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Abstract
Selenium is known for its antioxidant properties, making selenoproteins candidate molecules for
mitigation of neurological disorders in which oxidative stress has been implicated. The selenium
transport protein, selenoprotein P, is essential for neuronal survival and function. We sought to
determine whether selenoprotein P expression is associated with Alzheimer’s disease pathology. We
examined postmortem tissue from individuals with the hallmark lesions of Alzheimer’s disease and
individuals without these lesions. Selenoprotein P immunoreactivity was co-localized with amyloid-
β plaques and neurofibrillary tangles. Dense-core and other non-diffuse amyloid-β plaques were
nearly always associated with selenoprotein P immunopositive cells. Analysis of spatial distribution
showed a significant association between amyloid-β plaques and selenoprotein P. Numerous cells
also exhibited immunoreactivity to selenoprotein P and intraneuronal neurofibrillary tangles.
Confocal microscopy confirmed co-localization of amyloid-β protein and selenoprotein P. These
findings suggest an association of selenoprotein P with Alzheimer’s pathology.
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INTRODUCTION
Neurons are highly vulnerable to damage from oxidative stress due to the high-oxygen usage
for energy metabolism and presence of metals such as iron and zinc [20]. Chronic oxidative
damage has been strongly implicated in Alzheimer’s disease (AD) and other neurodegenerative
diseases. Selenoproteins, which contain the element selenium (Se), decrease oxidative stress
[3].

Se is distributed throughout the body via plasma selenoprotein P (SelP) [25]. Although
originally identified as a plasma protein, SelP is abundant in neurons and ependymal cells in
the human brain [22], and is a survival-promoting factor for cultured neurons [33]. Mice with
a deletion of the SelP gene have deficiencies in hippocampal synaptic function and are deficient
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in memory tasks and longterm potentiation, a cellular model for learning and memory [19].
SelP chelates zinc, mercury and other metals and binds toxic metals in sera [8]. SelP and several
important antioxidant selenoproteins are expressed in brain, and may help mitigate
neurodegeneration, although specific roles for many of these proteins have not been elucidated
[8].

Expression of SelP in human brain increases with aging[16]. A recent comprehensive analysis
of gene expression in AD demonstrated that SelP was among a subset of genes with increased
expression in AD, even after taking into account the age-dependent increase [17]. To
understand the role of SelP in AD, it is important to know if the protein is co-localized with
lesions associated with the disorder. Here we investigate the expression of SelP in postmortem
brain tissue from decedents in whose neocortices high levels of Alzheimer lesions [amyloid-
β (Aβ) plaques and neurofibrillary tangles (NFT)] were observed, and an equal number of
individuals without neorcortical Aβ plaques or NFT.

MATERIALS AND METHODS
Formalin-fixed human brain tissue was provided by the Honolulu Asia Aging Study (HAAS),
an ongoing project that has monitored the health and lifestyle of Japanese-American men born
between 1900 and 1919 and residing on Oahu, Hawaii [32]. Studies were approved by the
Internal Review Board of Kuakini Medical Center. Sections (8 μm) of medial temporal gyrus
(MT) from four decedents with abundant AD lesions and four individuals without significant
lesions were used in this study. For simplicity we refer to those brains with abundant Alzheimer
lesions as ‘AD brains’ and those without such lesions as ‘normal brains’.

To test the SelP antibody, recombinant human SelP was expressed in HEK-293 cells and
purified from culture media using a nickel-agarose column as previously described [29].
Recombinant SelP, media samples from non-transfected HEK-293 cells, and human plasma
samples were analyzed by western blot. Protein was diluted with reduced Laemmeli buffer,
boiled at 95°C for 10 min, cooled on ice, and loaded into wells of 10–14.5% polyacrylamide
gels (Bio-Rad). Protein was transferred to PVDF membranes, which were blocked for 1 h with
5% yeast extract, and then probed for 90 min with primary anti-SelP antibody diluted 1:2,000
(Lab Frontier) followed by treatment with an anti-mouse HRP-conjugated secondary antibody
(GE Healthcare) diluted 1:10,000, and detected using ECL Plus (GE Healthcare).

Cross-linked antigens in deparaffinized sections were “unmasked” by immersing in an alkaline
solution containing EDTA (Trilogy, Cell Marque), heating at 95°C and 15 psi in a pressure
cooker for 20 min, and then immersing in 90% formic acid for 3 min. Tissue was blocked in
PBS with 5% serum species-matched to secondary antibody, and incubated with mouse
monoclonal antibodies recognizing human SelP (LabFrontier, diluted 1:100), followed by
incubation with biotinylated anti-mouse secondary antibody and ABCTM reagent (Vector
Laboratories), and development with 3,4-diaminobenzamidine hydrochloride (DAB, Vector
Laboratories).

For double labeling with Aβ, tissue was subsequently blocked in 5% normal horse serum
(NHS), followed with separate blocking steps in streptavidin and biotin solutions (from ABC
kit) for five minutes each. Tissue was incubated in a mouse monoclonal anti-Aβ antibody
(Chemicon, 1:200) followed by secondary antibody and ABC. To distinguish between the two
antigens, Aβ immunoreactivity was developed with DAB containing nickel chloride (DAB-
Ni, Vector Labs). For double labeling of SelP with NFT, tissue was labeled for SelP as above
and subsequently incubated with a rabbit polyclonal anti-NFT antibody (produced using SDS-
solubilized protein from AD brain, Chemicon, 1:200). Following secondary antibody
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application, an alkaline phosphatase-based ABC kit was used to visualize immunoreactivity
(Vector Laboratories).

For double labeling of SelP and Aβ for confocal microscopy, tissue was incubated in SelP
antibody, then blocked with rabbit anti-mouse IgG FAb fragment (Jackson ImmunoResearch
Laboratories) diluted 1:100 in 5% NHS prior to secondary antibody incubation. For double
labeling of SelP and NFT, primary antibodies were incubated together. Secondary antibodies
labeled with Alexafluor 488 (for green label) or Alexafluor 596 (red label) were used to
visualize immunoreactivity. Endogenous fluorescence was reduced by treating with an
autofluorescence eliminator reagent (Chemicon). Tissue was mounted in Vectashield
containing DAPI to label nuclei (Vector Laboratories). For all double labeling, controls
excluding each of the primary antibodies confirmed absence of cross-reactivity.

Sampling of areas for analysis was performed by placing a grid of 1 mm × 1 mm squares
randomly over tissue slides, and taking images of every 5th square in every 5th row. Analysis
of spatial association was achieved using the software Proxan (proximity analysis), which is
available online from Bendor Research at www.bendor.com.au/Proxan. A description of the
algorithms used by this software can be found at this site. Proxan uses cluster analysis to
determine the degree of spatial association between ‘active’ and ‘reference’ objects with
distinct labels in an image [9]. In our analysis, SelP-immunopositive cells were paired with the
nearest ‘reference’ Aβ plaque, and Aβ plaques were paired with the nearest SelP-positive cell
and any labeled cells not closer to another plaque. Proxan compares the minimum Euclidian
distances between the two labels to the minimum distances between the reference objects and
randomly redistributed active objects using a χ2 test. If the different labeled objects are
associated spatially, then the distribution of minimum distances between these objects will be
smaller than those of random objects.

Unbiased stereological estimates of cell numbers were achieved using the dissector method
[28]. Briefly, randomly-sampled images from adjacent sections were aligned, and the number
of labeled cells in the ‘reference’ section was determined after excluding cells that could also
be found in the ‘look-up’ section.

RESULTS
We tested a monoclonal SelP antibody (Labfrontier) for specificity by western blot. The
antibody recognized a doublet of 55–60 kD in human plasma (Fig. 1A, left), representing
different glycosylated forms previously described. The antibody also recognized a band of
about 55 kD in media from HEK-293 cells transfected with a plasmid containing human SelP,
but not in media from untransfected HEK-293 cells (Fig. 1A, right).

We examined SelP expression in sections of medial temporal gyrus collected postmortem from
human brains. SelP expression was present in neurons throughout the cortical layers (Fig. 1B–
D). SelP immunoreactivity marked dendritic fibers in upper layers, particularly in apical
dendrites of pyramidal neurons. Granular structures immunoreactive for SelP were detected
throughout the cytoplasm of pyramidal cell bodies (D). SelP immunoreactivity was also
detected in white matter (E) and in choroid plexus (F), confirming findings of a previous study
[22].

To determine spatial relationship between SelP and deposition of Aβ, tissue was
immunostained with antibodies to both SelP and Aβ. As shown in Fig. 2A and 2D–F, the Aβ
antibody revealed plaques, a defining pathologic characteristic of AD. We observed marked
co-localization of Aβ immunoreactivity with cells expressing SelP. Numerous ring-like
plaques throughout the cortex encircled SelP-positive cells (Fig. 2D–F). Controls where either
primary antibody was omitted demonstrated that the co localization was not due to cross-
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reactivity of secondary antibodies (Fig. 2B, C). Non-diffuse Aβ plaques were consistently
associated with contiguous SelP-positive cells. Fig. 2G shows several examples from AD
cortex demonstrating the association between SelP and Aβ. We also examined the relationship
between SelP and Aβ using confocal microscopy. Fig. 2H shows SelP immunoreactivity
(green) within or associated with Aβ plaques (red). Nuclei are labeled with DAPI (blue). Yellow
indicates the blending of red and green due to the co-localization of SelP with Aβ.

To estimate the probability that the observed association between SelP and Aβ depositions
could have occurred by chance, we used a proximity analysis program (Proxan [9]). This
software determines the minimum measured distances between each object of a certain class
to the nearest object of a reference class. Cluster analyses are then performed on the distribution
of these distances by comparison with distributions generated from random assignment of the
‘active’ class of objects with the original locations of the ‘reference’ class of objects. Fig. 3A
shows an image before analysis, with minor adjustments to contrast in order to maximize label
recognition by the software. Fig. 3B shows the same image after linking each ‘active’ object
(SelP-labeled cells) with the nearest ‘reference’ object (Aβ plaques), with the background
subtracted and objects identified by color (red for Aβ, green for SelP), and minimum distances
calculated and plotted (blue lines). Proxan was able to correctly identify and distinguish the
two labels after minor adjustments in saturation and contrast to the original images. No analyses
were performed for control subjects as no plaques were apparent in these sections. Similarly,
in images from AD subjects where one primary antibody was omitted, the software recognized
only the remaining label, and analyses could not be performed. Figure 3C shows the output
from analyzing the image in Fig. 3A. The graph indicates the measured minimum distances
between the two labels. Since the distance between objects that make contact at their borders
is defined as zero, the distance between objects with overlapping borders are defined as the
negative value of the radius of overlap. Red shows the measurements between objects in the
image, whereas blue indicates the distances between the reference object (in this case Aβ) and
randomly distributed SelP-labeled objects. In all tests from AD subjects, we found a significant
association between SelP-immunoreactive cells and Aβ plaques.

We measured the SelP-positive numeric cell density in the medial temporal gyrus from AD
afflicted individuals and individuals with no evidence of the disease. Using the dissector
method to obtain objective cell counts of SelP immunopositive cells in randomly chosen fields
from adjacent sections, the numerical density of SelP-positive cells was found to be
significantly higher in AD brain compared with non-disease brain (Table 1).

We additionally compared SelP localization with the presence of NFT, another hallmark of
AD. Immunoreactivity for NFT clearly correlated with SelP expression (Fig. 4A–B). Controls
where either primary antibody was omitted demonstrated specificity of primary antibodies
(Fig. 4C, D). Neurons that were immunoreactive with the NFT antibody (white arrows)
contained SelP protein in the cell bodies. The NFT antibody also recognized dystrophic neurites
(black arrows) that associated with SelP-positive cells (black arrowheads). We examined
immunoreactivity with fluorescent-labeled secondary antibodies using confocal microscopy
(Fig. 4E, F). SelP (green, white arrows) and NFT (red, black arrows) immunoreactivity are
found within the same neuron with some co-localization (yellow, white arrowheads). These
data indicate that SelP may directly interact with proteins and other molecules involved in AD
pathology.

DISCUSSION
Our findings have revealed an association of SelP in neuronal cells with markers for AD,
indicating a possible role for SelP in the progression or mitigation of the disorder. SelP
expression increases with both aging and AD [16,17]. A recent study of gene expression in
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AD determined that SelP was one of 240 genes upregulated in AD compared to age-matched
controls (see supplementary material in[17]). It is thus an important finding that SelP
expression is directly associated with the pathology of AD, which suggests a direct involvement
in the response to or progression of the disorder.

What could be the function of SelP in AD? SelP is a very unique protein, with 10 selenocysteine
residues that require recoding of the UGA stop codon for incorporation [5]. This recoding
requires several additional factors and thus synthesis of SelP requires a considerably greater
energy investment than other proteins, suggesting it has an important role [12,26]. The strong
antioxidant properties and the redox motif of the first selenocysteine suggest a role in relieving
oxidative stress [4,8], and SelP has been shown to protect cultured human astrocytes from
oxidative stress [27]. SelP has a signal peptide targeting it for secretion, and can bind to heparin
residues of glycoproteins on cell membrane surfaces [1,14]. SelP transports Se to the brain and
other organs, and is likely to also transport Se within brain [11,18]. Se is required for other
selenoproteins such as the glutathione peroxidase family, enzymes that break down
hydroperoxydases [8,21]. Thus SelP may have an important role in the global response to
oxidative stress, and may be involved in other neurodegenerative disorders as well.

An alternative hypothesis is a potentially harmful effect of SelP being involved in the
progression of the disease. Although harmful actions of SelP have not been demonstrated, Se
is a toxin at higher doses [31]. Thus increased expression of SelP coupled with proteolysis
could result in deposits of organic Se that potentiate the pathology of AD. Although the strong
antioxidant and metal chelating properties of SelP suggest a mitigating role for the protein
[7], the risk of toxicity and a potential role in pathology also need to be investigated.

Recent studies demonstrate the importance of SelP for normal brain function. Mice with a
deletion of the SelP gene have deficiencies in synaptic function in the hippocampus, a region
involved in memory, and are deficient in memory tasks and longterm potentiation, a cellular
model for learning and memory [19]. These mice develop behavioral abnormalities such as
impaired mobility and seizures, and die soon after weaning [10,23]. Normal function can be
rescued with a diet supplemented with high levels of Se [24]. Although Se supplemented mice
survive and appear normal, they exhibit severe brain stem axonal degeneration [30]. Recent
evidence suggests SelP is transported into brain by the apolipoprotein E (ApoE) receptor,
ApoER2. Apo-ER2 deficient mice have increased sensitivity to Se deficiency and exhibit many
of the same neurological and behavioral deficiencies as SelP knockout mice [6]. The ApoE4
allele is a genetic risk factor for AD [2], and interaction or competition between ApoE4 and
SelP could alter selenoprotein transport and expression in individuals with this allele.

Genetic deletion of SelP results in decreased levels of mRNAs encoding selenoproteins in
brain, most notably glutathione peroxidase 4, and selenoproteins H, M and W [13].
Selenoprotein M has been implicated in AD through microarray analysis of a mouse model
that overexpresses a mutated form of presenilin-2 [15]. Thus, the increased SelP associated
with AD lesions may reflect a defensive response to local oxidative stress to provide Se for
production of selenoprotein M and other selenoproteins.

Our findings indicate a strong link between AD and SelP expression. SelP may act directly as
an antioxidant to prevent oxidative stress, or may provide Se for biosynthesis of other
antioxidant selenoproteins. Further investigation of this connection will help us to understand
the progression of this disorder, and may lead to improved therapies and treatments.
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Fig. 1.
SelP immunoreactivity in human medial temporal gyrus and association with amyloid-β
deposition. A: Specificity of SelP antibody. Anti-SelP recognizes a doublet of 55–60 kD in
human plasma (left) and a large band of approximately 55 kD in media from HEK-293 cells
expressing a recombinant SelP (right, right lane), but not in media from non-transfected cells
(right, left lane). B–D: SelP expression in cortex of non-AD brain. B: SelP expression in
neurons in upper layers of cortex (brown staining). C, D: SelP expression in cortical neurons.
E: SelP in white matter and F: SelP in choroid plexus. Scale bars: B, E, F 100 μm, C, D, 10
μm.
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Fig. 2.
SelP immunoreactivity within amyloid plaques. A: Double labeling for SelP and Aβ. B:
Negative control for double labeling with Aβ antibody omitted. C: Negative control with SelP
antibody omitted. D–F: SelP immunoreactivity (brown) and amyloid plaques (indigo) in AD
brain. D: Aβ plaques (white arrows) in upper cortical layers. E–F: Dense-core plaques with
SelP-positive cells within and at the border (white arrowheads). G: Enlarged examples of
plaques associated with SelP. H: SelP (green, left column) and Aβ (red, second from left).
Nuclei are stained with DAPI (second from right). Merged images are shown in right column.
Yellow color indicates co-localization of SelP with Aβ (white arrows). Scale bars: D, 50 μm,
all others 10 μm.
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Fig. 3.
Analysis of spatial distribution of Aβ plaques and SelP-positive cells using Proxan software.
A is an image of cortex from an AD subject with contrast enhanced to maximize label
identification. B shows the same image after running analysis. Background is filtered, red hatch
indicates plaques, green hatch indicates SelP label, blue shows co-localization and minimum
distance between SelP cells and closest Aβ plaque. C shows the output from Proxan, showing
the number of random object generations, the analysis conclusion and P value, number of
Aβ-SelP pairs measured. The graph is a histogram showing the fraction of SelP-Aβ pairs as a
function of the minimum distance between the pairs. Red shows the actual measured distances
between labeled objects. When objects overlap, the radius of overlap is measured as a negative
number. Blue is the average of 500 tests where SelP-labeled objects were randomly
redistributed throughout the image. The darkest region indicates the mean, while the width of
the blue line indicates ± SEM. All tests of images with both SelP and Aβ labeling indicated a
statistically significant association between objects with these two labels. Scale bars: 50 μm.
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Fig. 4.
Association of SelP with NFT immunoreactivity. A,B: NFT-immunopositive pyramidal cells
with apical dendrites showing abnormal architecture (white arrows) also expressed SelP. The
NFT antibody also labeled dystrophic neurites (black arrows) that were associated with SelP-
positive cells (black arrowheads). C: Negative control for double labeling with NFT antibody
omitted. D: Negative control for double labeling with SelP antibody omitted. E–F: SelP (green,
white arrows) and NFT immunoreactivity (red, black arrows), with DAPI-stained nuclei (blue).
Merged images on lower right show yellow co-localization of SelP with NFTs (white
arrowheads). Scale bars: A–E, 20 μm; C, 10 μm.
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Table 1

Control AD

Age range 79.5 to 90.5 76.8 to 95.7

Age at death (YR) 80.8 ± 3.5 87.0 ± 3.9

Post-mortem interval (HR) 15.3 ± 2.5 13.0 ± 5.0

Median (and range) braak stage 2.5 (2 to 3) 5 (all) *

Neuritic plaques/mm2 0 6.8 ± 1.2*

Diffuse plaques/mm2 0.2 ± 0.3 6.5 ± 1.2*

Tangles/mm2 0 33.6 ± 3.1*

SelP positive cells/mm3 11.5 ± 1.3 18.5 ± 1.9*

*
indicates significantly different from control (p ≤ 0.05)

HAAS subject information obtained at autopsy (methods published previously [32]) and density of SelP-immunopositive cells. All decedents were
American-born males of Japanese ancestry living in Hawaii. Data are mean ± SEM unless indicated otherwise.
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