72]. These pro-
teins have also been depicted as important 
regulatory components in the maintenance of 
vascular functions since they participate in the 
metabolism of endothelial and vascular smooth 
muscle cells [73]. In addition, recent experi-
ments suggest that neurexin and neuroligin 
inhibit and promote angiogenesis, respectively, 
and influence vascular tone [73]. 

Some of the direct substrates of the PSEN/γ-
secretase, such as Notch-1, N-cadherin, Erb-
B4 and APP, appeared to deviate from the con-
fidence intervals established by the NDC 
protein markers, while in other mutation types 
these markers were apparently not affected by 
specific mutations. Proteins that are direct sub-
strates of PSEN could be increased due to sub-
strate accumulation. This may be elicited by 
conformational changes generated by the spe-
cific amino acid location of the different muta-
tions that result in reduced PSEN affinity for the 
substrate and/or decreased proteolytic func-
tion of the active center. In the alternative sce-
nario in which PSEN substrates were decreased, 
specific mutations may have induced an 
increased rate of enzymatic activity against 
specific substrates. Whether the PSEN muta-
tions result in a gain or loss of function is con-
tentious [74, 75]. In all likelihood the outcome 
may not represent a simple, universal dichoto-
my because some PSEN mutations induce both 
effects depending on the biophysical proper-
ties of the mutated PSEN/γ-secretase molecule 
in concert with the conformational properties 
of a specific substrate.

In reference to tau, we observed in only one 
PSEN-FAD mutation case, the amount of this 
molecule was increased whereas in 5 other 
cases tau levels were decreased relative to the 
NDC cohort. The remaining PSEN-FAD 4 cases 
fell within the confidence interval established 

by the NDC cases. Tau integrated within the 
paired helical filaments (PHF) is a difficult mol-
ecule to assess, due to the extreme insolubility 
of ancillary molecules in most of the detergents 
and denaturing chaotropic agents that only 
allow a fractional solubilization of PHF. Detailed 
chemical analysis of PHF isolated from AD has 
revealed that their insolubility is mainly due to 
the high content of glycoproteins and glycolip-
ids present in these structures [76-78] that 
suggest they are probably derived from stacks 
of irreversibly denatured cytomembranes, 
including mitochondria and endoplasmic reticu-
lum, as observed by electron microscopy in 
human biopsies [79].

Alterations in protein marker molecules which 
are not known to be direct substrates of PSEN, 
for example molecules involved in cytoskeletal 
structural or axonal transport functions were 
observed to be increased or decreased, 
depending on the specific PSEN mutation, 
when compared to the NDC confidence inter-
vals. This may be due to multiple molecular 
interactions resulting from downstream effects 
initially caused by direct substrates of the 
mutated PSEN molecules. Tabulating all confi-
dence interval limits within the PSEN-FAD 
cohort revealed that 11% fell above, 53% fell 
within and 36% fell below the relative range of 
the statistical values established by the NDC 
group, suggesting a general reduction of pro-
teins in the diseased individuals. Interestingly, 
the most altered SAD case relative to the NDC 
confidence limits, was SAD subject #4 who 
demonstrated decreased Notch-1, Erb-B4, 
neurexin, NF-light, NF-medium, α-tubulin, 
β-tubulin, kinesin, dynein, tau and VEGF, but 
increased values of APP, neuroligin, GFAP and 
MBP. These alterations may be due to a more 
severe disease course, as SAD case #4 had the 
earliest onset and most rapid disease course 
as well as the highest number of mature amy-
loid plaques and NFT in this group. 

Intriguingly, the relative amount of the 23 pro-
tein markers were very heterogeneous among 
the PSEN-FAD mutations and in many instanc-
es their values departed substantially from the 
NDC cases. It is important to consider that all 
PSEN-FAD and SAD cases were at the end-
stage of an extended disease process and con-
sequently, the biochemical damage and func-
tional disturbances were at their maximum 
levels of expression. This may account for the 
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gross morphological and biochemical altera-
tions in the integrity of neuronal and glial cells, 
which severely perturbed the structure and 
function of vital systems such as axonal trans-
port, synaptic integrity and transmission of 
action potentials as well as glial and neuronal 
cytoskeleton scaffolds and neurotrophic factor 
levels. It could be hypothesized that the indi-
vidual pathological phenotypic characteristics 
of the diverse PSEN-FAD mutations are likely to 
result, not only from Aβ accumulation, but also 
from alterations of multiple molecular sub-
strates and their additive negative pleiotropic 
interactions. Thus, the observed early age of 
onset, severe disease course and neuropatho-
logical presentation of the PSEN-FAD muta-
tions may not be solely the result of APP and 
tau misprocessing, but may be the end-product 
of cumulative pathological changes exerting 
deleterious effects on a large number of mole-
cules and cellular functions that could not be 
substituted or rescued by alternative biochemi-
cal pathways.

Although several clinical and radiological stud-
ies have examined an assortment of PSEN 
mutations in cross-sectional studies, very few 
isolated cases have been examined on a longi-
tudinal basis [80, 81]. Two large and long-term 
immunotherapy clinical trials for populations 
harboring PSEN-FAD mutations [82-84] are tar-
geting Aβ in younger asymptomatic carriers in 
the hope that early elimination or diminished 
production of these peptides by monoclonal 
antibodies will prevent or modify the relentless 
course of dementia. The Alzheimer’s Prevention 
Initiative will utilize a large Colombian cohort 
with a significant number of individuals carrying 
the PSEN1 E280A paisa mutation and offers an 
unparalleled opportunity to test the effects of 
prophylactic immunotherapeutic in a presymp-
tomatic single PSEN mutation carrier kindred 
[82]. The DIAN prophylactic immunotherapy 
project will be implemented in patients harbor-
ing several PSEN-FAD mutations [83]. In addi-
tion, the Anti-Amyloid Treatment in Asymp- 
tomatic Alzheimer’s Disease (A4) prevention 
clinical trial represents a complementary strat-
egy in which putative dementia-prophylactic Aβ 
immunotherapy will be provided to asymptom-
atic individuals recognized by imaging technolo-
gies to possess substantial amyloid deposit 
burdens and hypothesized to be at imminent 
risk for SAD development [85]. 

A large number of morphological, functional 
and chemical studies on PSEN-FAD have been 
centered on the hypothesis that these neurode-
generative disorders are mainly due to the over-
expression of Aβ peptides. However, the cause-
effect of the amyloid cascade hypothesis as 
the only pathogenetic factor in PSEN-FAD 
remains uncertain in view of the potential path-
ological effects of altered PSEN/γ-secretase 
affinity and enzymatic activity on over 90 sub-
strates [7] and their inescapable pleiotropic 
disturbances on brain homeostasis. This issue 
is well illustrated by the clinical trials involving 
the selective inhibition of PSEN/γ-secretase Aβ 
cleavage by semagacestat, avagacestat, 
begacestat and ELND006 which were halted 
because they failed to reach their expected 
endpoints, and also because they triggered 
multiple undesirable and sometimes irrevers-
ible side-effects [86-90]. The implication of 
these observations is that the early onset and 
faster demise associated with PSEN-FAD muta-
tions may not only be due to enhanced APP/Aβ 
processing or to the lack of their degradation, 
but rather to the extensive molecular altera-
tions and ripple effects on a multitude of pivot-
al substrates ultimately caused by a dysfunc-
tional PSEN/γ-secretase. If this hypothesis is 
correct, a detailed postmortem biochemical 
assessment of individuals treated with 
γ-secretase inhibitors will be of enormous value 
in the interpretation of clinical trial outcomes. 

In summary, there is a great need for a better 
understanding of the clinical, neuropathologi-
cal and biochemical evolution of PSEN-FAD. 
The pathology induced by PSEN-FAD mutations 
involves both the GM and WM in a complex net-
work of potentially devastating direct and indi-
rect impacts on the brain ability to create and 
transmit action potentials. A comprehensive 
assessment of the biochemical diversity exhib-
ited by various alleles and their relationship to 
clinical presentations will be helpful in the inter-
pretation of early interventional trials employ-
ing FAD patients. New information on the bio-
chemical pathology of PSEN mutations will 
offer valuable insights into the etiology and pro-
gression of the disease and assist in the design 
of preventative measures and effective thera-
peutic interventions for both SAD and FAD. 
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