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BIN1 is the second most signiﬁcant Alzheimer’s disease (AD) risk factor gene identiﬁed through genome-wide association studies. BIN1 is an adaptor protein that can bind
to several proteins including c-Myc, clathrin, adaptor protein-2, and dynamin. BIN1 is
widely expressed in the brain and peripheral tissue as ubiquitous and tissue-speciﬁc alternatively spliced isoforms that regulate membrane dynamics and endocytosis in multiple cell types. The function of BIN1 in the brain and the mechanism(s) by which ADassociated BIN1 alleles increase the risk for the disease are not known. BIN1 has been
shown to interact with Tau, and two studies reported a positive correlation between
BIN1 expression and neuroﬁbrillary tangle pathology in AD. However, an inverse correlation between BIN1 expression and Tau propagation has also been reported. Moreover,
there have been conﬂicting reports on whether BIN1 is present in tangles. A recent
study characterized predominant BIN1 expression in mature oligodendrocytes in the
gray matter and the white matter in rodent, and the human brain. Here, we examined
BIN1 localization in the brains of patients with AD using immunohistochemistry and
immunoﬂuorescence techniques to analyze BIN1 cellular expression in relation to cellular markers and pathological lesions in AD. We report that BIN1 immunoreactivity in
human AD is not associated with neuroﬁbrillary tangles or senile plaques. Moreover,
our results show that BIN1 is not expressed by resting and activated microglia, astrocytes, or macrophages in human AD. In accordance with a recent report, low-level de
novo BIN1 expression can be observed in a subset of neurons in the AD brain. Further investigations are warranted to understand the complex cellular mechanisms underlying
the observed correlation between BIN1 expression and the severity of tangle pathology
in AD.

Introduction
The BIN1 gene is located within the second most signiﬁcant late-onset Alzheimer’s disease (LOAD) susceptibility locus identiﬁed via genome-wide association studies [1] [2].
BIN1 (Bridging INtegrator-1) is a member of the BAR (Bin/Amphiphysin/Rvs) adaptor
family proteins that regulate membrane dynamics in the context of endocytosis and
membrane remodeling [3]. Alternate splicing of BIN1 generates multiple transcripts
encoding ubiquitous and tissue-speciﬁc isoforms, which diﬀer in their tissue distribution, subcellular localization, and function. BIN1 is predominantly expressed in mature
oligodendrocytes and white matter tracts in rodent and the human brain [4] [5]. BIN1
can directly bind to Tau, and the altered expression of Drosophila Amph (the ﬂy BIN1
homolog) signiﬁcantly modiﬁes the human Tau-induced rough eye phenotype, leading
to the suggestion that BIN1 mediates LOAD risk by modulating Tau pathology [6] [7]
[8]. In support, the levels of BIN1 isoform 9, which is mainly expressed by oligodendrocytes and enriched in the white matter [4], were found to correlate with the extent of
neuroﬁbrillary tangle pathology in the brains of patients with LOAD [9]. In contrast, a
recent study demonstrated an inverse correlation between BIN1 expression and propagation of Tau pathology in cultured hippocampal neurons [10]. Moreover, there have
been conﬂicting reports on the presence of BIN1 immunoreactivity in neuroﬁbrillary
tangles. One study reported that the BIN1 immunostaining strongly colocalized with
tangle-bearing neurons [9], whereas others found occasional or no overlap between
BIN1 immunoractivity and Tau tangles [5] [6].BIN1 has also been reported to regulate
BACE1 traﬃcking and Aβ production [11].
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Objective
Given the signiﬁcant association between BIN1 variants and late-onset AD as well as
an interest in BIN1 as a potential target for AD therapeutics, we sought to carefully
evaluate BIN1 immunoreactivity in AD brain, in relation to tau tangles.

a
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Figure Legend
Figure 1. Analysis of the cellular expression of BIN1 in AD brain.
(A and B) Serial sections were immunostained with antibodies against Ab (mAb 4G8),
Tau (Tau2), BIN1 (pAb BSH3 and mAb 2F11), or Iba1 to visualize the overall distribution
of BIN1 in relation to markers of AD pathology and microglia. The boxed regions in
panels A are shown at a higher magniﬁcation in B. The asterisks indicate the blood
vessels used as landmarks to align the adjacent sections.
(C) Adjacent immunostained sections show weak BIN1 immunoreactivity in neurons
(red arrows) in a region of the brain with Tau tangles (right panel). Note, the strong
labeling of oligodendrocyte soma (yellow arrows) and profuse punctate processes that
show no resemblance to Tau tangles or neuropil threads. Tau tangles (right panel).
Note, the strong labeling of oligodendrocyte soma (yellow arrows) and profuse punctate
processes that show no resemblance to Tau tangles or neuropil threads.
(D) The higher-magniﬁcation panels from serial sections illustrate that
BIN1-immunoreactive cells do not ﬁt the proﬁle of microglia, astrocyte, or macrophage
but resemble mature oligodendrocytes marked by TPPP immunostaining.
(E) Immunoﬂuorescence staining of BIN1 and Iba1 along with Thioﬂavin S in the AD
brain shows an exclusion of BIN1 within the tangles and an absence of BIN1 expression
in microglia. The boxed area is shown at higher magniﬁcation in the lower panels.
Human brain post-mortem tissue
Human post-mortem tissue samples were obtained from the University of Chicago Human Tissue Resource Center and the University of Kentucky Alzheimer’s Disease Center
biobank. We performed BIN1 immunostaining on brains from nine individuals with AD
at diﬀerent Braak stages (aged between 72 and 90 years) and 11 non-AD controls (aged
between 34 and 95 years).
Immunohistochemistry
5 µm thick paraﬃn-embedded brain sections from individuals with and without AD
were rehydrated, treated with antigen retrieval buﬀer (DAKO, S1609) in a steamer for
20 min, followed by a 5 min incubation with 3% H2 O2 and permeabilized with PBST
(phosphate-buﬀered saline containing 0.025% Triton-X 100). The sections were blocked
with 10% normal rabbit serum-PBST and then sequentially incubated with the indicated
primary and secondary antibodies. The antigen-antibody reactions were detected by Envision+ kit (Dako) or Vectastain Elite kit (Vector Laboratories). The nuclei were counterstained using hematoxylin. The slides were scanned using CRi Pannoramic Scan Whole
Slide Scanner and analyzed by Pannoramic Viewer (3DHISTECH).
Immunoﬂuorescence staining
Human brain samples were processed following the protocol described previously [13].
Brieﬂy, human brain tissue samples were collected and post-ﬁxed in formaldehyde and
incubated overnight at 4℃ in PBS containing 30% sucrose. Immunoﬂuorescence staining was performed on 50 µm thick sections. Floating brain sections were subjected to
epitope retrieval by incubation in 10 mM trisodium citrate pH 6 and 0.05% Tween-20 for
2 h at 80℃ prior to blocking. The sections were sequentially incubated with the indicated primary antibodies and Alexa Fluor-conjugated secondary antibodies (Molecular
Probes) diluted in Tris-buﬀered saline containing 10% donkey serum, 2% BSA and 0.25%
Triton-X 100. Autoﬂuorescence was reduced by incubating the sections in Sudan Black
solution (0.2% w/v in 70% ethanol) for 3 min. Confocal images were acquired on a Leica
SP5 II STED-CW Superresolution Laser Scanning Confocal microscope and analyzed by
ImageJ [14]. Results & Discussion
We performed immunohistochemical analyses on adjacent brain sections of individuals
with or without AD using three BIN1 antibodies (pAb BSH3, mAb 2F11, and mAb 99D)
and markers of AD pathology. Figures 1A and 1B show the distribution and density
of senile plaques and neuroﬁbrillary tangles in the entorhinal cortex of a patient with
AD [immunostained using antibodies against Aβ (mAb 4G8) and Tau (Tau-2)], in relation to BIN1 cellular distribution [immunostained using pAb BSH3 and mAb 2F11].
As described in a recent study [4], we observed widespread BIN1 immunoreactivity in
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oligodendrocytes and processes throughout the neuropil, and more intense staining of
the white matter. However, the pattern of BIN1 immunoreactivity did not ﬁt the proﬁles
of Tau immunostaining (Fig. 1A and B). Whereas the Tau-2 antibody labeled a number
of tangles and neuropil threads in the entorhinal cortex, BIN1 antibodies labeled profuse
punctate structures and cell soma that had no resemblance to tangles (Fig. 1C). At closer
inspection, only weak BIN1 immunoreactivity was found to be associated with the cytoplasm of neurons (red arrows in Fig. 1C). Robust BIN1 immunoreactivity was found
in oligodendrocytes (yellow arrows in Fig. 1C), which are smaller than neurons and
can be labeled by antibodies against the oligodendrocyte marker TPPP/p25 (Fig. 1D).
Thus, BIN1 immunoreactivity is not associated with neuroﬁbrillary tangles or neuropil
threads.
We also examined BIN1 distribution in relation to senile plaques in the brains of patients
with AD. Similar to what was recently reported in control brains [4], immunohistochemical analyses of advanced AD brain tissue revealed a strong BIN1 immunoreactivity in
oligodendrocytes and processes throughout the neuropil. However, in areas with a high
senile plaque density, we observed an absence of BIN1 immunoreactivity in the areas
that corresponded to amyloid deposits (Fig. 1B). This ﬁnding is consistent with a recently published report [5].
To explore BIN1 cellular expression in the context of inﬂammatory response to AD
pathology, we performed immunostaining of adjacent sections with antibodies against
BIN1 and cellular markers of microglia (Iba1), activated microglia/macrophages (CD68),
and astrocytes (GFAP). A comparison of Iba1 immunostaining with that of BIN1 revealed
that the overall pattern of BIN1 immunoreactivity did not ﬁt the overall distribution
proﬁles of microglia, activated microglia/macrophages, and astrocytes, suggesting that
these reactive cell types in pathological AD brain do not express BIN1 (Fig. 1B, data
not shown). Inspection at higher magniﬁcation revealed clusters of Iba1-positive microglia with readily discernible ramiﬁed processes near senile plaques. However, BIN1
immunoreactivity was not associated with cells that resembled Iba1-positive microglia
(Fig. 1D). This ﬁnding is consistent with a recent report showing little evidence for microglial expression of BIN1 in the human (non-AD) and mouse brain [4]. Moreover, a
comparison of the morphology of cells positive for CD68 and GFAP revealed no similarity with BIN1 immunoreactivity, suggesting the lack of BIN1 expression in reactive
microglia, macrophages, and astrocytes (Fig. 1D). These results suggest that BIN1 is
unlikely to be involved in the inﬂammatory processes associated with pathogenesis in
AD. Our ﬁndings that BIN1 protein is not detected in ramiﬁed microglia, reactive microglia, and macrophages are notable because BIN1 mRNA expression in microglia and
macrophages acutely isolated from mouse and human brain are reported in RNA-seq
transcriptome databases [11] [12].
In order to conﬁrm the above ﬁndings, we performed immunoﬂuorescence staining of
BIN1 and Iba1 along with Thioﬂavin S staining. We observed a clearance of BIN1 within
the area of neuroﬁbrillary tangles stained by Thioﬂavin S (Fig. 1E). A number of Iba-1
positive microglia were found near the tangles, but they were negative for BIN1 immunostaining. These results from immunoﬂuorescence labeling are in agreement with
the observations made by immunohistochemical staining of serial sections described
above.
Two studies have previously suggested a link between BIN1 expression and neuroﬁbrillary tangle pathology in AD [6] [7] [9]. The ﬁndings that Tau can bind to BIN1 in
vitro and can co-immunoprecipitate with the brain-speciﬁc BIN1 isoform 1 support
this notion [6] [7] [8]. In contrast, a recent study demonstrated an inverse correlation
between BIN1 levels and propagation of Tau pathology [10]. Earlier studies on the
localization of BIN1 immunoreactivity and neuroﬁbrillary tangles in AD brain described
discordant ﬁndings [6] [9]. However, a detailed immunohistochemical analysis of a
large set of brain tissue at diﬀerent stages of AD progression demonstrated a lack of
correlation between tangles and BIN1 immunoreactivity in neurons and even a negative
correlation between neuroﬁbrillary tangle pathology and BIN1 immunoreactivity in
the neuropil [5]. Our results presented here are in accordance with this later report as
we found a lack of overlap between neuroﬁbrillary tangles and BIN1 immunoreactivity
by immunoﬂuorescence analysis. Our negative ﬁnding is not due to the complexity
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of BIN1 alternate splicing, as four diﬀerent BIN1 antibodies, including two that are
capable of reacting to all BIN1 isoforms, failed to stain neuroﬁbrillary tangles in our
study (Fig. 1C, data not shown). Finally, it is notable that the levels of brain-speciﬁc
BIN isoform 1, which was found to be speciﬁcally associated with Tau in AD brain [8],
is signiﬁcantly decreased in AD brain [4] [9]. Thus, additional studies are needed to
fully understand the signiﬁcance of the positive correlation between Tau pathology
and the levels of the ubiquitous BIN1 isoform 9 [9], which in the brain appears to be
mainly expressed by oligodendrocytes [4] and elucidates how BIN1 mechanistically
participates as a risk factor in late-onset AD.

Conclusions
Our study clariﬁes BIN1 cellular expression in relation to neuroﬁbrillary tangle pathology in AD brain. Speciﬁcally, our results show no overlap between BIN1 immunoreactivity and neuroﬁbrillary tangle pathology in AD brain. Moreover, similar to the
ﬁndings from non-AD human brain, BIN1 is predominantly expressed in oligodendrocytes in AD brain, and the highest BIN1 immunoreactivity is associated with the white
matter. Although a low level of BIN1 expression is observed in a subset of neurons in
the AD brain, it is relatively minor in relation to BIN1 expression in oligodendrocytes.
Finally, our study reports the lack of BIN1 expression in the brain inﬂammatory cells in
the AD brain.

Limitations
Epitope masking and poor permeation of tissue sections limit the successful detection
of antigens in ﬁxed human brain tissue. While we used optimized epitope retrieval
methods to overcome this limitation and unmask a variety of antigens, there is the risk
that some antibodies may not react or only poorly react with epitopes denatured by
heat-induced epitope retrieval methods.
In light of the signiﬁcant changes in the levels of BIN1 isoforms in AD brain described in
previous studies, it is important to determine whether the levels of brain-speciﬁc BIN1
isoform 1 or the ubiquitous BIN1 isoforms 9 and 10 correlate with neuroﬁbrillary tangle
pathology.

Additional Information
Methods
Human brain post-mortem tissue
Human post-mortem tissue samples were obtained from the University of Chicago Human Tissue Resource Center and the University of Kentucky Alzheimer’s Disease Center
biobank. We performed BIN1 immunostaining on brains from nine individuals with AD
at diﬀerent Braak stages (aged between 72 and 90 years) and 11 non-AD controls (aged
between 34 and 95 years).
Immunohistochemistry
5 µm thick paraﬃn-embedded brain sections from individuals with and without AD
were rehydrated, treated with antigen retrieval buﬀer (DAKO, S1609) in a steamer for
20 min, followed by a 5 min incubation with 3% H2 O2 and permeabilized with PBST
(phosphate-buﬀered saline containing 0.025% Triton-X 100). The sections were blocked
with 10% normal rabbit serum-PBST and then sequentially incubated with the indicated
primary and secondary antibodies. The antigen-antibody reactions were detected by Envision+ kit (Dako) or Vectastain Elite kit (Vector Laboratories). The nuclei were counterstained using hematoxylin. The slides were scanned using CRi Pannoramic Scan Whole
Slide Scanner and analyzed by Pannoramic Viewer (3DHISTECH).
Immunoﬂuorescence staining
Human brain samples were processed following the protocol described previously [13].
Brieﬂy, human brain tissue samples were collected and post-ﬁxed in formaldehyde and
incubated overnight at 4℃ in PBS containing 30% sucrose. Immunoﬂuorescence staining was performed on 50 µm thick sections. Floating brain sections were subjected to
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epitope retrieval by incubation in 10 mM trisodium citrate pH 6 and 0.05% Tween-20 for
2 h at 80℃ prior to blocking. The sections were sequentially incubated with the indicated primary antibodies and Alexa Fluor-conjugated secondary antibodies (Molecular
Probes) diluted in Tris-buﬀered saline containing 10% donkey serum, 2% BSA and 0.25%
Triton-X 100. Autoﬂuorescence was reduced by incubating the sections in Sudan Black
solution (0.2% w/v in 70% ethanol) for 3 min. Confocal images were acquired on a Leica
SP5 II STED-CW Superresolution Laser Scanning Confocal microscope and analyzed by
ImageJ [14].
Supplementary Material
Please see https://sciencematters.io/articles/201611000018.
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