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Abstract. The cell fate determinant Numb exists in four alternatively spliced variants that differ in the length of their PTB
(phosphotyrosine-binding domain, either lacking or containing an 11 amino acid insertion) and PRR (proline-rich region, either
lacking or containing a 48 amino acid insertion). We previously reported that Numb switches from isoforms containing the PTB
insertion to isoforms lacking this insertion in neural cultures subjected to stress induced by trophic factor withdrawal. The switch
in Numb isoforms enhances the generation of amyloid-� peptide (A�), the principle component of senile plaques in Alzheimer’s
disease (AD). Here we examine the expression of the Numb isoforms in brains from AD patients and triple transgenic (3xTg)
AD mice. We found that levels of the Numb isoforms lacking the PTB insertion are significantly elevated in the parietal cortex
but not in the cerebellum of AD patients when compared to control subjects. Levels of Numb isoforms lacking the PTB insertion
were also elevated in the cortex but not cerebellum of 12 month-old 3xTg AD mice with A� deposits compared to younger
3xTg-AD mice and to non-transgenic mice. Exposure of cultured neurons to A� resulted in an increase in the levels of Numb
isoforms lacking the PTB domain, consistent with a role for A� in the aberrant expression of Numb in vulnerable brain regions
of AD patients and mice. Collectively, the data show that altered expression of Numb isoforms in vulnerable neurons occurs
during AD pathogenesis and suggest a role for Numb in the disease process.
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INTRODUCTION

Numb is an evolutionarily conserved protein iden-
tified by its ability to control cell fate in the nervous
system of Drosophila [1, 2]. Loss of function studies
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suggests that Numb is critical for maintaining progen-
itors in an undifferentiated state [3–5]. During mitosis,
the Numb protein is asymmetrically localized to the
apical membrane of neural progenitors to establish
distinct progeny. The apical daughter cell receiving
high levels of Numb suppresses Notch signaling and
remains as a progenitor, whereas the basal daugh-
ter cell with low levels of Numb maintains Notch
activity and promotes neuronal differentiation [6, 7].
Structurally, Numb resembles an adapter protein with
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two protein-protein interaction domains, an amino-
terminal phosphotyrosine-binding (PTB) domain and
a C-terminal proline-rich region (PRR) [1]. Whereas
only one form of Numb has been identified in
Drosophila, mammals produce four Numb isoforms
that differ in the length of the PTB (lacking or con-
taining an 11 amino acid insert) and PRR (lacking or
containing a 48 amino acid insert) domains [1].

Emerging evidence supports the notion that the
alternative splice isoforms of Numb have different bio-
logical functions [1, 8]. A switch in Numb expression
from isoforms containing the PRR insertion to those
lacking the insertion occurs during neural differentia-
tion [1, 8]. Little is yet known of whether the insertion
in the PTB domain influences the function of the Numb
proteins in the maintenance of stem cell identity, lin-
eage specification and terminal differentiation from
stem cells.

A number of observations hint to the possibility
that the multiple functions of the Numb alternatively
spliced isoforms are defined by their interaction with
diverse cellular proteins via the amino-terminal PTB
domain. The PTB domain of Numb can have mul-
tiple modes of peptide recognition [9] and bind to
diverse proteins expressed by distinct cell types and
at specific stages of development, thereby regulating
multiple functions that include proteolytic degradation
[10–13], endocytic trafficking [14], and cell adhesion
and migration [15].

Numb is also expressed in most adult tissues sug-
gesting its role is not limited to neurogenesis. All
four Numb isoforms have been detected in the brains
of adult mice [16]. The function(s) and the regula-
tion of the Numb proteins in the adult brain are still
poorly understood. We previously showed that Numb
switches from isoforms containing the PTB insertion
to isoforms lacking this insertion in neural cells in
response to stress induced by trophic factor withdrawal
(TFW) [17]. The stress-induced switch of Numb iso-
forms is associated with increased processing of the
amyloid-� protein precursor (A�PP) to amyloid-�
peptide (A�), the principle component of diffuse and
senile plaques in Alzheimer’s disease (AD) [17]. Given
the critical role that A� plays in the pathogenesis of
AD, we sought to determine whether the switch in
Numb isoforms occurs in brains from patients with AD
and in triple transgenic AD (3xTg-AD) mice which
develop a progressive accumulation of plaques and
hyperphosphorylated tau and cognitive impairments.
Our studies provide evidence that Numb expression is
altered in a major neurodegenerative disease and reveal
a novel potential therapeutic target for AD.

MATERIALS AND METHODS

Antibodies and reagents

The polyclonal antibodies to SPTB- and LPTB
Numb were generated using the following pep-
tide sequences: anti-LPTB: KAERKFFKGFFGK-
TGKK (Sigma) and anti-SPTB: DAVKRLKAT-
GKKAVKW (GenScript). The commercial sources
for all other antibodies are: pan-Numb antibod-
ies (polyclonal; Santa Cruz and Upstate), A�
(mouse monoclonal 6E10; Abcam), A�PP (mouse
monoclonal 2.F2.19B4; Abcam), A�PP (mouse
monoclonal 22C11; Millipore), Rab5A (mouse mon-
oclonal; Santa Cruz), GFAP (mouse monoclonal;
Sigma), NeuN (mouse monoclonal; Millipore), �-
actin (mouse monoclonal; Sigma), and �-tubulin
(mouse monoclonal; Sigma). Secondary antibodies
conjugated to horseradish peroxidase were purchased
from Jackson Immunoresearch. Immunofluorescence-
conjugated secondary antibodies (Alexa Fluor 488-
conjugated goat anti-mouse and Alexa Fluor 594-
conjugated rabbit anti-goat IgG) and 4,6-diamidino-2-
phenylindole were purchased from Molecular Probes.
A�1−42 was purchased from Bachem.

Cell cultures

Cortical cell cultures were established from 18
day C57BL/6 mouse embryos as described previ-
ously [18]. Briefly, intact neocortical fragments were
trypsinized, and cells were dissociated by mild tritu-
ration using a Pasteur pipette with a fire-polished tip.
Cells were seeded into polyethyleneimine-coated plas-
tic 35- or 60-mm diameter plastic dishes or 22 mm2

glass coverslips, and maintained at 37◦C in Neu-
robasal medium containing B-27 supplements, 2 mM
L-glutamine, 0.001% gentamycin sulfate and 1 mM
HEPES (pH 7.2). All experiments were performed
using 7–8-day-old cultures; greater than 95% of the
cells in these cultures were neurons.

Plasmids and transfection

Plasmids containing the full-length human Numb
isoforms were described previously [19]. HEK293
cells were transiently transfected with 1.0 µg of
each plasmid or an empty pcDNA3 vector using
Lipofectamine reagent (InVitrogen) according to man-
ufacturer’s specifications.
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Experimental treatments

Trophic factor withdrawal (TFW) was accomplished
by washing the cells twice with phosphate-buffered
saline (PBS) and then maintaining them in Locke’s
buffer [19]. A�1-42 was prepared as a 1 mM stock in
water and was incubated overnight at room temperature
prior to dilution into culture medium.

Mice

The triple transgenic (3xTg) AD mice were orig-
inally generated in a hybrid 129/C57BL/6 genetic
background [20], and were then backcrossed onto a
pure C57BL/6 genetic background for 8 generations.
Non-transgenic (Non-Tg), age-matched littermates
were used as controls. Brains from 3xTg-AD and Non-
Tg mice at 2, 6, and 12 months of age were dissected
and the left hemisphere was fixed for 24 h in 4%
paraformaldehyde and cryoprotected in 30% sucrose.
The neocortex was dissected from the right hemisphere
and frozen immediately at −80◦C. All animal studies
were approved by the University of Central Florida
Animal Care and Use Committee.

Postmortem human brain tissues

Postmortem brain tissues of AD (87.5 ± 5.57
years) and control (80.66 ± 3.01 years) subjects
were obtained from the brain bank of the Johns
Hopkins University Alzheimer’s Disease Center,
Department of Pathology. The use of human tis-
sues was approved by the appropriate Institutional
Committees. All patients with AD met both clin-
ical and neuropathological diagnostic criteria [21].
The control subjects had no history or neuropatho-
logical signs of a brain disorder. At autopsy, tissue
specimens were paraformaldehyde-fixed and paraffin-
embedded for 3–4 �m sectioning. Details of the tissue
specimens are shown in Supplementary Table 1 (avail-
able online: http://www.j-alz.com/issues/24/vol24-
2.html#supplementarydata01).

Immunofluorescence labeling

Following experimental treatments, cultured cells
were fixed with 4% paraformaldehyde in PBS for
10 min and then permeabilized in 0.2% Triton X-
100 for 5 min. After nonspecific binding was blocked,
coverslips were incubated with either polyclonal
SPTB-Numb (1 : 200) or pan-Numb antibody (1 : 200)
diluted in PBS containing 0.2% Tween-20 and 3%

bovine serum albumin. After three washes, coverslips
were incubated with Alexa 568- or Alexa 488-
conjugated anti-rabbit secondary antibodies (1 : 200)
and then mounted. Immunofluorescence staining was
examined using a Nikon 80i fluorescence microscope
equipped with an ×60 oil immersion objective lens,
and images were processed using IP Labs software (BD
Biosciences).

Immunohistochemistry

These methods were similar to those described pre-
viously [22]. Briefly, serial coronal sections (10 �m
thickness) of fixed and cryoprotected brains were
cut with a freezing microtome (Microm HM 505 N)
and collected on slides Sections from the same cor-
tical brain region of each mice were blocked with
normal serum for a minimum of 45 min followed
by incubation overnight at 4◦C with a primary anti-
body which included: SPTB-Numb, pan-Numb, A�
(1 : 200), A�PP (1 : 200), Rab5A (1 : 200), GFAP
(1 : 400), and NeuN (1 : 200). To test for nonspecific
staining by the secondary antibodies, additional slides
were processed in a similar fashion without the pri-
mary antibodies or with adsorbed antibodies. After
incubation in primary antibody, tissue sections were
incubated with Alexa 568- or Alexa 488-conjugated
secondary antibodies appropriate for the specific pri-
mary antibodies. To stain the nuclei, cultures were
further incubated with 4,6-diamidino-2-phenylindole
in PBS containing 1% RNase and 0.2% Triton X-100
for 10 min, and then mounted in aqueous mounting
medium (FluorSave; Calbiochem).

For quantification, digitized images of immunos-
tained sections were obtained with Qimaging Retiga
2000 SVGA FAST 1394 cooled digital camera system
with 1600 × 1200 pixel array with 12-bit, 20 MHz dig-
itization camera mounted on a NIKON 80i Research
Upright Microscope and then analyzed with IP lab soft-
ware (BD Biosciences-Bio-imaging). For each mouse,
3 sections were selected, and from each section 3 ran-
dom fields were analyzed. Total area of pixel intensity
was measured with the automated measurement tools
in IP lab software. The total density was averaged and
expressed as normalized, corrected values.

Immunoprecipitation, SDS-PAGE and Western
blotting

Tissue protein was extracted using T-PER (Pierce,
Rockford, IL) tissue protein extraction buffer with
protease inhibitor cocktail (Sigma, St. Louis, MO).

http://www.j-alz.com/issues/24/vol24-2.html#supplementarydata01
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Total cellular lysates were obtained by washing
the cells in ice-cold PBS and resuspending the
cell pellets in cell lysis buffer. Protein concentra-
tion was determined using a BCA protein assay kit
(Pierce). Aliquots of brain tissue homogenates con-
taining 300 �g of total proteins were incubated with
the polyclonal pan –Numb antibody in immunopre-
cipitation buffer (150 mm NaCl, 2 mm EDTA, 1%
Nonidet P-40, 5 �g/ml leupeptin, 5 �g/ml aprotinin,
2�g/ml pepstatin A, 0.25 mM phenylmethylsulfonyl
fluoride, 50 mM Tris, pH 7.6). Antigen-antibody com-
plexes were precipitated with immobilized protein A,
washed three times in immunoprecipitation buffer, and
solubilized by heating in Laemmli buffer containing 2-
mercaptoethanol at 100◦C for 4 min [18]. Methods for
electrophoretic separation on a SDS-polyacrylamide
gel and transfer of proteins to nitrocellulose mem-
branes were described previously [18]. Membranes
were incubated in blocking solution (5% milk in Tween
Tris-buffered saline; TTBS) overnight at 4◦C followed
by a 1 h incubation in primary antibody diluted in
blocking solution at room temperature. Membranes
were then incubated for 1 h in secondary antibody
conjugated to horseradish peroxidase and bands were
visualized using a chemiluminiscence detection kit
(ECL, Amersham). Membranes were stripped and re-
probed with the �-actin or �-tubulin antibody to verify
and normalize protein loading (50 �g total protein,
unless stated otherwise). Immunoreactive bands were
quantified by NIH Image software.

Statistical analysis

One-way ANOVA with Dunnett’s post test and
t-tests were performed using Prism version 5.01
(GraphPad).

RESULTS

Generation and characterization of PTB-specific
Numb antibodies

The primary Numb transcript is alternatively spliced
to generate four isoforms with a predicted molecu-
lar weight ranging from 65 to 72 kDa [11]. Numb
isoforms with the insertion in the PRR (long PRR
or LPRR) domain have a molecular mass of 71 and
72 kDa, whereas those lacking the insertion (short PRR
or SPRR) in this domain are 65 and 66 kDa. Numb
isoforms with the insertion in the PTB (long PTB
or LPTB) domain are 72 and 66 kDa whereas those
lacking the insertion (short PTB or SPTB) in this

domain are 71 and 65 kDa. To detect the expression of
Numb isoforms at the protein level, we generated anti-
SPTB and anti-LPTB specific Numb antibodies. The
specificity of these PTB-specific antibodies was char-
acterized by immunoblotting of lysates harvested from
HEK293 cells that were transiently transfected with
the expression plasmid encoding each human Numb
isoform (Fig. 1A). The PTB-specific Numb antibod-
ies recognized either the LPTB-Numb (p66/p72) or
SPTB-Numb (p65/p71) isoforms but not both (Fig. 1A)
suggesting that these antibodies do not cross-react. An
antibody that recognizes the 48 amino acid insertion
in the PRR domain (p71/p72) was used to further con-
firm the insertion in the PRR of the Numb protein
(Fig. 1A). Blots were also probed with the pan-Numb
antibody that binds to a common C-terminal domain
of Numb. As expected all four human Numb isoforms
were detected when the membrane was probed with
this Numb antibody (Fig. 1A). No band was detected in
HEK293 cells transfected with the empty vector indi-
cating that HEK293 cells express low or undetectable
level of endogenous Numb.

We previously demonstrated that expression of the
alternatively spliced Numb transcripts was markedly
elevated in cultures of PC12 cells and primary neu-
rons that were subjected to trophic factor withdrawal
(TFW) [17]. To confirm the stress-induced expres-
sion of the Numb isoforms at the protein level, we
performed immunofluorescence staining of primary
mouse hippocampal neurons before and after TFW.
The immunosignals for SPTB-Numb and pan-Numb
antibodies were markedly increased following TFW-
induced stress (Fig. 1B). Both antibodies labeled
punctate structures throughout the cell body, axon
and dendrites of hippocampal neurons, suggesting that
the Numb protein is associated with vesicles. The
corresponding change in the level of LPTB-Numb pro-
teins could not be determined as the LPTB-specific
Numb antibody was not suitable for immunostain-
ing (data not shown). As expected, the increase of
the SPTB-Numb in TFW-treated cortical neurons was
confirmed by immunoblotting (Fig. 1C). In addition
to TFW, we found that treatment of primary cortical
neuronal cultures with A�1−42 resulted in a rapid and
dose-dependent increase in the level of SPTB-Numb
(Fig. 1D).

SPTB-Numb immunoreactivity is elevated
in the parietal cortex of AD patients

Next, we determined the Numb immunosignal in
the inferior parietal cortex (IPC) from 6 AD patients
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Fig. 1. Characterization of the phosphotyrosine-binding domain (PTB)-, PRR (proline rich region)-, and pan-Numb specific antibodies for
immunoblotting and immunostaining. A) Detergent soluble lysates were prepared from HEK293 cells transiently transfected with the indicated
Numb expression constructs and immunoblotted with the antibodies generated against the long PTB (LPTB), short PTB (SPTB) and PRR
domains of the Numb protein. Blots were stripped and re-probed with an anti-actin antibody to control for protein loading. B) Primary cortical
cultures were subjected to trophic factor withdrawal (TFW) for 6 h or left untreated and processed for immunostaining with antibodies to SPTB-
and pan-Numb. Scale bar = 10 �m. C) Representative immunoblots and results of densitometric analysis (right panels) of SPTB-Numb and
pan-Numb protein levels in primary cortical cultures subjected to TFW for the indicated time points. Blots were stripped and re-probed with an
anti-actin antibody to control for protein loading. The relative amounts of SPTB-Numb and pan-Numb were normalized to actin. The values in the
histogram represent the mean ± S.D. n = 3 separate cultures; *p < 0.05, **p < 0.01 (One way ANOVA with Dunnett’s Multiple Comparison Test)
relative to the untreated cultures. D) A representative immunoblot and results of densitometric analysis (bottom panel) of SPTB-Numb protein
level in primary cortical cultures treated with the indicated doses of A�1-42 for 6 h. The blot was stripped and re-probed with an anti-�-tubulin
antibody to control for protein loading. The relative amount of SPTB-Numb was normalized to�-tubulin. The values in the histogram represent
the mean ± S.D. n = 3 separate cultures; *p < 0.05 (One way ANOVA with Dunnett’s Multiple Comparison Test) relative to the vehicle-treated
culture.

and 6 non-demented control subjects. SPTB-Numb
immunosignal was significantly stronger in IPC from
AD patients when compared to age-matched control
subjects (Fig. 2A, B). The staining was specific to
SPTB-Numb since adsorption of the SPTB-Numb anti-
body with the blocking peptide largely eliminated the
immunosignal (Fig. 2C).

To determine whether the SPTB-Numb protein
co-localizes with A�PP and A�, we performed double-
labeling immunofluorescence with an antibody to the
amino-terminal of A�PP (22C11) or A� (6E10). A�
is typically found aggregated in extracellular amyloid

plaques that occur in specific brain regions includ-
ing the IPC. SPTB-Numb was localized not only to
extracellular A� deposits but also with cell-associated
A�PP and A� in the IPC of AD patients but not in
the same brain region of age-matched control sub-
jects (Fig. 2A). The SPTB-Numb immunosignal was
detected in the majority of the cells surrounding A�
plaques suggesting a possible role for this Numb iso-
form in the modulation of A�PP processing and, hence,
A� production [17]. On the other hand, the associ-
ation of SPTB-Numb with A� deposits might result
from A�-induced up-regulation of SPTB-Numb levels
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as occurred in cultured neurons exposed to A� (Fig.
1D). The majority of SPTB-Numb co-localizes with
NeuN-labeled cells (Fig. 2A). No co-localization of
SPTB-Numb with GFAP-labeled cells was detected in
the IPC and CB from AD patients (Suppl. Fig. 1).

While A�PP processing takes place in many intra-
cellular compartments, A� is generated at high levels
in acidic endosomes [23]. The expansion of this endo-
cytic compartment that stains positive for Rab5A is
evident in the IPC from AD patients (Fig. 2D). The

observed increase in Rab5 immunoreactivy is consis-
tent with previous studies that showed that ectopic
expression of SPTB-Numb induced elevation of Rab5
protein [17] and that Rab5-transfected cells exhibited
abnormally large endosomes resembling the endo-
some morphology seen in affected neurons from AD
brains [27]. The Rab5-labeled vacuolar compartment
not only appeared enlarged but also clustered (Fig.
2D) suggesting altered distribution of the early endo-
somes. Because accumulation of SPTB-Numb may

ADA

B C

Con

Fig. 2. Expression and distribution of SPTB-Numb in the parietal cortex from AD brains. A) Double immunofluorescence labeling of SPTB-
Numb (red) with A�, A�PP, and NeuN (green) in sections of the parietal cortex from an AD patient (left panels) and an age-matched control subject
(right panel). Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Top panel: SPTB-Numb immunoreactivity in cells surrounding
extracellular plaques that were labeled with an antibody to A� (6E10). Original magnification, ×400. Bar, 20 �m. B) Quantification of the
SPTB-Numb immunoreactivity in the cortex from the parietal cortex of AD patients and age-matched control subjects. The values in the
histogram represent the mean ± S.D. n = 6; ∗∗, p < 0.01 (t-test) relative to control subjects. C) Staining of SPTB-Numb in sections of the parietal
cortex from an AD patient was blocked when the SPTB-Numb antibody was preincubated with the blocking peptide (Adsorbed) or omitted
(Control). D) Double immunofluorescence labeling of SPTB-Numb (red) and Rab5A (green) in sections of the parietal cortex from an AD patient
(top panels) and age-matched control (bottom panels) subject. Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Bar, 20�m. E)
Double immunofluorescence labeling of SPTB-Numb (red) and A� (green) in the cerebellum from an AD subject. Nuclei were stained with
4,6-diamidino-2-phenylindole (blue). Bar, 20�m.



S. Chigurupati et al. / Numb Proteins in Alzheimer’s Disease 355

C
on

tr
ol

A
D

D

E

Fig. 2. (continued)

influence the trafficking and metabolism of A�PP
[17], we next determined whether SPTB-Numb colo-
calizes with Rab5A-labeled vesicles. A significant
fraction of SPTB-Numb colocalizes with Rab5A-
labeled enlarged puncta in the IPC from AD patients
but not in age-matched control subjects (Fig. 2D).
By contrast, the CB from AD patients exhibit sig-
nificantly weaker SPTB-Numb (Suppl. Fig 1) and
A� immunostaining with little overlap (Fig. 2E).
Collectively, these data suggest that increased SPTB-
Numb immunosignal in AD brain is associated with
A�PP/A� accumulation in vulnerable neurons.

SPTB-Numb protein levels are elevated in the
cortex of a transgenic mouse model of AD

To establish a link between the switch in Numb
isoforms and the aberrant processing of A�PP that
results in increased A� production, we next exam-
ined SPTB-Numb protein levels in the cortex of young
(6 month-old) and older (12 month-old) 3xTg-AD
and Non-Tg control mice by immunblotting. The
3xTg-AD mice harbor the mutant human presenilin1
(PS1 M146 V), A�PP (A�PPSwe) and tau (tauP301L)
transgenes and develop age-dependent accumulation
of A� and tau pathologies in a pattern reminiscent of

AD [20]. In this model, intracellular A� is apparent
between 3 and 6 months of age, and A� deposition
is evident by 12 months of age [20]. Protein lev-
els of SPTB-Numb, LPTB-Numb and total Numb in
the cortical homogenates were not markedly differ-
ent between 3xTg-AD and Non-Tg mice at 2 (not
shown) and 6 months (Fig. 3A, B) of age. However,
at 12 months of age, a significant increase in SPTB-
Numb protein level was detected in 3xTg-AD mice,
but not in Non-Tg mice (Fig. 3A, B). The selective
increase of SPTB-Numb was confirmed by immuno-
precipitation using the pan-Numb antibody followed
by immunoblotting with the SPTB-Numb antibody
(Fig. 3A). By contrast, the level of LPTB-Numb pro-
tein declined in the cortex of 3xTg-AD relative to
Non-Tg mice (Fig. 3A, B).

To further define the spatial profile of SPTB-Numb
and A�, immunohistochemistry was performed on
cortical brain sections from 3xTg-AD mice. The
SPTB-Numb signal intensity was significantly higher
in the cortex from 3xTg-AD at 12 months compared
to 6 months of age (Fig. 3C, D). As a control, the rela-
tively A�-free CB from 12 month-old 3xTg-AD mice
was analyzed in parallel. The SPTB-Numb immunore-
activity was much weaker in CB compared to cortex
and was not significantly different between 3xTg-AD
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and Non-Tg mice at all ages (data not shown). Hence,
the selective increase of SPTB-Numb coincides with
the appearance of A� deposition in the cortical region
in this mouse model of AD.

To determine whether the increase in SPTB-Numb
protein was associated with neurons and/or astrocytes,
we performed double immunofluorescence labeling
to assess the relative SPTB-Numb immunoreactiv-

A B

C D

Fig. 3. Expression and distribution of SPTB-Numb in the cortex from 3xTg-AD mice. A) (Left panels) Representative immunoblots of the level
of SPTB-Numb and LPTB-Numb proteins in cortical homogenates of 6 and 12 months old 3xTg-AD and Non-Tg mice. Blots were reprobed
for actin to confirm equal protein loading per lane. (Right panels) Representative immunoblots of the amounts of the SPTB-Numb protein in
pan-Numb antibody-antigen complexes immunoprecipitated from cortical homogenates of 6 and 12 months old 3xTg-AD and Non-Tg mice.
The associated reactivity of the immunoglobulin light chain confirms equal amount of the pan-Numb antibody used for immunoprecipitation. B)
Densitometry of the SPTB-Numb protein band in cortical homogenates. The histogram represents the ratios of optical density of the indicated
Numb proteins in 6 (top) and 12 (bottom) months old 3xTg-AD and Non-Tg mice. Values are the mean ± S.D. n = 8; *p < 0.05; **p < 0.01 (t-test)
relative to Non-Tg mice. C) Double immunofluorescence labeling of SPTB-Numb (red) with Ab (green) in sections of the cortex from 6 and
12 months old 3xTg-AD and Non-Tg mice. Note the intense SPTB-Numb immunoreactivity in cells surrounding the extracellular plaques that
were labeled with an antibody to A� (6E10). Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Bar, 20�m. D) Quantification of
the SPTB-Numb immunoreactivity in the cortex from 6 and 12 months old 3xTg-AD and Non-Tg mice. The values in the histogram represent
the mean ± S.D. n = 8; **p < 0.01; (t-test) relative to Non-Tg mice. E) Double immunofluorescence labeling of SPTB-Numb (red) with NeuN
(green; top) or GFAP (green; bottom) in sections of the cortex from 3xTgAD mice at 12 months of age. Nuclei were stained with 4,6-diamidino-
2-phenylindole (blue). Bar, 20 �m. F) Double immunofluorescence labeling of SPTB-Numb and Rab5A in sections of the cortex from 3xTg-AD
mice at 6 and 12 months of age. Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Bar, 20 �m. G) Double immunofluorescence
labeling of SPTB-Numb and A�PP in sections of the cortex from 3xTg-AD mice at 12 months of age. Nuclei were stained with 4,6-diamidino-
2-phenylindole (blue). Bar, 20 �m. H) Staining was blocked when the SPTB-Numb antibody was preincubated with the blocking peptide (SPTB
adsorbed) or omitted (control).
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ity in NeuN- and GFAP-labeled cells in the cortex
of 12 month old 3xTg-AD mice. The SPTB-Numb
immunoreactivity was much weaker in GFAP-labeled
cells (Fig. 3E).

Finally, we determined whether the SPTB-Numb
protein co-localizes with A�PP and Rab5A. Double
immunofluorescence labeling indicated co-localiza-
tion of SPTB-Numb with Rab5A (Fig. 3F) and A�PP
(Fig. 3G) in the cortex from 12 month old 3xTg-
AD mice. No SPTB-Numb immunoreactivity was
detected when the antibody was adsorbed or omitted
(Fig. 3H).

DISCUSSION

Familial AD mutations increase the toxicity and
amyloidogenicity of A�, placing disruption of A�PP
metabolism and A� production at the center of AD
pathogenesis [23, 24] Although less than 2% of
AD cases are caused by autosomal-dominant muta-
tions, sporadic AD cases are pathologically similar.
Neuropathological studies in humans suggest that
intraneuronal A� is an early, pathological biomarker
for the onset of AD and that its accumulation may
contribute to the cascade of neurodegenerative events
[25]. Hence, factors that disrupt A�PP metabolism
may contribute to increased A� production and the
pathogenesis of sporadic AD.

Accumulating evidence indicates that the early
abnormalities of the neuronal endocytic pathway are
directly related to the rise in A� levels [26, 27]. Endo-
some enlargement occurs early in sporadic AD, and is
associated with increased endocytosis and endosome
recycling [26, 27]. A� immunoreactivity is evident in
these populations of enlarged endosomes prior to A�
deposition indicating their potential importance for A�
formation early in the AD brain [26, 27]. Endosomes
have been shown to be an intracellular compartment
where the sequential action of �-and �-secretases gen-
erates amyloidogenic C-terminal fragments of A�PP
(A�PP-CTFs) and A� [23, 24]. A recent study showed
that around 70% of A� is produced by the endocytic
route in vivo [28]. Deletion of the A�PP cytoplas-
mic tail or inhibition of endocytosis has been shown
to markedly reduce A� levels suggesting that endo-
cytosis is critical for Ab generation [29, 30]. Hence,
mechanisms that regulate the trafficking of A�PP to
and away from the endosomes should affect A�PP pro-
cessing. Identification of the components that regulate
the intracellular trafficking of A�PP would greatly aid
our understanding of the underlying mechanisms of Ab
generation and bears relevance for AD therapy.

A�PP has been shown to interact with several
cytosolic adapter proteins, some of which bind to
the YENPTY motif and alter the subcellular distri-
bution and/or processing fates of A�PP [31]. The
YENPTY motif of A�PP also binds to all Numb
isoforms [16, 17]. Structurally, the Numb protein
resembles an endocytic adapter and colocalizes with
markers of clathrin-coated pits and intracellular vesi-
cles [32, 33]. Numb functions to recruit specific
membrane receptors into the AP2 adapter complex
of clathrin-coated vesicles similar to other members
of the clathrin associated sorting protein adapters
such as Dab2, AP180, �-arrestin and HIP1 [34–37].
Both the NPF (asparagine-proline-phenylalanine) and
DPF (aspartate-proline-phenylalanine) motifs located
within the carboxyl-terminal region of all Numb iso-
forms are critical for binding to α-adaptin [33] and
various proteins of the Epsin 15 Homology Domain
(EHD) family that are involved in both clathrin-
dependent and -independent endocytosis [38]. Numb
has been shown to mediate the endocytosis of the neu-
ral adhesion molecule L1 [39], Notch1 [14], A�PP
[17], and is critical for the proper localization of the
PAR polarity complex [40]. Numb is also important for
the continuous internalization and recycling of adhe-
sion molecules such as integrins and cadherins that
are critical for maintenance of adherence junctions
and directional cell migration, respectively [15, 41].
Migration defects of post-mitotic neurons have been
described in Numb null mice [42].

The Numb protein is widely expressed in adult tis-
sues suggesting that its role is not limited to CNS
development. Though all four Numb isoforms have
been detected in the adult mouse brain [16], their
physiological relevance and regulation are still poorly
understood. A critical region for determining Numb
function is the PTB domain which can bind to diverse
proteins [9]. We recently reported that the Numb pro-
teins alter the trafficking and processing of A�PP
in a manner dependent of the PTB domain [17].
Specifically, expression of SPTB-Numb isoforms in
PC12 cells results in the abnormal accumulation of
cellular A�PP in the early endosomes leading to a
marked increase in the production of A�PP-CTFs
and A�. Increased endosomal retention of cellular
A�PP may result from preferential sorting of A�PP
to the recycling rather than degradative pathways [17].
By contrast, expression of the LPTB-Numb isoforms
results in increased accumulation of A�PP in the
lysosomes leading to a substantial reduction in the
amounts of A�PP and A�PP-CTFs. These data sug-
gest that the Numb isoforms differentially regulate the
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post-endocytic sorting and subsequent proteolytic pro-
cessing fates of A�PP. It is not yet clear where and
how the Numb isoforms differentially impact the sort-
ing of A�PP towards either recycling to the plasma
membrane or targeting to the lysosomes for degrada-
tion. In addition to A�PP, Numb also modulates the
post-endocytic trafficking and degradation of Notch
[14].

The expression and distribution of the Numb pro-
tein isoforms in the normal and AD brain have not
yet been characterized. To this end, we had generated
antibodies to a region within the insertion of the PTB
domain (LPTB) or to regions flanking the insertion
(SPTB). By expressing each of the human Numb iso-
forms in HEK293 cells through transient transfection,
we first confirmed by immunoblot analysis the specific
immunoreactivities of these PTB-Numb antibodies.
Subsequent immunohistochemical analyses using the
SPTB-specific Numb antibodies revealed a marked
increase in the SPTB-Numb immunosignal in primary
cortical neurons that were either subjected to TFW or
treated with A�42.

We detected relatively stronger SPTB-Numb
immunosignal in the parietal cortex of pathologically
confirmed AD patients in comparison to age-matched
normal subjects. The SPTB-Numb immunosignal was
also significantly higher in the cortex of 12 month-
old 3xTg-AD mice when compared to age-matched
Non-Tg mice and this finding was further corroborated
by immunoblot analysis. The increase of SPTB-Numb
immunosignal in the AD-affected cortical brain region
of patients and 3xTg-AD mice was mainly associ-
ated with NeuN-labeled cells with increased A�PP
and enlarged intracellular vesicles that were strongly
labeled with an antibody to Rab5A. The present obser-
vations are consistent with the accumulation of A�PP
in enlarged Rab5A labeled vesicles in PC12 cells
overexpressing the SPTB-Numb proteins [17]. Altered
Rab5A activity has been associated with the early
abnormalities in the neuronal endocytic pathway that
are directly related to a rise in A� levels in the
brains of AD patients [26, 27]. In contrast, the dis-
tribution of LPTB-Numb which is involved in the
post-endocytic sorting and trafficking of A�PP to the
lysosomes could not be determined in the affected
neurons of AD patients and 3xTg-AD mice. Though
the LPTB-specific Numb antibody was not suitable
for immunohistochemistry, immunoblot analysis did
reveal a trend towards decreased level of the LPTB-
Numb isoforms in the cortical homogenates of 12
month-old 3xTg-AD mice when compared to age-
matched Non-Tg mice.

The selective increase of SPTB-Numb in NeuN-
labeled cells was detected in the cortex of 12 month-old
3xTg-AD mice but not in young 3xTg-AD mice and 12
month-old nontransgenic mice. It is noteworthy that the
SPTB immunoreactivity in 12 months old 3xTg mice
is not always correlated with A� plaques suggesting
that the observed increase of SPTB-Numb may reflect
a stress response to soluble A� as was seen in cultured
cortical neurons (Fig. 1D). One consequence of the
increase in SPTB-Numb is that it can promote A� bio-
genesis in vulnerable neurons. Such mutual stimulation
may contribute to a rapid progression of pathologi-
cal changes. We were not able to detect differences
in the steady-state level of SPTB-Numb in 3xTg-AD
compared to Non-Tg mice at 6 months of age. One pos-
sibility is that the level of soluble A� in the cortex of
3xTgAD mice is not yet sufficiently high to induce the
increase of SPTB-Numb levels. However, we cannot
rule out the possibility that altered Numb expression
which is transient in nature may occur in a subpop-
ulation of cortical neurons prior to the appearance of
detectable amounts of A�.

Expression of Numb isoforms that differ in their
PTB domain may have several implications beyond the
generation of A�. We previously reported that overex-
pression of Numb isoforms lacking the PTB insertion
increases neuronal vulnerability to A�-induced cell
death by a mechanism that involves perturbation of
calcium homeostasis [19]. A disruption of calcium reg-
ulation is central to the neurotoxic action of A� [43]
and alterations in neuronal calcium homeostasis and
signaling have been demonstrated in studies of AD
patients and animal models of AD [44, 45]. Alteration
in calcium homeostasis is one of the known causes
of neuronal malfunction. Proper calcium signaling is
of the most crucial importance for synaptogenesis
and plasticity of dendritic spines, and aberrant cal-
cium regulation leads to altered synaptic transmission
that precedes cognitive decline and degeneration of
synapses [46, 47].

Aside from developing A� plaques, the 3xTg-AD
mice also express tau pathological markers of AD
[20]. Hyperphosphorylated tau appears in the 3xTg-
AD mouse brain after the onset of A� deposition
[20]. Both AT180- and AT8-immunoreactive neurons
were readily apparent between 12 and 15 months
of age and PHF-1 staining became evident by 18
months of age in 3xTg-AD mice [20]. The state of
tau phosphorylation is tightly regulated and seems
to be calcium-dependent [48, 49]. It is possible that
the accumulation of SPTB-Numb which precedes the
formation of PHF-1-immunoreactive dystrophic neu-
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rites or neurofibrillary tangles may contribute to tau
pathology through destabilization of neuronal cal-
cium homeostasis. Hence, the relevance of deregulated
Numb expression in brains of AD patients and AD
transgenic mice warrants further investigation.
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