






was more intense in comparison to chronic plaques,
consistent with remyelination in these lesions. In all
cases, BIN1 immunolabeling appeared to be restricted to
cells with oligodendrocyte morphology. Notably, BIN1

immunolabeling was not detectable in CD45-positive
perivascular cells (Additional file 10: Figure S6B), or in
CD68-positive foamy macrophages and GFAP-positive
reactive astrocytes located in the periphery of the active

Fig. 9 Loss of BIN1 parallels myelin loss in multiple sclerosis brain lesions. a Staining of adjacent serial autopsy brain sections with Luxol fast blue
(left) and BIN1 antibody (right) shows myelin loss that parallels striking loss of BIN1 labeling intensity within a chronic/inactive multiple sclerosis
plaque. b Adjacent sections of samples from multiple sclerosis patients were analyzed by histology or immunohistochemistry. Images correspond
to an active lesion (top), shadow plaque (middle) and chronic plaque (bottom). Dashed lines mark the lesion border. c Luxol fast blue (not shown)
and BIN1 antibody staining intensities were quantified from digitized images. The percentage difference in the staining intensities within lesions in
comparison to adjacent normal white matter was calculated. Correlation matrix analysis reveals a significant correlation between myelin loss and
reduction in BIN1 immunolabeling intensities. d Higher magnification of the border of an active lesion depicting myelin fragmentation and loss of
BIN1 immunoreactivity. CD68 staining of foamy macrophages (arrows) and GFAP staining of hypertrophic astrocytes (asterisks) are also shown in the
bottom panels. NWM= normal white matter
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lesions (Fig. 9d). Correlation matrix analysis, comparing
the intensity difference of Luxol blue staining or BIN1
antibody labeling within the lesion relative to the peri-
plaque region, revealed a significant correlation between
the loss of myelin and the decrease of BIN1 immunola-
beling (Fig. 9c). The diminution of BIN1 within chronic
lesions and its reemergence during remyelination within
the multiple sclerosis lesions are consistent with BIN1
expression in myelinating oligodendrocytes.

Discussion
In this paper, we document prominent BIN1 expression
in mature oligodendrocytes and its localization within
the white matter in the brain, which strikingly contrasts
with neuronal and presynaptic localization of the BIN1
paralog, Amphiphysin 1. Our study reveals the upregula-
tion of BIN1 expression during in vivo myelination as
well as oligodendrocyte maturation in vitro. Moreover,
we reveal the diversity of brain BIN1 isoforms and re-
port on the alteration of select BIN1 isoform expression
in patients with AD. Finally, we show that the loss of
BIN1 immunoreactivity closely parallels myelin loss
within brain lesions of individuals with multiple sclerosis
in a pilot study. Altogether, our findings bring clarity to
the issue of BIN1 expression and isoform diversity in the
brain and provide novel insights on a possible non-
neuronal role for BIN1, which has been genetically char-
acterized as the second most significant risk factor for
late-onset AD.

Predominant oligodendrocyte expression of BIN1
Previous studies have reported conflicting descriptions of
BIN1 expression and localization in the brain. An earlier
study characterized BIN1 by fractionation and immunolo-
calization and reported that BIN1 was enriched in nerve
terminals in a manner similar to Amphiphysin 1 [5].
Concurrently, another study reported distinct localization
of BIN1 in initial axon segments and nodes of Ranvier,
with no overlap with the punctate nerve terminal immu-
nolabeling of Amphiphysin 1 [4]. These differences likely
resulted from the utilization of isoform-specific BIN1 anti-
bodies. Using a large panel of antibodies, our results from
immunohistochemical analyses of adjacent human brain
sections for BIN1 and Amphiphysin 1 provides compelling
evidence that these homologs are expressed in distinct cell
types (Fig. 5). These findings were confirmed with detailed
confocal microscopy analysis of BIN1 expression in rodent
brain (Table 2). Overall, the results reveal that BIN1 is
predominantly expressed in mature oligodendrocytes and
highly enriched in the white matter in rodent and the hu-
man brain. Immunoblot analysis of human and rat brain
tissue reveals that the neuronal BIN1:H isoform is
expressed at lower levels only in the gray matter as com-
pared with the more abundant BIN1:L isoforms, which

are expressed in both the gray matter and white matter.
Entirely consistent with our findings, BIN1 was one of the
308 proteins identified in both human and mouse brain
myelin preparations by mass spectrometry [50].
Previous studies using the same antibodies employed

in our analysis identified similar immunolabeling in the
human brain as reported here, but attributed the label-
ing to neuronal soma or nucleus without comparing
BIN1 immunolabeling with markers for neurons or oli-
godendrocytes [13, 26, 30]. Our results clearly show that,
unlike Amphiphysin 1, the large majority of BIN1 immu-
noreactivity is not associated with neurons in the human
brain (Fig. 5). In addition, it is clear that very little over-
lap exists between the cellular immunolabeling of NeuN
and BIN1 throughout the rodent brain. Mature oligo-
dendrocyte expression of BIN1 was established in our ex-
periments using three commonly used cellular markers of
oligodendrocytes. While our results are in agreement with
a previous study reporting presynaptic localization of
Amphiphysin 1 resembling that of synaptophysin in the
cerebellum [3], they reveal that BIN1 localization mark-
edly differs from that of synaptophysin. Specifically, BIN1
is highly enriched in white matter tracts in the cerebellum
where it overlaps with MBP; in contrast synaptophysin
and Amphiphysin 1 do not localize to the white matter
(Figs. 5 and 6).
Although BIN1 mRNA expression in microglia acutely-

isolated from mouse brain was observed in RNA-seq ex-
periments [45], our results show little evidence in support
of microglial localization of BIN1 at the protein level in
the human or mouse brain. Similar to our findings, no
overlap in the cellular expression of BIN1 and Iba1 was
observed in the hippocampus of patients with AD [26].
Furthermore, our study reveals BIN1 immunolabeling of
morphologically distinct cell types from those stained by
Iba1, CD45, and CD68, arguing against detectable levels
of BIN1 expression in mouse or human brain microglia or
macrophages in situ (Figs. 3, 6, 8, and Additional file 10:
Figure S6). These findings are summarized in Table 2.

The significance of BIN1 expression in oligodendrocytes
High-level BIN1 protein expression in mature oligoden-
drocytes and the white matter in our studies are in
agreement with the Barres lab’s identification of Bin1
among the top 50 highly expressed genes in cultured oli-
godendrocytes in a microarray study [32], and proteomic
identification of BIN1 in human and mouse brain myelin
preparations [50]. Our results show an increase of BIN1
levels both during oligodendrocyte maturation in vitro
and critical period of myelination in vivo. Upregulation
of BIN1 during synchronous differentiation of cultured
oligodendrocytes is consistent with earlier microarray
and recent RNAseq datasets [32, 45]. Similarly, a sig-
nificant decrease in BIN1 expression was observed in
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microarray analysis of multiple sclerosis brain lesions in
comparison with control brain samples (GEO DataSet
GDS4218) [51]. In agreement, our analysis of brain tis-
sue from patients with multiple sclerosis shows a close
correlation between BIN1 levels and the intensity of
myelin labeling across the different types of lesions. Not-
ably, BIN1 labeling within the shadow plaques indicates
possible reemergence of BIN1 expression during remye-
lination. Thus, BIN1 upregulation during oligodendro-
cyte maturation and its localization to myelinating
oligodendrocytes have potential implications not only
for normal physiology in the healthy brain but also for
myelin repair under pathological conditions. OPCs re-
main abundant in the adult brain as lineage-restricted
cells, which retain their capacity to proliferate and ma-
ture into myelinating oligodendrocytes as needed in re-
sponse to demyelination resulting from injury or disease
conditions. The lack of BIN1 expression in NG2-positive
OPCs and the coordinate upregulation of BIN1 along
with myelin-specific proteins suggest a possible role for
BIN1 in membrane remodeling that accompanies the
transition from the progenitors into myelinating oligo-
dendrocytes with long arborized processes.

BIN1 isoform diversity in the brain
We report two important insights based on the results
of our immunohistochemistry and immunoblot analyses.
First, BIN1 levels are enriched in the human white mat-
ter in comparison to the gray matter. This finding is in
agreement with the comparison of BIN1 transcript levels
between the human white matter and the gray matter re-
ported from independent microarray analyses [50, 52, 53].
Second, the isoform distribution of BIN1 between the gray
matter and white matter differs significantly, as revealed
by different BIN1 antibodies. The ~90 kDa BIN1 isoform
is expressed only in the gray matter at lower levels,
whereas the ~65-75 kDa BIN1 isoforms are the predomin-
ant forms in the gray matter and white matter. Expression
of seven brain-specific and two ubiquitous BIN1 isoforms
have been reported previously [4, 6, 7]. Consistent with
the previous characterization that the neuronal BIN1
isoform 1 contains the intact CLAP domain responsible
for binding to clathrin, we clearly see an enrichment of
the ~90 kDa BIN1 (the largest BIN1 isoform in the brain)
in the gray matter. However, it is somewhat surprising that

the BIN1 isoform 1 is not the predominant BIN1 species in
the human brain. Our immunoblot analysis of controls and
AD patients revealed that the majority of BIN1 isoforms
expressed in the brain corresponded to ~65-75 kDa, the
reported size of the ubiquitous BIN1 isoforms, raising the
possibility that they may lack the CLAP domain.
By direct sequencing of the human brain RT-PCR

products, we have confirmed variable alternate splicing
of BIN1 exons 13–16, which encodes the CLAP domain
(Additional file 7: Figure S3). Thus, the results from im-
munoblot and RT-PCR analysis show that several human
brain BIN1 isoforms lack the CLAP domain, entirely or
at least partially. Our findings are similar to the previ-
ously reported RT-PCR analysis of BIN1 isoform com-
position in rat brain and peripheral tissue [7]. Since the
CLAP domain is required for BIN1 interaction with cla-
thrin, these observations raise the possibility that large
proportion of BIN1 expressed in the brain may not par-
ticipate in clathrin-mediated endocytosis [54]. Evidence
from the analysis of Drosophila Amphiphysin, encoded
by the unique Amphiphysin gene (and thought to be a
BIN1 ortholog), show that absence of the CLAP domain
results in no detectable defects in synaptic vesicle endo-
cytosis in mutant flies [55–57]. Thus, the precise cellular
functions of the major BIN1 isoforms in the brain re-
main to be established.

BIN1 expression in the brains of patients with AD
The functional connection between BIN1 and the sus-
ceptibility to AD remains to be elucidated. Initial at-
tempts to determine whether BIN1 expression might be
altered in AD have resulted in discordant findings.
While two studies have reported significantly increased
BIN1 transcripts levels in brains of individuals with AD
[26, 31], another found a positive correlation between
BIN1 expression levels and later age at onset of the dis-
ease [28]. Apparent disagreements were also reported by
immunoblot analysis of BIN1 expression in individuals
with AD. Whereas, a significant decrease in BIN1 levels
was observed by immunoblot analysis in one study [29],
an increase in BIN1 levels was reported in another study
[30]. A comparison of the findings from these two re-
ports with the results of our study offers some clarity to
this apparent discrepancy. Uniformly, all three studies
report a decrease of the ~90 kDa BIN1:H isoform and

Table 2 Summary of BIN1 expression in the brain analysed using cellular markers

Markers
Brain tissue

Neurons Mature Immature Microglia Astrocytes Macrophages

Oligodendrocytes

NeuN, Amph 1, Calbindin, Parvalbumin ASPA, TPP25, CNPase, CC1 NG2 Iba1, CD45 GFAP CD68

Mouse/rat − ++++ − − − −

Human − ++++ ND − − −

The cellular markers employed to determine BIN1 expression in different cell types are indicated. ++++ = strong expression; − = no expression; +/− weak or
occasional expression; ND not determined

De Rossi et al. Molecular Neurodegeneration  (2016) 11:59 Page 17 of 21



an increase of the ~65-75 kDa BIN1:L isoforms (Fig. 3).
Further, we show that the decrease of the BIN1:H iso-
form correlated with a decrease in Amphiphysin 1 and
neuronal markers, concurrent with the loss of neurons
observed in AD. While BIN1:L expression highly corre-
lated with oligodendrocyte markers, as expected from
our immunostaining analysis, the correlation with GFAP
or CD45 could also suggest an increase in BIN1:L ex-
pression in parallel with activation of astrocytes and
microglia as well as infiltration of macrophages during
pathogenesis. While this manuscript was under review,
Adams and colleagues reported BIN1 expression in
white matter and oligodendrocytes in the brain but not
in neurons in healthy controls [58], consistent with our
results. Interestingly, their study revealed weak BIN1 im-
munoreactivity in a subset of neurons in patients with
AD. The findings described here complement the report
by Adams et al. by identifying selective alterations of
BIN1 isoforms in the gray matter of patients with AD.

A potential function for BIN1 in AD pathogenesis
There is substantial interest in understanding the func-
tional connection between BIN1 and AD pathogenesis. In
an earlier study, RNAi-mediated silencing of BIN1 expres-
sion in HeLa cells resulted in a 1.5- and 2-fold increase in
Aβ40 and Aβ42 secretion, respectively [59]. It is tempting
to speculate that this effect could have resulted from alter-
ations in proteolytic processing of APP in endosomes in
cells lacking BIN1 expression. However, the lack of a sig-
nificant change in sAPPβ production argues against a sim-
ple model whereby the loss of BIN1 had an effect on
endocytic trafficking of APP or BACE1, thus promoting
amyloidogenic processing of APP. Moreover, the loss of
BIN1 function neither impaired endocytic transferrin up-
take in Bin1−/− fibroblasts nor phagocytic internalization
of zymosan [10]. Thus, it is unlikely that RNAi knockdown
of BIN1 introduced endocytic defects that altered Aβ gen-
eration. Interestingly, partial or total loss of Amphiphysin
expression attenuated the rough eye phenotype induced by
the overexpression of human Tau but not Aβ42 in
Drosophila eye. A previous study showed an interaction
between fly Amphiphysin and human Tau in a fly model of
AD Tau pathology [26]. Whether this functional inter-
action between BIN1 and Tau enhances AD risk in mam-
malian brain awaits experimental confirmation. In this
regard, it is worth noting that Tau is expressed in mature
oligodendrocytes and Tau recruitment to the sites of
process outgrowth is a critical step in the initiation of mye-
lination [60, 61]. Whether a functional interaction between
BIN1 and Tau in oligodendrocytes has physiological and/
or pathological implications in myelination is a topic worth
investigating in the future.
AD pathology in the white matter includes the loss of

myelin and a decrease in oligodendrocyte proteins [62–68].

The exposure of oligodendrocytes to Aβ induces apoptotic
cell death [69] and studies in AD transgenic mouse models
show defects in myelin integrity [70, 71]. Moreover, ana-
lysis of human post-mortem brain tissue suggests an age-
related reduction in myelin repair capacity associated with
AD pathogenesis [71]. Therefore, insights into BIN1’s func-
tion in oligodendrocytes will advance our understanding of
its involvement as an AD risk factor.

Conclusions
BIN1 is the most significant late-onset AD susceptibility
locus identified via the genome-wide association studies.
Multiple BIN1 isoforms are expressed in the human brain
and there are significant changes in the levels of select BIN1
isoforms in the brains of individuals with late-onset AD.
BIN1 is predominantly expressed by the myelinating cells in
the brain and its expression is upregulated during myelin
formation in vitro and in vivo. BIN is enriched in the white
matter in the human and rodent brain and its diminution
correlates with the extent of demyelination within subcor-
tical plaques of patients with Multiple Sclerosis. Our results
suggest a potential role for BIN1 in mature oligodendrocytes
in the brain.

Additional files

Additional file 1: Table S1. List of antibodies used in this study.
(DOCX 108 kb)

Additional file 2: Figure S1. Quantification of BIN1 transcript levels in
the brains of patients with and without Alzheimer’s disease. (A-C) Scatter
plots of BIN1+Ex7 expression in comparison with cellular marker expression.
(D-F) Scatter plots of D7-Ex7 expression in comparison with cellular marker
expression. AD = Alzheimer’s disease; Norm = normalized expression. The
results do not support an association between BIN1 expression and the
expression of cellular markers of astrocytes (GFAP), microglia [geometric
mean of CD11b (ITGAM) and Iba1 (AIF1) expression (Malik et al., 2013)], and
endothelial cells [geometric mean of von Willebrand Factor (VWF) and
CD31 (PECAM1) expression (Parikh et al., 2014). (TIFF 362 kb)

Additional file 3: Table S2. BIN1+ Ex7 expression is correlated with AD
status and synaptophysin expression. (DOCX 15 kb)

Additional file 4: Table S3. Quantification of BIN1+Ex7 expression
relative to AD status. (DOCX 44 kb)

Additional file 5: Table S4. D7-BIN1 expression is correlated with MBP
expression but not AD status (DOCX 37 kb)

Additional file 6: Figure S2. Characterization of polyclonal BIN1
antibody BSH3. (A) Schematic illustration of the exon structure of BIN1
and possible alternate splicing. The protein structures of BIN1 isoforms
6-10 generated by alternate splicing of exons 13-17, which encode the
CLAP and MBD are depicted. Note that exons 18-20 are invariable in all
BIN1 isoforms. (B) Immunoblot analysis of C-terminally FLAG-tagged BIN1
isoforms 6-10 expressed in HEK293 cells [expression plasmids were
generously provided by Dr. Zhou, Merck Research Laboratories]. Blots
were probed with pAb BSH3 or anti-FLAG mAb. BSH3 was raised against
residues encoded by exons 17-20. The results show that BSH3 is capable
of reacting with isoform 10, which lacks exon 17 encoded residues. Thus,
this antibody reacts with epitopes common to all BIN1 isoforms, encoded
by exons 18-20. N = NH2 terminus; BAR = Bin-amphiphysin-Rvs domain;
PI = phosphoinositide binding domain; CLAP = clathrin/Adaptor protein
2 binding domain; MBD = MYC-binding domain; SH3 = SRC homology 3
domain. (C) Immunofluorescence analysis of antibody specificity. HEK293

De Rossi et al. Molecular Neurodegeneration  (2016) 11:59 Page 18 of 21

dx.doi.org/10.1186/s13024-016-0124-1
dx.doi.org/10.1186/s13024-016-0124-1
dx.doi.org/10.1186/s13024-016-0124-1
dx.doi.org/10.1186/s13024-016-0124-1
dx.doi.org/10.1186/s13024-016-0124-1
dx.doi.org/10.1186/s13024-016-0124-1


cells transiently transfected with FLAG-tagged human BIN1 isoform 7
were stained with a combination of antibodies against the FLAG epitope
tag or the indicated BIN1 antibodies. Wide-field images acquired on a
Nikon TE2000 microscope using a 100X objective reveal that each BIN1
antibody strongly stains transfected cells. (TIF 1481 kb)

Additional file 7: Figure S3. Identification of human brain BIN1 isoforms.
(A) Schematic illustration of the exon structure of BIN1 and possible alternate
splicing. (B) Analysis of human brain RT-PCR products. Human brain samples
were subjected to RT-PCR analysis by using primers corresponding to
sequences within exons 12 and 18 and the resulting amplicons were
separated by polyacrylamide gel electrophoresis. Individual bands were
excised from the gels and analyzed by sequencing to identify the major
isoforms generated by alternate splicing of exons 13-17. The relative amounts
of the isoforms within samples are semi-quantitative given that the smaller
PCR amplicons could have been preferentially amplified as these samples
underwent 30 cycles of PCR amplification. (TIF 271 kb)

Additional file 8: Figure S4. The distribution of BIN1 in rat brain. BIN1
staining is in green and nuclei stained with Hoechst are in blue. (A and B)
Immunofluorescence staining of coronal sections with antibodies N-19 or
2F11 reveals BIN1 immunoreactivity in the cortex with intense straining of
the corpus callosum (CC). (C and D) Higher magnification images of 2F11
staining of oligodendrocytes dispersed in the cortex and arranged as linear
arrays in the corpus callosum. (TIFF 5477 kb)

Additional file 9: Figure S5. Loss of BIN1 staining in multiple sclerosis
brain lesions. Staining of adjacent serial autopsy brain sections with Luxol
fast blue (left) and BIN1 antibodies N19 and 99D shows that myelin loss
parallels the loss of BIN1 staining intensity within multiple sclerosis plaques.
Images correspond to an active lesion (top), shadow plaque (middle) and
chronic plaque (bottom). Dashed lines mark the lesion border. (TIFF 9463 kb)

Additional file 10: Figure S6. BIN1 is not expressed in human brain
microglial cells. (A) Immunohistochemical staining of adjacent sections of
normal human brain cortex with antibodies against BIN1 or Iba1 reveals
that BIN1 immunoreactive cells that are morphologically distinct from
microglia. The boxed region is shown at a higher magnification on the
right. (B) Single and two-color immunostaining of the human brain using
antibodies against BIN1 and CD45 reveals that perivenular CD45-positive
cells of the hematopoietic lineage do not express BIN1. (TIFF 4392 kb)
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