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Abstract
Genome-wide association studies have established BIN1 (Bridg-

ing Integrator 1) as the most significant late-onset Alzheimer dis-

ease (AD) susceptibility locus after APOE. We analyzed BIN1

protein expression using automated immunohistochemistry on the

hippocampal CA1 region in 19 patients with either no, mild, or

moderate-to-marked AD pathology, who had been assessed by Clini-

cal Dementia Rating and CERAD scores. We also examined the

amygdala, prefrontal, temporal, and occipital regions in a subset of

these patients. In non-demented controls without AD pathology,

BIN1 protein was expressed in white matter, glia, particularly oligo-

dendrocytes, and in the neuropil in which the BIN1 signal decorated

axons. With increasing severity of AD, BIN1 in the CA1 region

showed: 1) sustained expression in glial cells, 2) decreased areas of

neuropil expression, and 3) increased cytoplasmic neuronal expres-

sion that did not correlate with neurofibrillary tangle load. In pa-

tients with AD, both the prefrontal cortex and CA1 showed a

decrease in BIN1-immunoreactive (BIN1-ir) neuropil areas and in-

creases in numbers of BIN1-ir neurons. The numbers of CA1 BIN1-

ir pyramidal neurons correlated with hippocampal CERAD neuritic

plaque scores; BIN1 neuropil signal was absent in neuritic plaques.

Our data provide novel insight into the relationship between BIN1

protein expression and the progression of AD-associated pathology

and its diagnostic hallmarks.
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INTRODUCTION
Because late-onset Alzheimer disease (LOAD) has a

largely unknown genetic component, genome-wide associ-
ation studies have investigated thousands of human genomes
to identify LOAD-associated risk loci (1–5). The 2 most sig-
nificant LOAD-associated risk loci that have repeatedly been
confirmed by genome-wide association studies are APOE fol-
lowed by Bridging Integrator 1 (BIN1) (1–3, 5). The BIN1
risk locus remains significant after controlling for APOE
genotype, suggesting that BIN1 is an independent risk allele
associated with LOAD (4). BIN1 risk alleles are associated
with earlier age of onset and faster global cognitive decline
in LOAD (6, 7). As a potential target for future therapies, an
understanding of the cellular distribution of the BIN1 encoded
protein during LOAD progression is needed to elucidate its
relationship with Alzheimer disease (AD)-associated patho-
logical changes.

BIN1 is a nucleocytoskeletal adaptor protein with ubi-
quitous expression and multiple tissue-specific isoforms,
including the brain-specific and largest isoform (iso1), and a
smaller ubiquitous isoform (iso9) (8–10). Western blot ana-
lyses of AD brains found that levels of the iso1 were signifi-
cantly reduced whereas levels of iso9 were significantly
increased compared to controls (11). The known cellular func-
tions of neuronal BIN1 include regulation of membrane curva-
ture, clathrin-mediated endocytosis, and vesicular transport (9,
12–18). All isoforms of BIN1 bind the plasma membrane
through an evolutionarily conserved Bin1/Amphiphysin/
RVS167 (BAR) domain that is involved in sensing and gener-
ating membrane curvature; brain-specific isoforms contain a
clathrin-AP2 binding region (CLAP) domain, which interacts
with endocytosis mediators clathrin and AP-2 (9, 12, 13, 16,
17, 19). These biological functions may link BIN1 to b-amyl-
oid (Ab) and tau pathology because both amyloid precursor
protein (APP) and soluble tau are subjected to clathrin-
mediated endocytosis, reportedly facilitating Ab production
(20–22) and trans-neuronal tau spreading (23–26), respect-
ively. BIN1 is also suggested to act as a modulator of synaptic
repair via lipoprotein ApoE (27). Astrocytes and activated
microglia produce ApoE (28–31), which is internalized by
neurons via BIN1-dependent receptor-mediated endocytosis
(32, 33).
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In a multidisciplinary approach, Chapuis et al studied
the expression of a BIN1 risk variant associated with increased
mRNA expression and tau load, and concluded that BIN1 me-
diates AD risk by modulating tau pathology (34). However,
while critically important for understanding the relationship
between BIN1 and AD-associated histopathology, the patterns
of subcellular and cell-type specific distribution of BIN1 in
healthy cortex and white matter versus that in progressive
stages of AD remain unknown.

In this study, we examined BIN1 protein expression
primarily in the CA1 region because it is a site of the earliest
AD-associated pathology and undergoes incremental neurode-
generation through advancing Braak and Braak stages (35–37).
To evaluate the consistency of AD-related changes in BIN1
subcellular distribution, we examined BIN1 immunoreactivity
in additional regions that are differentially affected during AD
progression. Our results provide the groundwork for novel
hypotheses regarding mechanisms by which BIN1 may affect
the onset and advancement of AD pathology.

MATERIALS AND METHODS

Human Postmortem Brain Region Selection
Human formalin-fixed, paraffin-embedded (FFPE)

blocks of 19 hippocampi, 4 amygdalae, 8 superior temporal
gyri ([STG], Brodmann area 22, [BA22]), 8 middle frontal
gyri (prefrontal cortex [PFC], BA9), and 8 medial occipital
cortices ([OCC], BA17) acquired through the Framingham
Heart Study Brain Donation Program, Framingham, Massa-
chusetts, the Netherlands Brain Bank, Amsterdam, The Neth-
erlands, and Boston Medical Center, were used in this study
(Table). The brains were stratified into 3 groups based on
the Clinical Dementia Rating (CDR) score and Braak and
Braak (BB) stage (Table). All patients were de-identified
and the authors were blinded to the CDR scores and BB stage
during data acquisition. We performed anti-tau immunohisto-
chemistry (IHC) on all analyzed hippocampi to corroborate re-
ported BB stages by the brain banks and to perform quantita-
tive analysis of neurofibrillary tangle (NFT) load in the CA1
region. In cognitively healthy control subjects (CDR0), we
performed anti-tau IHC to confirm the complete absence of
AD-associated NFT pathology, and categorized these subjects
as Braak and Braak stage 0 (BB0). We omitted the ultimate
degenerative stage, BBVI, from our analysis because the per-
vasive neuronal loss in the CA1 region at this stage precludes
consistent analysis.

Quantitative and qualitative analysis of BIN1 signal was
first performed in the CA1 region (n¼ 19), followed by PFC
(BA9) analysis in a subset of subjects (n¼ 8) (Table). For fur-
ther qualitative neocortical analysis, we examined BIN1
immunoreactivity in the superior temporal gyrus cortex (STG,
BA22) and primary visual cortex (OCC, BA17) (Table). We
chose these regions because they exhibited differential NFT
load between subject groups and, in the case of Group 3 (AD
patients), within individual brains. The superior temporal and
prefrontal cortices were moderately burdened with NFTs in
Group 3 subjects, but contained few or no NFTs in Group 2
subjects. Conversely, primary visual cortex was spared of

NFTs in all subjects. Finally, to assess BIN1 immunoreactivity
in a subcortical region that undergoes early AD-associated
changes and atrophy correlating with CDR score (38, 39),
we qualitatively examined BIN1 signal in the amygdala in 4
subjects (Group 1, n¼ 1; Group 2, n¼ 2, and Group 3, n¼ 1;
Table).

Boston University Medical Center’s Institutional Review
Board approved this study; the authors state adherence to the
requisite standards.

Immunohistochemistry
FFPE blocks were sectioned at 5-mm thickness, dried at

room temperature for 24 hours, and heated at 80 �C for
24 hours before IHC processing. Deparaffinization, antigen re-
trieval, and subsequent staining was performed with Boston
Medical Center Pathology Department’s Ventana Benchmark
Ultra automated IHC instrument using commercially available
primary antibodies and Ventana Medical System reagents
including ultraView Universal DAB Detection Kit (Cat#760-
500), ultraView Universal AP Red Detection Kit (Cat#760-
501), Hematoxylin II (Cat#790-2208), and Bluing Reagent
(Cat#760-2037) (Ventana Medical Systems, Inc., Roche Diag-
nostics Ltd., West Sussex, UK). The primary BIN1 antibody
used was a mouse anti-BIN1 [2F11] monoclonal antibody, a
pan-BIN1 marker (8), with specificity to exons 7 and 8 of the
conserved N-terminal BAR domain common to all BIN1 iso-
forms (1:160, (Cat#ab84974) Abcam, Cambridge, MA) (40).
Monoclonal anti-BIN1 [2F11] immunohistochemical specifi-
city in FFPE tissues has been previously characterized (8), and
we replicated this specificity (Supplemental Digital Content
1). Additionally, we compared our anti-BIN1 2F11 clone to
the anti-BIN1 99D clone recently used by others (11, 34, 41,
42). The 99D antibody is specific for exon 13 of the C-ter-
minal Myc domain (9, 10, 40), common to most BIN1 iso-
forms (1:3200, (Cat#05-449) Millipore, Billerica, MA) and
yields identical signal to 2F11 antibody as described in the
Results section. Phosphorylation-independent tau polyclonal
antibody (K9JA; 1:3200, (Cat#A0024) Dako, Glostrup, Den-
mark), approved for clinical in vitro diagnostic use, was
used to label NFTs (43, 44). This antibody labels all 6 adult
brain tau isoforms that in hyperphosphorylated state give rise
to paired helical filaments (PHFs) which form NFTs (45).
Phospho-PHF-tau [AT8] monoclonal antibody (1:2000,
(Cat#MN1020) Pierce, Rockford, IL) was used to confirm spe-
cificity of K9JA antibody in labeling NFTs (Supplemental
Digital Content 2). Other primary antibodies included mouse
anti-human b-amyloid [6F/3D] monoclonal antibody (1:50,
(Cat#M0872) Dako), mouse anti-neurofilament [SMI-312]
monoclonal antibody (1:4000, (Cat#ab24574) (Abcam), and
rabbit anti-GFAP (EP672Y) monoclonal antibody (pre-
diluted, (Cat#760-4345) Ventana Medical Systems, Inc.).

For quantitative analysis, BIN1 protein expression
was assessed in 3 independent IHC experiments for each
FFPE block, and all samples were processed collectively.
Experiments performed in triplicate yielded 3 independently
stained sections per subject. Automated IHC with the Ventana
Benchmark Ultra allowed for maximally reproducible condi-
tions in IHC experiments, eliminating variability in reagent
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composition, quantity, incubation time, and human error.
Internal control sections from established subjects were
stained collectively with any newly added subjects to ensure
reproducibility of staining. Quantitative analysis of FFPE tis-
sue samples utilized 3 stepwise sections separated by at least
10 lm; quantitative data from imaged sections were averaged
to obtain representative values for each subject.

Image Analysis
Slides were imaged using an Olympus BX60 light

microscope, QImaging Retiga 2000R camera, and QCapture
Suite and Suite-PLUS software. Three 20x field images en-
compassing the majority of the CA1 region were analyzed
from each hippocampal section (Supplemental Digital Content
3A, B). Similarly, in tandem PFC analysis, 3 20x fields from

PFC pyramidal layer III and 3 20x fields from PFC pyram-
idal layers V-VI were used for quantitative analysis. For
tangled neuron evaluation of CA1 region, 10x field images
from 3 independent tau IHC sections from all subjects were
analyzed. All cell count data are presented as a percentage of
total cells to control for neuronal loss over the course of AD.
To examine changes in BIN1 immunoreactivity in control,
early, and moderately advanced AD-affected CA1 region and
PFC pyramidal layers, 20x field images were used to quantify
BIN1-immunoreactive (BIN1-ir) cell type (neurons or glia)
and area of BIN1-ir neuropil. All field images were analyzed
with ImageJ, version 1.48, Bethesda, MD: National Institutes of
Health. Mean data values from 3 20x field images encompassing
CA1 region, PFC layer III, and PFC layers V-VI comprise repre-
sentative values of BIN1 immunoreactivity for each examined
subject.

TABLE 1. Hippocampal CA1 Regions Analyzed in Cases Grouped According to Clinical Dementia Rating Score and Braak and
Braak Stage

Subject Braak & Braak

stage

CERAD plaque density/

presence of D and N plaques*

Cognitive status Age (years) Sex PMI (h)

Hippocampus Prefrontal cortex$

CDR 0, BB 0 (Group 1)

NBB 2012 052 0 0 No neurological history;

no evidence of dementia

64 F 5.7

NBB 2010 115$,† 0 0 1þ (D) No neurological history;

no evidence of dementia

70 M 3.6

NBB 2011 091 0 1þ (D) No neurological history;

no evidence of dementia

76 M 6.8

BM 23 0 0 No neurological history;

no evidence of dementia

66 F 24

BM 29 0 0 No neurological history;

no evidence of dementia

61 M 24

CDR 0-0.5, BB II-III (Group 2)

NBB 2012 059$ II 1þ (D) 2þ (D) 0 98 F 4.6

NBB 2012 070 II 3þ (D), 1þ (N) 0 79 M 5.8

NBB 2012 092 II 0 0 90 M 5.8

NBB 2013 011† III 2þ (D) 0 92 F 4.4

NBB 2012 001$ II 3þ (D) 3þ (D), 1þ (N) 0.5 79 M 5.7

NBB 2013 013 II 0 0.5 89 M 6.8

NBB 2013 010 III 0 0.5 89 F 6.6

NBB 2012 067$ III 2þ (D) 0.5 102 M 5.0

CDR 1-2, BB IV-V (Group 3)

NBB 2013 009$ IV 1þ (D), 3þ (N) 2þ (D), 1þ (N) 1 92 F 7.4

NBB 2008 075† IV 3þ (D), 1þ (N) Overt dementia;

CDR not available

88 M 5.0

BVAX 100$ IV 1þ (D), 2þ (N) 3þ (D), 2þ (N) 1 89 M 3.0

BVAX 205$ IV 2þ (N) 2þ (D), 2þ (N) 1 96 F 3.5

BVAX 170$ V 1þ (D), 1þ (N) 4þ (D), 3þ (N) 2 90 F 3.5

BVAX 253$ V 1þ (D), 1þ (N) 4þ (D), 2þ (N) 2 82 M 24

Group 1: cognitively intact subjects without neurofibrillary tangles (NFTs) in the hippocampus (CDR0, BB0), N ¼ 5; Group 2: cognitively normal or mildly impaired subjects
with or without AD-associated NFT pathology (CDR0-0.5, BBII-III), N ¼ 8; and Group 3: patients with AD with AD-associated NFT pathology (CDR1-2, BBIV-V), N ¼ 6.

*0¼ none; 1þ¼mild; 2þ¼moderate; 3þ¼ severe; 4þ¼ very severe. (D)¼ diffuse plaques; (N)¼ neuritic plaques. NBB¼Netherlands Brain Bank. BM¼Boston Medical
Center. BVAX¼Brain Bank of the Boston University Alzheimer Disease Center; CERAD¼The Consortium to Establish a Registry for Alzheimer’s Disease; F¼ female;
M¼male; PMI (h)¼ post mortem interval (hours).

$indicates prefrontal cortex (BA9) was analyzed qualitatively and quantitatively, and superior temporal (BA22) and occipital (BA17) cortices qualitatively.
†indicates amygdala was analyzed qualitatively.
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Specifically, BIN1-immunostained images were pro-
cessed in ImageJ software to quantify BIN1-ir neuropil in
each 20x field. The threshold value for BIN1 signal in neuropil
was determined empirically and size restriction criteria were
used to minimize non-neuropil signal from cell bodies. The
percent area of above-threshold and size-restricted BIN1
neuropil signal was determined (Supplemental Digital Content
3C). The percentages of BIN1-ir neurons and glial cells were
obtained manually using the ImageJ CellCounter plugin. Cell
types were determined by morphological criteria including
cell size, cell shape, and nuclear characteristics, which differ-
entiate neurons from glia. BIN1 immunoreactivity in CA1 glia
was binned collectively, regardless of glial cell subtype.
ImageJ Stitching plugin was used to compose high-resolution
and low-magnification representative images (46).

Statistical Analyses
Quantitative data among the subject groups were ana-

lyzed by two-tailed one-way ANOVA (alpha¼ 0.05) and
post-hoc Tukey multiple comparison test in CA1 region ana-
lysis of 19 subjects. All correlation analyses were performed
by Pearson r correlation. Duplicate quantitative evaluation of
BIN1 immunoreactivity in neurons and neuropil in pyramidal
layers of PFC in 8 representative subjects was analyzed by
non-repeated measures two-way ANOVA with Bonferroni
post-test of subject group (non-AD, BB0-III; patients with
AD, BBIV-V) and anatomical region (CA1; PFC Layer III;
PFC Layer V-VI). Anatomical region and subject group are 2
factors that we used to independently predict a continuous, de-
pendent variable, i.e. BIN1-ir status. Student t-test (unpaired,
two-tailed) was used to confirm neuronal loss in patients with
AD versus subjects with non-AD. Statistical methods were
performed with GraphPad Prism, version 5.0b, (GraphPad
Software Inc., San Diego, CA).

RESULTS

BIN1 Protein Expression in CA1 Region of
Cognitively Intact Subjects

We defined control subjects as neurologically healthy in-
dividuals with no NFT in CA1 region (CDR0, BB0) according
to tau IHC (Table, Group 1; Supplemental Digital Content 2).
These healthy controls and cognitively intact subjects with early
AD-associated NFT pathology (CDR0, BBII-III; Table, Group
2) displayed similar BIN1 expression pattern, with strong BIN1
immunoreactivity (2F11 antibody) in the white matter (alveus)
and in small, non-neuronal cortical cells (Fig. 1A). We identi-
fied BIN1 immunoreactivity in oligodendrocytes within the
white matter of the alveus (Fig. 1B), as well as in CA1 cortex.
In addition, there was a punctate BIN1 signal in the neuropil
(Fig. 1C). This pattern of BIN1 immunoreactivity was also
highlighted by the anti-BIN1 99D antibody (Supplemental Dig-
ital Content 4). Cells with typical astrocyte morphology, often
adjacent to neuronal somata, were also labeled by BIN1 IHC
(Fig. 1D). However, in a CDR0, BBII subject, CA1 comparison
of the expression of BIN1 (Fig. 1E) and GFAP (Fig. 1F), an
astrocyte marker, in CA1 adjacent sections suggested a minor

astrocytic contribution to the overall BIN1 signal in the gray
and white matter.

BIN1 Protein Expression in CA1 and Select
Neocortical Regions during Progression of AD-
Associated NFT Pathology and Concomitant
Cognitive Impairment

Healthy control subjects (Group 1) and cognitively intact
or minimally impaired subjects in early Braak and Braak stages
(Group 2) exhibited strong BIN1-immunoreactive (-ir)-ir
neuropil in the CA1 region whereas patients with AD (CDR1-
2, BBIV-V; Table, Group 3) showed a weaker BIN1 signal
(Fig. 2A). Patients with AD had significantly decreased BIN1-
ir neuropil area compared to other groups (p¼ 0.002, Fig. 2B;
Supplemental Digital Content 5, table 1.1). Pearson analysis
revealed that BIN1-ir neuropil area correlated positively with
BIN1-ir glial population, but negatively with BIN1-ir neuronal
somata (which were rare); there was a negative correlation
with rare BIN1-ir neuronal somata mostly encountered in AD
cases, as described below (p¼ 0.004; Fig. 2C; Supplemental
Digital Content 5, table 1.2-3). However, BIN1-ir neuropil
area also correlated positively with the total number of CA1
pyramidal neurons (p¼ 0.009, Fig. 3A; Supplemental Digital
Content 5, table 1.4). Since the percentage of BIN1-ir glial
cells in CA1 remained consistent across all the examined sub-
jects (Supplemental Digital Content 5, table 1.5), and the num-
ber of CA1 neurons became significantly reduced in Group 3
(Supplemental Digital Content 5, table 1.6), the decrease in
BIN1-ir neuropil area in patients with AD likely reflects dimin-
ished numbers of axons. Consistently, dual IHC for BIN1
(using either 2F11 or 99D antibody) and the axon marker neu-
rofilament confirmed that BIN1-ir neuropil punctate signal
decorates axons (Fig. 3B–D; Supplemental Digital Content 6).
In Groups 1 and 2, very few CA1 pyramidal neurons yielded
cytoplasmic BIN1 (2F11 ab) signal (mean¼ 3.34% and 3.16%,
respectively), whereas in patients with AD (Group 3), BIN1
cytoplasmic immunoreactivity became apparent in a variable
but significant percentage of CA1 pyramidal neurons (mean-
¼ 32.21%, p< 0.001) (Fig. 4; Supplemental Digital Content 5,
table 1.7). The BIN1 presence in CA1 pyramidal neurons of
patients with AD was highlighted with BIN1 99D antibody as
well (Supplemental Digital Content 7). As indicated above,
more frequent BIN1-ir neurons found in AD cases did not con-
tribute to BIN1-ir neuropil area, which was actually diminished
in patients with AD as shown in Figure 2B. Because the BIN1-
ir neuropil area correlated with BIN1-ir glial numbers and the
total number of CA1 neurons, oligodendrocyte-derived myelin
sheaths on preserved axons may be responsible for the BIN1-ir
neuropil signal.

To evaluate the consistency of AD-related changes in
BIN1 expression, we examined BIN1 immunoreactivity in the
superior temporal gyrus cortex (STG, BA22), prefrontal cor-
tex (PFC, BA9), and primary visual cortex (OCC, BA17). We
chose these neocortical regions because they exhibited differ-
ential NFT load across the Groups (see Human Postmortem
Brain Region Selection in Materials and Methods). Because
Group 1 and Group 2 subjects exhibited significantly different
CA1 BIN1-ir properties compared to the subjects with AD
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(Group 3) (Supplemental Digital Content 5, table 1.1, 1.6,
1.7), we used 3 subjects with non-AD (Group 1, n¼ 1; Group
2, n¼ 2), and almost all subjects with AD (Group 3, n¼ 5),
with values closest to the group mean of CA1 BIN1-ir data as
representative subjects. PFC samples were examined because
there was considerable variability in the CA1 data. The experi-
mental design of PFC BIN1 IHC analysis replicated the CA1
analysis. As in CA1, increased BIN1-ir in the cytoplasm of

several pyramidal neurons was found in the temporal, pre-
frontal, and primary visual cortices in patients with AD (Fig.
5), but not in healthy controls (CDR0, BB0) or subjects with
early BB stages without or with early cognitive decline
(CDR0-0.5, BBII-III) (Supplemental Digital Content 8). We
performed a quantitative analysis of BIN1 immunoreactivity in
PFC of 3 representative subjects with non-AD (BB0-III) and 5
subjects with AD (BBIV-V) from Groups 1–3. Two-way

FIGURE 1. BIN1 immunohistochemistry in the CA1 region of cognitively intact subjects without or with early AD-associated NFT
pathology highlights white matter, glia, and neuropil. (A) BIN1 immunoreactivity in CA1 region of a healthy control subject
(CDR0, BB0) in alveus (white matter, asterisk) and in non-neuronal CA1 cells (arrows). Note the absence of BIN1-
immunoreactive (-ir) signal in neurons (arrowheads). (B) White matter of alveus strongly expresses BIN1 and harbors BIN1-ir
oligodendrocytes (arrows). (C) BIN1-ir oligodendrocytes (arrows) and a punctate BIN1 signal in the neuropil (arrowheads). (D)
BIN1-ir astrocytes (arrows) among BIN1-non-ir pyramidal neurons (asterisks) in a CDR0, BBII subject. In A-D, # indicates the
direction of the ependymal surface. (E, F) CA1 region of a CDR0, BBII hippocampus (asterisk indicates alveus). BIN1 IHC shows
BIN1-ir oligodendrocytes (arrowheads) in the hippocampal CA1 cortex and in alveus (asterisk) (E). There is minimal BIN1
immunoreactivity in area of subependymal astrocytosis (#). This area is highlighted by GFAP IHC in the adjacent section (F),
which highlights GFAP-ir astrocytes (arrows) and subependymal astrocytosis (#). Scale bars: A¼100 lm, B-D¼20 lm; E,
F¼50 lm.
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ANOVA of subject group (non-AD, BB0-III; AD, BBIV-V)
and anatomical region (CA1, PFC Layer III, PFC Layer V-VI)
revealed a significant overall effect of subject group (non-AD
vs. AD) in BIN1-ir neuropil area and BIN1-ir pyramidal neu-
rons (p< 0.0001 and p< 0.0001, respectively) (Fig. 6A, B;
Supplemental Digital Content 5, table 2.1-2). Anatomical re-
gion showed a significant overall effect in BIN1-ir neuropil
area (p< 0.0001), likely due to anatomical variation in myelin-
ated axon density in each analyzed layer. Additionally, BIN1-
ir neuropil area showed a significant interaction between sub-
ject group and anatomical area (p¼ 0.019), as anatomical re-
gion influenced how well the subject group predicted BIN1-ir
measures. Overall, the subject group had the strongest overall
effect; therefore, the decrease in BIN1-ir neuropil area and in-
crease in BIN1-ir pyramidal neurons were consistent in both
CA1 and PFC of patients with AD. The BIN1 neuronal cyto-
plasmic signal was not specific to cortical (pyramidal) neurons
in AD because subcortical neurons of amygdala displayed con-
sistent findings (Supplemental Digital Content 9).

BIN1 Protein Expression and AD Pathological
Hallmarks in CA1 and Neocortex

Some BIN1-ir neurons contained pretangles or tangles,
as observed in CA1 and PFC of patients with AD (Fig. 7A, B).
Neuritic plaques colocalized with interrupted neuropil BIN1
immunoreactivity (Fig. 7C). Quantitative analysis of the CA1
NFT burden revealed, as expected, negative correlation with
total CA1 pyramidal neurons (p¼ 0.016, Fig. 8A; Supplemen-
tal Digital Content 5, table 3.1) and also with BIN1-ir neuropil
area (p¼ 0.017, Supplemental Digital Content 5, table 3.2).
This is consistent with the earlier observed positive correlation
between total CA1 pyramidal neurons and BIN1-ir neuropil
area, reflecting the density of axons as shown in Figure 3A-C.
However, there was no significant correlation between BIN1-
ir neurons and NFT-containing neurons in CA1 (Fig. 8A; Sup-
plemental Digital Content 5, table 3.1). As expected, hippo-
campal CERAD scores of diffuse and neuritic plaque load re-
vealed that neuritic plaques negatively correlated with total
neurons and total glia in CA1 (p¼ 0.030 and p< 0.010, re-
spectively, Supplemental Digital Content 5, table 3.3). How-

FIGURE 2. BIN1 immunoreactivity in CA1 neuropil declines in patients with AD. (A) Representative images of BIN1 signal in
neuropil of a subject with early NFT accumulation but cognitively intact (CDR0, BBIII), and an AD patient (CDR2, BBV). Note the
prominent punctate BIN1-immunoreactive (-ir) neuropil as well as BIN1-ir astrocytes (arrows) and oligodendrocyte (arrowheads)
(left panel). In an AD patient, the BIN1 signal is largely reduced in the neuropil (right panel). #Indicates direction of ependymal
surface. (B) Area of BIN1-ir neuropil is significantly decreased in patients with AD (CDR1-2, BBIV-V) vs. control and cognitively
intact or mildly impaired subjects (CDR0-0.5, BBII-III) (p¼0.002). Mean subject group values marked by horizontal bar; error
bars represent SEM. (C) Pearson analysis showing that BIN1-ir neuropil area positively correlates with BIN1-ir glia (p¼0.004),
but negatively correlates with BIN1-ir neurons (p¼0.019). Symbols indicate subject group: (•) CDR0, BB0; (�) CDR0-0.5, BBII-
III; (�) CDR1-2, BBIV-V. Scale bars¼20 lm.
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ever, the percentage of BIN1-ir CA1 neurons positively corre-
lated with hippocampal CERAD neuritic plaque scores
(p< 0.0001) (Fig. 8B; Supplemental Digital Content 5, table
3.4). Additionally, in PFC Layers V-VI, BIN1-ir pyramidal
neurons also positively correlated with the PFC neuritic pla-
que score (Supplemental Digital Content 5, table 2.3).

DISCUSSION
Our study elucidates several new aspects of BIN1 pro-

tein expression in human brains that may relate to the progres-
sion of AD-associated pathological changes.

First, 2 BIN1 antibodies raised against sequences within
distinct BIN1 domains (2F11 and 99D clones) highlighted the
presence of BIN1 in white matter, neuropil, and glial cells in
human (and rat) brains (Fig. 1; Supplemental Digital Content
4, 6). BIN1 protein is associated with myelinated axons and
oligodendrocytes in the white and gray matter of CA1 and
neocortex. This finding is consistent with previous reports of
strongest BIN1 mRNA expression in the cerebral white matter
of healthy subjects (47). Moreover, BIN1 punctate signal was
observed in the rat brain white matter (48) and colocalization
of BIN1 signal and axonal neurofilaments was previously
visualized in AD-affected human hippocampus (34). In add-

ition, Holler et al found increased BIN1 protein expression in
the frontal cortex in myotonic dystrophy (11), reportedly a
white matter disease (49), as well as a neurodegenerative tau-
opathy (50). They also reported a positive correlation between
smaller BIN1 isoform (iso9) level and NFT load in AD brains
(11). However, a later study showed that BIN1 iso9 is predom-
inately expressed in astrocytes and not in neurons (42); there-
fore, this correlation may have reflected reactive astrocytosis.
Considering the strong BIN1 expression in oligodendrocytes
(Figs. 1B, C, 7B) and BIN1 punctate immunoreactivity along
axons (Fig. 3C, D), the BIN1-ir neuropil signal likely high-
lights oligodendrocyte-derived myelin sheaths. Consistent
with a potential role in myelin ultrastructure, BIN1 has been
implicated in inducing and stabilizing membrane curvature
(12, 18, 19, 51).

In addition to oligodendrocytes, we observed BIN1
immunoreactivity in astrocytes (Figs. 1D, 2A, 4B), and, as re-
ported by others (34), in microglia (not shown). Glial cell sub-
types may each modulate AD pathogenesis. For example,
astrocytes become activated by inflammatory stimuli such as
Ab, and secrete inflammatory mediators, leading to reactive
astrocytosis around Ab plaques (52, 53). Microglia, the innate
immune cells of the CNS, similarly undergo activation, phago-
cytose Ab (54, 55), and release inflammatory mediators

FIGURE 3. BIN1-immunoreactive (-ir) neuropil signal in CA1 reflects axonal density. (A) Area of BIN1-ir neuropil positively
correlates with total number of pyramidal neurons in CA1 (p¼0.009). Symbols indicate subject group: (•) CDR0, BB0; (�)
CDR0-0.5, BBII-III; (�) CDR1-2, BBIV-V. (B) BIN1 (brown) and neurofilament (red) dual IHC in CA1 with insets c, d. *Indicates
alveus. (C) Inset (from area ‘c’ in B) highlights BIN1-ir neuropil puncta (brown, arrows) along a neurofilament-ir process (red,
arrowheads) in CA1. (D) Inset (from area ‘d’ in B) highlights a similar staining pattern at the junction with alveus. Scale bars: B,
100 lm; C, D, 20 lm.
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(56, 57). Inflammatory byproducts damage surrounding struc-
tures, including myelinated axons, and may therefore impair
neurotransmission. Oligodendrocytes maintain axonal integ-
rity and neuronal health, structurally via myelin sheaths and
metabolically by trophic factor release (58–60). We demon-
strated that the percentages of BIN1-ir glia in CA1 across our
subject groups were not significantly changed, whereas BIN1-
ir neuropil area decreased significantly in patients with AD in
which there is neuronal loss (Fig. 2B; Supplemental Digital
Content 5, Table 1.5-6). These findings suggest that the BIN1-
signal in neuropil may reflect the density of myelinated axons.

Second, we found a minimal BIN1 signal in CA1 pyr-
amidal neurons of healthy controls and subjects with early
NFT accumulation that were either cognitively intact or
mildly impaired (CDR0-0.5). However, in more advanced
Braak and Braak stages (BBIV-V) accompanied by overt
dementia (CDR1-2), we observed a variable but significant in-
crease in the percentage of pyramidal neurons with BIN1 cyto-
plasmic immunoreactivity (Fig. 4D). The increase in BIN1-ir
pyramidal neurons in patients with AD was also observed in

associative and sensory neocortical areas (BA22 and BA17,
respectively), and quantitatively confirmed in prefrontal cor-
tex (BA9); the latter, like CA1, showed a concomitant de-
crease in BIN1-ir neuropil area (Figs. 5, 6). We found a nega-
tive correlation between BIN1-ir neuropil area and NFT
burden (Supplemental Digital Content 5, table 3.2). Consider-
ing the positive correlation between BIN1-ir neuropil area and
number of neurons (Fig. 3A), our finding is expected as NFT
accumulation contributes to neuronal loss. Reduction in the
numbers of neurons results in diminished numbers of myelin-
ated axons and, therefore, a decreased size of the BIN1-ir
neuropil area.

Third, BIN1-ir pyramidal neurons in CA1 positively
correlated with hippocampal CERAD neuritic plaque score in
patients with AD (Fig. 8B), whereas the neuritic plaque score
expectedly negatively correlated with total number of neurons
(Supplemental Digital Content 5, table 3.3). BIN1 has previ-
ously been shown to correlate with NFT load in AD brain (11,
34). Chapuis et al reported increased BIN1 mRNA in AD
brain, identified a non-coding BIN1 AD risk variant that

FIGURE 4. BIN1 immunoreactivity of CA1 pyramidal neurons increases in patients with AD. (A, B) Representative images of
BIN1 immunoreactivity show many CA1 pyramidal neurons are BIN1-non-immunoreactive (asterisks) in healthy controls (A) and
in subjects with early cognitive decline (B). (C) CA1 BIN1-ir neurons (arrow) in a patient with AD. The BIN1 signal in the
neuropil and glial cells, i.e. oligodendrocytes (A, arrowheads) and astrocytes (B, arrow) are less prominent or absent. #Indicates
direction of ependymal surface. (D) In patients with AD (CDR1-2, BBIV-V), BIN1 expression in pyramidal neurons increases in
variable but significant fractions (***p<0.001). Scale bars¼20 lm.
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increased mRNA levels in a reporter assay, and found an asso-
ciation between this BIN1 risk variant and tau load in patients
with AD (34). Using a pan-BIN1 antibody with specificity to
the conserved BAR domain present in all BIN1 isoforms (8),
we found a nearly significant positive correlation between
BIN1-ir neuronal population and tangled neurons (p¼ 0.0505)
(Supplemental Digital Content 5, table 3.1).

The positive correlation between neuritic plaque load
and BIN1-ir neurons (Fig. 8B) may suggest alternative patho-
physiological functions of BIN1 in the presence of classic
amyloid pathology. Furthermore, the interruption in BIN1-ir
neuropil signal at the sites of neuritic plaques (Fig. 7C) likely
reflects axonal defects. APP aggregates have negative effects
on both axonal integrity (61) and myelin repair (62). In add-
ition, transcriptome analysis of human brain in trisomy 21

(Down syndrome), a disorder the pathogenesis of which in-
cludes 3 copies of APP that causes the early appearance of
AD-like pathology (63), revealed possible defects in oligo-
dendrocyte maturation and myelination (64). Thus, human
brain, genetic, and animal model studies suggest a link be-
tween oligodendrocyte function and amyloid pathology.

Our findings, together with reported functions of BIN1
in vitro, further support the role of BIN1 in Alzheimer disease.
b-Amyloid has been reported to inhibit receptor-mediated
endocytosis in rat hippocampal neurons, and, consequently,
causes the localization of endocytic machinery at the plasma
membrane (65), of which BIN1 is a constituent (12, 16, 17).
The BIN1-ir signal that we observed in pyramidal neurons of
subjects with AD may reflect altered receptor-mediated endo-
cytosis activity at the neuronal plasma membrane. This possi-
bility is supported by the increase in cytoplasmic BIN1 signal
in pyramidal neurons, which positively correlated with neur-
itic plaque load. Additionally, BIN1 and tau can form com-
plexes that are regulated by tau-phosphorylation and partly
colocalize with the actin cytoskeleton in primary rat neurons
(41). Increased BIN1 expression in neurons of patients with
AD may occur together with changes in actin cytoskeleton as
pathological tau species accumulate (66). Indeed, BIN1 signal
colocalizes with pretangles and tangles in some neurons (Fig.
7A, B). BIN1-ir neurons are found not only in CA1 and pre-
frontal cortex of patients with AD, but also in frontotemporal
dementia, another tauopathy accompanied by cognitive de-
cline (Supplemental Digital Content 10). However, neuronal
cytoplasmic BIN1-immunoreactivity does not occur exclu-
sively in the vicinity of NFTs because primary visual cortex
(OCC, BA17) of subjects with AD (BBIV-V) did not contain
NFTs but did harbor BIN1-ir neurons (Fig. 5C). Thus, the al-
terations in BIN1 signal in AD cortex appear to be global and
not exclusive to NFT-burdened regions.

The limitations of our study include a relatively modest
sample size and inherent demographic constraint in CDR0,
BB0 controls, which tend to belong to the young subjects.
However, none of the findings presented here correlated with
subject age, sex, or the postmortem interval (Supplemental
Digital Content 11). These limitations did not preclude our
study from revealing the patterns of BIN1-ir that may be sum-
marized as follows: 1) the percentage of BIN1-ir CA1 glia re-
mains constant; 2) the percentage of BIN1-ir pyramidal neu-
rons increases significantly in CA1 and neocortex in patients
with AD of Braak and Braak stages IV-V; and 3) BIN1-ir CA1
neuropil signal declines significantly in BBIV-V hippocampi
and is disrupted in the presence of neuritic plaques.

The onset of neuronal BIN1 immunoreactivity separ-
ates overt dementia (CDR1-2, BBIV-V) from early AD-
associated pathological changes in subjects without or with
mild cognitive impairment (CDR0-0.5, BBII-III), and cor-
relates with neuritic plaque load in hippocampal CA1 region.
The role of BIN1 in oligodendrocytes and the ubiquitous
processes that utilize membrane dynamics indicate that this
LOAD-associated risk allele may affect axonal integrity and
AD pathogenesis in a multifaceted manner. Future studies
are needed to elucidate how BIN1 risk variants affect the
myelin-axon unit, amyloid and tau accumulation, and glial
homeostasis.

FIGURE 5. Neocortical BIN1 immunoreactivity in neurons,
neuropil and white matter axons in AD. BIN1-immunoreactive
(-ir) cortical neurons without NFTs (single arrows, insets) were
found in STG (A), PFC (B), and OCC (C) in patients with AD.
(A) Neuronal NFT, highlighted by tau IHC in STG, obscured
BIN1 cytoplasmic signal (double arrows). (B) Neuritic plaque,
highlighted by tau IHC in PFC, disrupted BIN1 signal in the
neuropil (triple arrows). (C) BIN1-ir optic radiation axons
(arrowheads) surround non-tangled BIN1-ir neurons in layer IV
of OCC. *Indicates white matter. #Indicates direction of pial
surface. Scale bars¼50 lm.
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FIGURE 7. BIN1 immunoreactivity coexists with NFTs but not with neuritic plaques in AD cortex. (A) BIN1 (brown) and tau (red)
dual IHC shows BIN1 signal (arrow) in pre-tangled CA1 neuron (double arrow) in an AD patient. Note a nearby tangled neuron
(asterisk) and an exclusively BIN1-immunoreactive (-ir) neuron (double asterisks). # Indicates direction of ependymal surface. (B)
A pyramidal neuron at the gray/white matter junction in PFC of an AD patient shows colocalization of BIN1 signal (brown, arrow)
with tau-ir NFT (red, double arrow). Note BIN1-ir axons (asterisk) and BIN1-ir oligodendrocytes (arrowheads). Scale bars A,
B¼20 lm. (C) BIN1-ir neuropil signal is disrupted by the presence of neuritic plaque (middle inset), highlighted by AT8 (right
inset, triple arrows) and b-amyloid IHC (left inset, triple arrows), in adjacent PFC sections of an AD patient. *Indicates white
matter; # indicates direction of pial surface. Scale bar: C¼40 lm.

FIGURE 6. Quantification of BIN1 immunoreactivity yields similar results in PFC and CA1. (A) Subject group (non-AD/BB0-III;
AD/BBIV-V) and anatomical region (CA1; PFC Layer III; PFC Layer V-VI) show significant overall effect in BIN1-immunoreactive
(-ir) neuropil area (p<0.0001 for both) by two-way ANOVA. Significant interaction between subject group and anatomical area
also exists (p¼0.019). (B) BIN1-ir pyramidal neurons show a significant subject group overall effect (p<0.0001).
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