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Abstract

The accumulation of Aβ peptides in the senile plaques is one of the hallmarks of Alzheimer 

disease (AD) progression. The endocytic pathway has been proposed as a major subcellular site 

for Aβ generation while the compartments in which Aβ-degrading proteases interact with Aβ are 

still elusive. It was suggested that extracellular Aβ degradation may take place by plasma-

membrane associated proteases or by extracellular proteases, among which insulin-degrading 

enzyme (IDE) is the most relevant. However, the mechanisms of IDE secretion are poorly 

understood. In the present study we used N2a cells to explore if IDE is indeed released through 

exosomes and the effect of exosomes release on extracellular levels of Aβ. We demonstrated that 

proteolitically active plasma membrane associated-IDE is routed in living N2a cells to 

multivesicular bodies and subsequently, a major fraction is sorted to exosomes. We described that 

extracellular IDE levels decrease if the MVBs generation is interfered and may be positively 

modulated by exosomes release under stress-induced conditions. Our results reinforce the 

relevance of functional IDE in the catabolism of extracellular Aβ.
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Introduction

The hypothesis that the progressive accumulation of aggregated forms of Aβ, as a 

consequence of a reduced Aβ turn-over in the human brain, may contribute to the 

development of AD [1, 2] was supported by experimental evidences showing that genetic 

targeted deletion of the brain peptidases involved in the catabolism of Aβ, neprylisin (NEP), 

endothelin converting enzyme (ECE) and insulin degrading enzyme (IDE), enhance Aβ 

accumulation in mice [3–5]. By contrast, over-expression of NEP or IDE in neurons of 
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transgenic mice used as animal models of AD, showed reduction on the levels of soluble Aβ, 

prevention of amyloid plaque formation and extension of the life-span [6]. The endocytic 

pathway has been proposed as the main subcellular site for Aβ generation from its precursor 

protein by β and γ-secretases [7, 8] while the compartment in which Aβ-degrading proteases 

interact with Aβ is even now poorly described. It was suggested that plasma-membrane 

associated NEP, whose catalytic domain faces the extracellular space [9], is able to degrade 

either Aβ extracellularly or intracellularly after internalization of the complex NEP-Aβ in 

late endosomes while plasma-membrane associated IDE [10] and/or secreted IDE isoforms 

have a major role in the extracellular clearance of naturally secreted Aβ [11, 12]. In this 

scenario, IDE is one of the major secreted Aβ-degrading enzymes at neutral pH in rat and 

human brain however, its mechanisms of secretion are still elusive. Since IDE is mainly a 

cytosolic protein and lacks any secretory signal sequence, one should hypothesize that IDE 

is not released through the classical exocytic pathway. In this context, it was recently 

published that IDE is exported via an unconventional protein secretion pathway, different of 

microvesicle shedding, which remains to be elucidated [13]. In addition to shedding 

microvesicle, which are characterized by vesicles that buds directly from the plasma 

membrane into the extracellular space [14] alternative exocytic routes can be classified 

broadly into mechanisms whereby the protein is released into the external medium in free 

form or with vesicles [15]. These processes include direct traslocation through the plasma 

membrane mediated by transporters, incorporation into intracellular vesicles or autophagic 

internalization by an intracellular vesicle followed by fusion of the multi-vesiculated 

structures with the plasma membrane. Besides, it was extensively reported that in certain 

cell types, small local invaginations of the limiting membrane of endosomes generates 

multivesicular bodies (MVB) which may fuse with the cell surface, in an exocytic manner, 

resulting in the release of small vesicle of 50–90 nm diameter, contained in their lumen, 

namely exosomes [16]. Genetic screens in yeast have defined 17 different proteins that 

appear to play direct roles in MVB biogenesis (reviewed in [17]). All are required for 

vacuolar protein sorting (VPS), and are termed “class E” proteins because their deletion or 

inactivation induces formation of abnormally enlarged, highly tubulated endosomal 

membrane compartments that fail to mature normally into MVBs (known as “class E 

compartments”). Mechanisms involved in exosomes generation include cytosolic 

components (Tsg101, Alix) and the endosomal sorting complex (ESCRT) however, some 

proteins may be passively sorted into exosomes independently of the ESCRT machinery by 

partitioning into lipid microdomains [18]. Noteworthy, a pool of endogenous IDE localizes 

in detergent resistant domains in the plasma membrane [10] suggesting that this route may 

be used for IDE internalization and further secretion.

Over the past decade the potential sources of exosomes and their physiologic or pathologic 

relevant functions have significantly expanded [19]. In the context of Aβ generation and AD 

pathology, a recent report using mouse neuroblastoma N2a transfected cells over-expressing 

human Aβ peptide (N2aSW), suggested that Aβ produced in early endosomes is routed to 

MVBs and a minor fraction may be released in association with exosomes. In addition, 

exosomal proteins were found accumulated in senile plaques of AD patient brains [20] 

suggesting that MVBs may be involved in the neuropathogenic mechanisms of neurological 

diseases. In addition, it was also reported in exosomes derived from CHO cells over-
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expressing wild type APP, the presence of α- and β-secretases (ADAM10 and BACE, 

respectively) and some components of the γ-secretase complex, namely presenilin 1 and 

presenilin 2. Because of the limited expression of some γ-secretase complex components, 

only a minor proportion of APP-CTFs then undergo γ-secretase cleavage to release Aβ or p3 

fragments. This could be an explanation for the low levels of Aβ found in exosomes 

compared with other APP fragments [21].

Recent reports suggested that Rab11 GTPase participates in regulated exocytosis, promotes 

docking and fusion of MVBs favoring the shedding of vesicles into the extracellular media 

via fusion of MVBs with the plasma membrane [22]. However, overexpression of Rab11 or 

constitutively active Rab11 does not affect APP processing in HEK293 cells [23] .

A wide variety of stress signals could stimulate exosomes secretion including genotoxic 

stress, hypoperfusion (hypoxia) or the expression of activated oncogenes [24–26]. 

Interestingly, hypoxia was suggested to be linked with AD pathogenesis [27] since the 

metabolism of the Aβ is affected as a consequence of its over-production mediated by 

increased BACE expression [28] and γ-secretase activity [29]. This mechanism was 

considered part of the acute adaptive response of the brain to hypoxia [30] to restrict the 

progression of neurodegeneration.

In this study we were able to partially uncover the pathway of endogenous IDE secretion in 

N2a cells and the effect of exosomes-containing IDE release on extracellular Aβ levels. We 

demonstrated that proteolitically active plasma membrane associated-IDE is routed to 

MVBs and subsequently sorted to exosomes. We described that in N2aSW cells 

extracellular levels of Aβ are partially dependent on exosomes release. We showed that if 

MVBs formation is inhibited, by transfection with a VPS4A dominant negative mutant 

(E228Q), IDE secretion decreases and if exosomes release is favored, by Rab11 over 

expression or hypoxia, extracellular IDE levels increase. Our data reinforce the relevance of 

functional extracellular IDE in the catabolism of Aβ.

Materials and Methods

Reagents

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco. Monensin 

(MON), Brefeldin A, EGTA, Fura2-AM, acetylthiocholine, 5,5′-dithiobis(2-nitrobenzoic 

acid) and mono-dansyl cadaverine were from Sigma. N-(lissamine rhodamine B sulfonyl)-

phosphatidylethanolamine (N-Rh-PE) was obtained from Avanti Polar Lipids, Inc. 

(Birmingham, AL). Ionophore A23187 was purchased from Molecular Probes.

Cell cultures and treatments

Mouse neuroblastoma N2a cells were cultured at 37°C in 50% DMEM/50% Opti-MEM 

supplemented with 5% fetal bovine serum (FBS) and antibiotics. N2aSW (N2a cells stably 

expressing human APP Swedish mutation [31] ) were transfected with different construct 

cloned into the vector pEGFP-C1 (Clontech) such as: 1) cDNA of VPS4 dominant negative 

mutant (E228Q), kindly provided by Dr. Wesley Sundquist (Indiana University-USA) and 2) 

Rab11 wild type (Rab11WT) or its dominant negative mutant S25N (Rab11S25N), a 

Bulloj et al. Page 3

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 29.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



generous gift from Dr. Teresa Damiani (Universidad Nacional de Cuyo-Argentina) and 

cultured in N2a culture media supplemented with 400 Pg/ml of G418 (Sigma). Hypoxia was 

established by incubating cells overnight in a hypoxic chamber (StemCell Technologies 

Inc.) at 37°C and 5 % C02/ 0.1% O2. To test cytotoxicity MTT (Sigma) cell proliferation 

and LDH assay (Promega) were performed.

Antibodies

BC2 rabbit polyclonal and 1C1 and 3A2 (isotype IgG1) monoclonal antibodies anti-IDE 

were generated in our laboratory as previously described [32, 33]. Anti-APP 4G8 and 6E10 

monoclonal antibodies were purchased from Signet. Anti-APP C-terminal (AB5352) was 

from Chemicon International. Anti-flotillin and anti-Bip monoclonal antibodies were from 

BD Transduction Laboratories (San Jose, CA). Rabbit polyclonal 716 raised against 

synthetic peptides corresponding to residues 62–93 of Nicastrin [34] was a generous gift of 

Dr. Gopal Thinakaran (University of Chicago). Anti-Hsp/Hsc70 monoclonal antibody was 

obtained from Stressgen. Anti-TfR polyclonal CD71 SC9099 was purchase from Santa 

Cruz. We obtained monoclonal antibodies against lysobiophosphatidic acid (LBPA) (6C4) 

from Echelon Biosciences Inc. (Salt Lake City, UT).

Metabolic labeling and IDE pulse chase

N2aSW cells were incubated at 37 °C for 30 minutes in methionine-depleted medium 

(Invitrogen) and then pulse-labeled with 300 µCi/ml [35S]methionine (GE Biosciences) for 

30 minutes at 37°C. After that, the radiolabeled medium was removed and replaced by fresh 

one. For MON or brefeldin (BFA) treatment, cells were preincubated with 7 µM MON or 18 

µM BFA for 4 h before the labeling. BFA and MON were also added during the labeling and 

chase. After 2 h of chase conditioned medium was recovered and then IDE 

immunoprecipitated by using 1C1/3A2 monoclonal antibodies and analyzed by SDS-PAGE 

and autoradiography [10]. As a positive control of a protein released by the classical 

pathway we immunoprecipitated sαAPP with 6E10 monoclonal antibody following a 

previous report [35]. To determine whether the release of IDE is mediated by exocytosis, we 

examined the effect of low temperature, a classical blocker of vesicular exocytosis [36]. 

Cells were incubated for 3 hr at 18°C as previously described [36] and IDE detected in the 

supernatant as explained above.

Measurement of Intracellular Calcium Concentration

Cells plated in 24-well dishes (1× 106 cells) were incubated in PBS/25 mM CaCl2 in the 

presence or absence of 7 µM MON, 1.5 mM EGTA or 7 µM MON/1.5 mM EGTA for 30 

minutes at room temperature (RT). Then 5 µM Fura2-AM (dissolved in 30 mM buffer Ca2+ 

free-Tris-HCl pH 7.4) supplemented with 1 mM digitonin was added for 30 minutes at RT 

protected from light. After incubation cells were washed to remove the extracellular dye and 

resuspended in water/10 mM digitonin to facilitate cellular lysis. Changes in fluorescence 

from each lysate were measured in an Aminco Bowman spectrofluorometer set as follow: λ 

excitation: 350/380 nm; λ emission: 510 nm. Data were analyzed using AB2 version 5,31 

software.
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MVBs labeling and IDE live staining immunofluorescence

To assess the presence of MVBs in N2a cells the fluorescent phospholipid analog N-Rh-PE, 

an useful marker for studying membrane traffic during endocytosis [37], was inserted into 

the plasma membrane as described previously [38]. Briefly, an appropriate amount of the 

lipid, stored in chloroform/methanol (2:1), was dried under nitrogen and subsequently 

solubilized in absolute ethanol. This ethanolic solution was injected with a Hamilton syringe 

into serum-free RPMI culture medium (<1%, v/v) while vigorously vortexing. The mixture 

was then added to the cells, which were incubated for 1 hour at 4 °C. After this incubation, 

the medium was discarded, and cells extensively washed with cold PBS to remove excess of 

unbound lipid. Slides were then incubated for 3 hours at 37 °C to allow internalization of the 

N-Rh-PE and its traffic to late endosome. In order to perform a co-localization with a 

specific maker of late endosomes, cells were then fixed with 3 % PFA, washed, treated with 

50 mM NH4CL, blocked with PBS-0.1 % BSA and incubated for 30 minutes with anti-

LBPA monoclonal antibodies (6C4) in the presence of 0.05 % saponin as previously 

described [39] After that, coverslips were washed, incubated with Cy2-conjugated anti-

mouse for 30 minutes, washed with PBS and mounted for confocal microscopy. To assess if 

IDE localizes in MVBs and taking into account that anti-LBPA (6C4) and anti-IDE 

(1C1/3A2) are monoclonal antibodies, living N2a cells were double-labeled with the N-Rh-

PE and 1C1/3A2. For this aim, cells were incubated for 1 hour at 4°C with a mixture of N-

Rh-PE and 1C1/3A2 (1µg/µl) to let insertion of the lipid to the plasma membrane and 

binding of anti-IDE to plasma membrane-associated IDE. Then, cells were washed and 

probed with Cy2-conjugated anti-mouse for 1 hour at 4°C. After washing with cold PBS, 

cells were incubated in Optimem for 3 hours at 37 °C as described above in the presence or 

absence of 7 µM MON, 1.5 mM EGTA or 1 µM A23187. Alternatively, for autophagosome 

labeling cells were incubated with 50µM mono-dansyl cadaverine in serum free media for 

ten minutes. In all cases, samples were fixed with 3 % PFA, mounted and the analysis of 

slides was performed by laser scanning confocal microscopy imaging on a Zeiss LSM5 

Pascal or a Zeiss LSM5 Meta model 510 microscopes, according to the type of experiments, 

using a three-frame filter and a Zeiss LSM5 image examiner.

Exosomes Isolation

For western blot, electronmicroscopy and immunogold techniques, exosomes were isolated 

from 10 ml culture supernatants of N2a confluent cells grown for 12 hours. The supernatants 

were subjected to one centrifugation at 800 x g for 10 minutes to eliminate cells and 

subsequently were centrifuged at 12,000 x g for 30 minutes to remove the cellular debris, the 

pellet was referred as P2. Exosomes were separated from the supernatant by 

ultracentifugation at 100,000 x g for 2 hours. The pellet of the last centrifugation containing 

exosomes, referred as P3, was resuspended in 50 µl of PBS for further characterization. 

Exosomes were subjected to electrophoresis on 7.5 % SDS-Tris-Tricine polyacrylamide 

minigels, transferred to polyvinylidene fluoride (PVDF)-membranes (GE Healthcare) and 

membranes probed with the primary antibodies anti-flotillin, anti-Bip, anti-Nic and anti-

IDE, respectively followed by horse radish peroxidase (HRP)-conjugated anti-gamma 

globulin (GE Healthcare). For visualization, blots were incubated with ECL Plus (GE 

Healthcare), scanned in a STORM 840 and processed using the computer software 

ImageQuant (GE Healthcare).
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Immunoelectron Microscopy

Exosomes were fixed with paraformaldehyde 4% (1:1), applied to Formvar-carbon-coated 

EM grids (200 mesh) and negatively stained with 0.5 % uranyl acetate. For immunogold 

labeling, after fixation, grids were blocked with 0.05 M glycine/1% BSA and incubated with 

primary antibody at 0.5 µg/µl in PBS/0.02 %Triton-X 100/1 % BSA for 45 minutes. After 

washing, grids were incubated with goat anti-rabbit and/or goat anti-mouse conjugated with 

gold particles of 6 or 15 nm, respectively (Electron Microscopy Sciences). After fixing with 

2 % glutaraldehide samples were negative stained with 0.5 % uranile acatate. Micrographs 

were taken under low-dose conditions with a JEOL 1200 EX II. The electronic 

photomicrograhs were obtained by using standard photographic and darkroom procedures.

Proteolysis Experiments

Purified exosomes from 25 ml of conditioned medium were centrifuged, the pellet 

resuspended in 20 µl of PBS and split into 2 tubes containing 10 mM EDTA in the presence 

or absence of 7 mM proteinase K (PK). Suspensions were incubated at 37°C for 30 minutes, 

then solubilized in Laemmli buffer and processed for western blotting as described above, 

using anti-IDE and anti-Hsp/Hsc70 primary antibodies.

IDE activity assay

Aliquots of 50 µl of exosomes isolated from 10 ml conditionated media were resuspended 

and sonicated in 0.1 M phosphate, pH 7 containing protease inhibitors PMSF, leupeptin, 

pepstatin, aprotinin, thiorphan and phosphoramidon with or without EDTA (5mM) and 1,10-

phenanthroline (1mM). Homogenates were incubated with 35.000 cpm of 125I-insulin, 

specific activity of 300 µCi/µg, for 3 hours and the degradation of radiolabeled substrate was 

analyzed by SDS-PAGE followed by exposure to a GP PhosphorImage screen (GE 

Healthcare), scanned in a STORM 840 and processed using the computer software 

ImageQuant (GE Healthcare).

Acetylcholinesterase (AChE) activity assay

The quantification of released exosomes was done by measuring the activity of AChE, as 

previously described [38]. Briefly, 20 µl of the exosome fraction isolated from 10 ml culture 

media were suspended in 100 µl of phosphate buffer and incubated with 1.25 mM 

acetylthiocholine and 0.1 mM 5,5′-dithiobis(2-nitrobenzoic acid) in a final volume of 300 µl 

The incubation was carried out in 96-wells plates at 37 °C, and the change in absorbance at 

412 nm was monitored in a microplate reader (Bio-Rad 500) every 30 minutes up to 120 

minutes for each experimental condition. The data represent the enzymatic activity in 

arbitrary units at 100 minutes of incubation as compared to control.

Quantification of endogenous Aβ

N2aSW cells were exposed or not to hypoxia in the presence of protease inhibitors PMSF 

(10 mM), leupeptin (20 µM), aprotinin (20 µM), thiorphan and phosphoramidon (50 µM). 

Aβ40 levels were quantified in the supernatants after 12 and 24 hours post-treatment by 

using a commercially available ELISA kit (BetaMark, Covance) following the 

manufacturer’s instructions.
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Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using RNasy Mini kit (Qiagen). SuperScript II Reverse 

transcriptase (Invitrogen) was used to synthesize first strand cDNA from samples with an 

equal amount of RNA, according to the manufacturer’s instruction. Synthesized cDNAs 

were amplified using SYBR (R) GREEN I NUCLEIC A (Invitrogen) and Mx3005PCycler 

from Stratagene; data were analyzed using MxPRO-Mx3005P software. Primers used for 

BACE1 amplification were: BACE1–5, 5′-GATGGTGGACAACCTGAG-3′ and BACE1–3, 

5′- CTGGTAGTAGCGATGCAG-3′. Primers used for TATA-Binding-Protein (TBP) 

amplification were: TBP-5, 5′-ACCGTGAATCTTGGCTGTAA −3′ and TBP-3, 5′-

CCGTGGCTCTCTTATTCTCA −3′. BACE1 mRNA levels were normalized by TBP 

levels. Two independent experiments were performed, and statistical analysis was carried 

out using the Student’s t test.

Image and Statistical analysis

Image analysis was performed in representative cells by counting single and double-stained 

vesicles with the “Manual Tag” tool of the Image ProPlus software (Media Cybernetics, 

Silver Springs, MD). Quantitative data were analyzed by one-way ANOVA with a post-hoc 

Tukey’s test or two-tailed Student’s t-test to treated and untreated cells using GraphPad 

Prism 3.0 software. Results were represented as means ± S.E.M. of at least 3 independent 

experiments performed in duplicate. p values lower than 0.05 were considered statistically 

significant.

Results

IDE release is not impaired by inhibition of the classical secretory pathway

To gain insight into the mechanism of IDE secretion N2aSW cells were metabolically 

labeled with L[35S]methionine and then treated with monensin (MON) or brefeldin A (BFA) 

to interfere the trafficking by perturbing the ER or Golgi transport, respectively. We 

confirmed that these compounds produced no significant cytotoxic effects at the 

concentrations tested, as judged by quantification of MTT and LDH (data not shown). IDE 

was immunoprecipitated from the conditioned media by using a mix of anti-IDE monoclonal 

antibodies (1C1 and 3A2) and analyzed by SDS-PAGE and autoradiography (Fig. 1A, upper 

panel). As expected from the analysis of IDE primary sequence, we did not detect any 

significant reduction on extracellular levels of IDE after ER-Golgi disruption. Moreover, a 

remarkable 2.7-fold increase of IDE release was observed in cells incubated with MON 

compared to control (referred as 100 % of total secreted IDE) while a drastic abrogation of 

IDE secretion (less than 1 %) was detected in low-temperature (18 οC) incubated cells (Fig. 

1A, lower panel). Released IDE was undetectable in the extracellular media of MON-treated 

cells incubated at 18 οC indicating that MON effect is not by leakage of the protein outside 

the cell due to potential toxicity of the drug (not shown). As expected, the secretion of 

soluble αAPP (sαAPP) was almost abolished at low temperature, as previously described 

[35], and in the presence of MON or BFA (Fig. 1A, upper panel) in accordance to a classical 

ER-Golgi dependent transported protein. These results suggested that IDE secretion may be 

mediated by an alternative exocytic route. Since it is known that MON induces Ca2+ entry 

and vesicle release [38, 40] we tested if MON used at the concentration previously assessed 
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increased Ca2+ intracellular levels. Therefore, we loaded N2a cells with Fura-2-AM and 

measured the ratio in the fluorescence at 350/385 nm. Our results showed that the Ca2+ rise 

induced by MON (1.78 ± 0.36 vs. 1.17 ± 0.12; p<0.05) was abolished by the previous 

addition of Ca2+ chelator EGTA (1.17 ± 0.12 vs. 1.18 ± 0.02; p>0.05) (Fig. 1B). These 

results suggest that IDE secretion may be mediated by a Ca2+ dependent vesicular transport. 

It has been shown by electron microscopy that treatment of cells with MON causes the 

formation of dilated MVBs [41]. To determine if N2a cells generate MVBs we performed 

immunofluorescence in N2a cells incubated with anti-LBPA (6C4), a well characterized 

marker protein for MVBs, and the fluorescent lipid analog N-Rh-PE. This strategy was used 

to validate the lipid staining as a MVBs marker as it is shown in Fig 2 (panels a–c). To 

identify if MVBs contain IDE, we performed immunofluorescence in N2a cells incubated 

with a mixture of the fluorescent lipid analog N-Rh-PE and 1C1 (anti-IDE monoclonal 

antibody). As it is shown in Fig. 2 (panels e–g) the MVBs labeled by the fluorescent lipid 

contain IDE.

Monensin and intracellular calcium levels induce the formation of large MVBs containing 

IDE

To assess if the amount of IDE in MVBs may be modulated by intracellular calcium levels, 

we performed immunofluorescence in N2a cells incubated with a mixture of the fluorescent 

lipid analog N-Rh-PE and 1C1 (anti-IDE monoclonal antibody) in the absence or presence 

of 7 µM MON. As it is shown in Fig. 3, MON caused the formation of large MVBs labeled 

by the fluorescent lipid in which IDE co-localized, suggesting that late endosomes may take 

part on the release of IDE into the extracellular environment upon exocytic fusion of 

multivesicular endosomes with the cell surface. Similar results were obtained after 

incubation with the Ca2+ ionophore (A23187) under experimental conditions that did not 

affect viability, as judged by quantification of MTT and LDH (data not shown) reinforcing 

the role of intracellular Ca2+ on IDE release. Moreover, addition of EGTA prevented MVBs 

enlargement. These results show that IDE localizes in MVBs.

IDE is released in association with exosomes

Because MVBs are precursors of exosomes we investigated if IDE was present in these 

vesicles. We followed the most common, simple and reliable method for exosomes 

purification from cell culture supernatants based on differential ultracentrifugation [42] and 

applied western blot and electron microscopy for characterizing and assessing the purity of 

the isolated vesicles. The exosomal fraction (pellet after 100,000 xg centrifugation step, 

namely P3) was qualitatively different from the previous fraction (pellet after 12,000 xg 

centrifugation step, namely P2) in the immunoreactivity assessed by western blot for IDE; 

flotillin-1, a protein that is abundant in exosomes [43] due to its raft association; Bip (an ER 

resident protein) and Nicastrin (a protein enriched in Golgi and plasma membrane) arguing 

against the possibility that the membranes harvested in P3 were cellular debris (Fig. 4A). 

Electron microscopic analysis of whole-mount fraction P3 revealed cup-shaped membrane 

vesicles mostly of 50–90 nm compatible with the typical profile and size of exosomes and 

fewer smaller (10 to 20 nm) ones as a result of morphological changes due to chemical 

fixation and contrasting with uranyl acetate as previously suggested [42] (Fig. 4B). 

Moreover, immunogold labeling of whole-mount exosomes with anti-transferrin receptor 
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(Fig. 4B inset, white arrow), that has been reported to be associated to exosomes in EM 

experiments [43], and anti-IDE (Fig. 4B inset, black arrow) showed co- localization of both 

proteins in these vesicles. To determine the topology of endogenous IDE in exosomes we 

used limited proteolysis of isolated exosomes with proteinase K (PK). Equivalent un-treated 

(−) and treated (+) fractions were analyzed for the presence of IDE, and Hsp/Hsc70 (Fig. 

4C). After PK incubation, IDE and Hsp70 (72 kDa), the most strongly heat inducible form 

which is expressed on the surface of certain cells [44] were completely degraded while 

Hsc70 also known as p73 (70 kDa), a conventional cytoplasmic protein [45] remained intact 

suggesting that intraluminal exosomal proteins were not affected by the PK treatment and 

supporting that exosome-associated IDE is facing the extracellular space in accordance with 

its plasma membrane localization [10, 46].

To address the quantitative relevance of exosomes on IDE secretion conditioned media was 

split in 2 batches, one was untreated and used as positive (+) control for the presence of 

exosomes and the other one was subjected to the protocol for exosome isolation (as 

described above). The supernatant after 100.000 xg step was depleted of exosomes and 

referred as (−). IDE was immunoprecipitated from both conditioned media and detected by 

SDS-PAGE and western blot. As it is shown in Fig. 4D (upper panel) IDE levels detected in 

the exosomes-depleted supernatant were 56 ± 11 % lower as compared with control, 

indicating that exosomes is a relevant pathway for IDE secretion (Fig. 4D, lower panel).

Exosome-associated IDE is proteolytically active

It was suggested that exosomes may be one of the mechanisms involved in the elimination 

of obsolete proteins from the plasma membrane of reticulocytes [47]. To assess if N2a cells 

use exosomes to remove proteolytic inactive plasma membrane IDE we sonicated the 

exosome fraction and we performed a degradation assay using 125I-insulin in the presence or 

absence of EDTA and 1.10 phenantroline, known to inhibit Zn-metalloproteases. As it is 

shown in a representative phosphorimage scan (Fig 5, upper panel) exosomes-associated 

IDE degraded 125I-insulin in the absence of protease inhibitors. Semi-quantitative analysis 

of the data (Fig. 5, lower panel) showed a mean degradation value of 48.7 ± 10.9 % (n=2, 

p<0.05) in 3 hours as compared to inhibited IDE indicating that IDE in exosomes is not 

aggregated, it is natively folded and retains its catalytic activity. In addition, this result rules 

out the unlikely possibility that aggregated IDE accounted for the positive Western blot in 

fraction P3 shown in figure 4A.

VPS4 modulates the exosomal pathway, IDE release and the catabolism of endogenous Aβ

As both endocytic and biosynthetic traffic to the lysosome/vacuole proceeds via the MVBs, 

and taking into account that loss of VPS4 function in mammalian cells disrupts MVBs 

sorting, we assessed the impact of a dominant negative form of VPS4 (E228Q), which lacks 

ATPase activity, on IDE release. Expression of the transfected proteins was visualized by 

fluorescence microscopy. As previously reported, transient expression of the dominant 

negative VPS4 in cultured cells led to unusually enlarged aberrant endosomes. By contrast, 

mock-transfected cells showed a homogeneous cytoplasmic and nuclear green staining 

distributed in a non-vesiculated pattern (Fig. 6A). To assess if VPS4-E228Q affected 

exosomes release we determined the acethyl cholinesterase (AChE) activity. Our results 
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showed (Fig. 6B) a decrement of 13.9 % of released AChE (in arbitrary units) in VPS4-

dominant negative as compared to mock-transfected N2aSW cells (100.0 ± 0.58 vs. 86.10 ± 

2.70; n=3; p<0.05). By contrast to secreted APP, IDE immunoreactivity was decreased in 

the conditioned supernatant from VPS4-E228Q transfected cells (Fig 6C, upper panel) as 

compared to control. The semi-quantitative analysis (Fig. 6C, lower panel) showed 

statistical significant decrements in IDE/APP secretion (in arbitrary units) as compared to 

control (1.95 ± 0.27 vs. 2.48 ± 0.30; n=3, p<0.05) reinforcing the concept that IDE release 

may be partially mediated by a VPS4-dependent exosomal mechanism. To determine the 

impact of reduced-IDE secretion on Aβ catabolism, 16 h after transfection the levels of 

extracellular Aβ were determined by ELISA. As it is shown in Fig. 6D, an increment of 

42,95 % in Aβ levels was detected in VPS4-E228Q as compared to empty vector transfected 

cells (n= 3). In addition, we confirmed by westernblot and by quantitative real-time PCR 

that APP-CTF/tubulin levels (Fig. 6 E, upper panel) and mRNA transcripts of BACE/TBP 

(Fig. 6E, lower panel), respectively, were unchanged after VPS4-dominant negative 

expression. This set of experiments raises the possibility that a decrease in the release of 

exosome-associated IDE accounted for a decrease in the rate of degradation of extracellular 

Aβ.

Rab11 modulates the exosomal pathway and IDE release in N2a cells

To further characterize IDE release N2aSW cells were transfected with pEGFP-Rab11 wild 

type (WT), pEGFP-Rab11S25N (GDP bound inactive mutant) and the empty vector p-

EGFP, respectively. Expression of the transfected proteins was visualized by fluorescence 

microscopy (not shown). To assess the amount of exosomes released in each experimental 

condition we determined the acethyl cholinesterase (AChE) activity. Our results showed 

(Fig. 7A), in agreements with previous reports, increments in the amount (in arbitrary units, 

A.U.) of released AChE by Rab11WT transfected as compared with control N2aSW cells 

(4.50 ± 0.10 vs. 1.05 ± 0.05; n=2, p<0.05). However, Rab11S25N did not reduce exosome 

release as compared to p-EGFP control cells (0.90 ± 0.01 vs. 1.05 ± 0.05; n=2, p<0.05), 

suggesting that in N2aSW was inactive but it did not behave as a dominant negative 

probably due to the effect exerted in this mechanism by another endogenous Rab. IDE 

immunoreactivity was increased in exosomes isolated from Rab11WT-transfected cells (Fig 

7B, upper panel) and the semi-quantitative analysis (Fig. 7B, lower panel) showed statistical 

significant increments as compared to control (1.80 ± 0.10 vs. 1.20 ± 0.10; n=2, p<0.05) 

suggesting that IDE secretion is mediated by a Rab11-dependent exosomal release. 

Differences in the relative increases in AChE and IDE secretion may be due to several 

factors including the dynamic range of the techniques and/or a difference in the number of 

molecules of AChE or IDE per exosomal vesicle.

Exosomes-mediated IDE release impact on the catabolism of Aβ

Using N2aSW cells two different approaches were experimentally addressed. First, cells 

were transfected with pEGFP or Rab11WT, respectively, and after 24 h the levels of 

extracellular Aβ were determined by ELISA. As it is shown in Fig. 7C, a significant 

decrease in Aβ levels was detected in Rab11WT as compared to empty vector (807.86 ± 

66.23 pg/mg vs. 437.68 ± 32.94 pg/mg; n=3; p< 0.05) raising the possibility that an increase 

in the release of exosome-associated IDE accounted for an increase in the rate of 
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degradation of extracellular Aβ. Second, taking into account that hypoxia promotes 

exosomes release [25] and Aβ production [29] we wondered if the steady-state levels of Aβ 

were altered after exposing cells to low oxygen tension. As it is shown in Fig. 8A large 

MVBs containing IDE were obtained when cells were exposed to hypoxia as compared with 

normoxia (size particle 9.9 ± 0.9 vs. 4.6 ± 0.3 pixels/particle; n= 18 cells, p<0.05). To rule 

out that larger MVBs containing IDE were autophagic vacuoles we labeled cells with anti-

IDE and mono-dansyl cadaverine. Analysis of the co-localization of the staining showed that 

IDE was not routed to the autophagic pathway under hypoxia (not shown). Next, we 

corroborated that hypoxia stimulated exosome release in N2aSW cells, as previously 

reported in ovarian carcinoma cells [25], by determination of the AChE activity (1.5 ± 0.2 

vs. 4.6 ± 0.1, n=4, p<0.001) (Fig. 8B, left panel). This effect was confirmed by the 

increments on exosomal-Hsp70 immunoreactivity detected by western blot (Fig. 8B, upper 

right panel) (2.4 ± 0.05 vs. 3.5 ± 0.2; n=3, p<0.05). In addition, by quantitative real-time 

PCR, we confirmed that mRNA transcripts of BACE were increased after hypoxia (Fig. 9A) 

(1.1 ± 0.1 vs. 7.3 ± 1.3; n=2, p<0.05) in accordance with increments in membrane-bound 

APP-CTF fragments determined by western blot (1.02 ± 0.03 vs. 1.53 ± 0.1; n=2, p<0.05 

(Fig. 9B) as previously reported [28]. Both effects should be reflected in over-production of 

endogenous Aβ and increased extracellular levels of the peptide. However, no significant 

differences were detected on the levels of extracellular Aβ between normoxia and hypoxia 

(Fig. 9C) (454.42 ± 52.03 pg/mg vs. 475.01 ± 120.26 pg/mg total protein; n=4, p=0.88). 

Subsequently, we immunoprecipitated IDE from the conditioned media and we confirmed 

increased levels of IDE in hypoxia as compared to normoxia (1.07 ± 0.04 vs. 1.8 ± 0.03; 

n=3, p<0.05) (Fig 9D) strongly supporting that promotion of Aβ production, under hypoxia, 

may be balanced by the over-expression of IDE in the extracellular space.

Discussion

Our metabolic labeling and pulse-chase experiments of endogenous IDE in the presence of 

inhibitors of the ER-Golgi transport strongly support that IDE is not secreted through the 

classical secretory pathway. These results concur with those recently published by Zhao et 

al. [13] using murine hepatocytes and Hela cells. However, in our experiments, MON and 

Ca2+ ionophore clearly stimulated IDE release. These discrepancies may be due to the 

different experimental approach. Zhao et al. co-transfected immortalized murine hepatocytes 

with human IDE and human α1-antitrypsin, and evaluated the release of over-expressed IDE 

and over-expressed α1-antitrypsin by western blot of a 100-fold concentrated supernatants. 

In turn, we studied the release of endogenous IDE from N2a cells and used endogenous 

sAPP as control of a protein secreted by the classical pathway by pulse-chase and 

immunoprecipitation of IDE from conditioned supernatants with specific anti-IDE 

monoclonal antibodies. In addition, cytotoxicity of 50 µM MON and 10 µM A23187 

reported by Zhao et al. may be due to a 7-fold and 10-fold increase concentration, 

respectively, as compared to our experimental conditions. Taking into account that 

incubation of cells at 18 °C abolished the presence of extracellular IDE and Ca2+ promote its 

secretion, we hypothesized that a vesicle–mediated transport [35] was involved in the 

liberation of IDE into the extracellular environment.
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Taken together, our results of in vivo immunofluorescence, pharmacological treatments, 

electron microscopy and cell transfection with VPS4 dominant negative and Rab11 GTPase, 

strongly suggest that a substantial population of IDE molecules are secreted in association 

with exosomes. Our estimation is that at least 50 % of extracellular IDE is secreted by this 

way, since it is known that proteins may be released from exosomes once these vesicles are 

in the extracellular compartment [48, 49]. An intriguing aspect of the present work is how 

IDE is targeted to exosomes. MVBs, the organelles from which exosomes are derived, are 

generated from the fusion of early endosomes and have a well established role in the 

degradation of proteins internalized from the cell surface via fusion with lysosomes. 

However, in addition to fusion with lysosomes, MVBs are able to undergo exocytic fusion 

with the plasma membrane and release exosomes. IDE is localized on the cell surface with 

an extracellular topology [10, 46]. While the exact mechanisms underlying IDE association 

with membranes remains to be elucidated, we demonstrated that a pool of endogenous IDE 

is routed from the plasma membrane in living N2a cells to MVBs by a Ca2+-dependent 

mechanism and subsequently, a fraction of IDE is sorted to exosomes and released in a 

Rab11-dependent manner. Moreover, IDE secretion is significantly reduced after 

introduction of a dominant negative form of VPS4, a protein involved in MVBs generation. 

It is important to note that the role of Rab proteins in APP processing was extensively 

investigated, suggesting that Rab6, a Ras-superfamily member likely responsible for intra-

Golgi routing, appears to be involved in APPα secretion without contributing to Aβ 

production [50] while Rab1B, which blocks early steps of endoplasmic reticulum to Golgi 

transport, drastically decreases the APPα secretion in HEK293 cells [51]. Our results, in 

agreement to previous reports [23] suggest that Rab 11 in N2a cells does not significantly 

alter APP processing. However, our study hint that Rab11 in neuroblastoma cells might 

drive exosomes release preventing fusion of MVBs with lysosomes, as previously reported 

in an erythroleukemia cell line of human origin [22] and support the concept formerly 

described [52] that this mechanism is likely to be critical in neuronal cells determining the 

secretory fate of a transport vesicle.

Although in this work we did not demonstrate that cytosolic IDE translocates to the lumen 

along the endocytic pathway we cannot rule out this possibility to explain the finding of IDE 

on the extracellular side of the plasma membrane and exosomes. Alternatively, it may be 

also possible that cytosolic IDE translocates to endosomes, as previously suggested [53], 

and further routed to the degradation pathway or that portions of cytosol containing IDE 

may be sequestered by the phagophore and incorporated into the autophagolysosome which 

may fuse with MVBs [54] precluding in these cases the detection of IDE in the lumen of 

exosomes.

We describe that exosomes contributed to the release of IDE from N2a cells in both the 

basal and stress-induced state. Specifically, we showed that hypoxia enhanced the exosome 

secretory rate, as previously reported in a different cell line [25], and increased the 

extracellular levels of IDE suggesting that both events are physiologically linked.

It was previously reported that hypoxia promotes Aβ over-production by enhancing BACE 

and γ-secretases activities on the Aβ precursor protein [28, 29]. In our experiments we 

showed increased exosomal release and increments in the exosomal IDE-associated levels, 
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which means that under hypoxic conditions IDE is overexpressed and released by exosomes. 

In silico analysis of IDE promoter [55] showed hypoxia responsive elements (HRE) which 

may bind Hif-1α/β. In this regard, it is possible that short periods of hypoxia (2–8 h at 1 % 

O2) as described in the previous reports [29] are not enough to promote IDE transcription 

and/or exosomes release and this may explain Aβ increments. This hypothesis is supported 

by recent experimental evidences showing in NB7 cells, increments on mRNA transcripts of 

neprilysin (NEP), another relevant Aβ degrading protease, after 24 h of incubation under 

reduced oxygen content to 2.5% [56]. The observation that the steady-state levels of 

extracellular Aβ were not significantly changed in cells exposed to low O2 levels suggested 

that the increments on Aβ production were balanced by increasing the levels of either 

plasma membrane associated or extracellular Aβ-proteases. The hypoxia-mediated increase 

in exosomes release and extracellular IDE support the participation of IDE in this 

homeostatic mechanism.

Whether exosomes-associated IDE could play a role in the pathogenesis of AD is yet to be 

studied but the evidences that Aβ and IDE are present in plasma-membrane lipid rafts [10], 

are enriched in the amyloid plaques [57], are components of a stable complex in the brain 

[58] and are both detected in exosomes reinforce the hypothesis that the interaction of Aβ 

with IDE takes place in restricted compartments that require a proper sorting of the protease 

to regulate Aβ catabolism. Taking into account the recently reported evidences supporting 

the functional importance of lipidated APOE and extracellular IDE in the proteolytic 

degradation of soluble Aβ [11], the present study documents the first described pathway for 

IDE secretion. The fact that IDE faces the outer side of exosomes and plasma-membrane 

[10, 45], may be relevant to the interaction with lipidated APOE-Aβ complexes spread in the 

interstitial brain fluids facilitating the clearance of extracellular Aβ. Our data raise the 

possibility that the mis-sorting of IDE to exosomes may be a novel post-translational 

mechanism involved in a defective extracellular Aβ clearance. In this regard, it is important 

to note that abnormally large early endosomes, the precursors of MVBs, and lysosomes are 

detected in early stages of AD [59]. Under pathologic conditions, it is possible that the 

fusion of late endosomes/MVBs with autophagosomes, to further mature into lysosomes, is 

favored over the interaction of MVBs with the plasma membrane to release exosomes. In 

this context and taking into account our data, the secretion of extracellular IDE may be 

strongly impaired under such conditions.

In conclusion, here we have generated several experimental evidences showing an exosome-

based mechanism in the targeting of IDE to the extracellular space of N2a cells. Besides its 

potential relevance for the degradation of extracellular Aβ, the presence of IDE in exosomes 

may have a number of still unexplored implications and is a challenge for future research.
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Fig. 1. IDE is not secreted by the classical ER-Golgi secretory pathway
A. Upper panel, representative phosphorimage scan of the immunoprecipitation of IDE and 

sαAPP from N2aSW cells metabolically labeled with 300 µCi of L[35S]-methionine and 

treated with 7 µM MON or 18 µM BFA for 7 hours. IDE was immunoprecipitated by using 

1C1/3A2 monoclonal antibodies. Immunoprecipitation of sαAPP with 6E10 was performed 

as a control for an ER-Golgi dependent transported protein. Lower panel, bars show the 

semi-quantitative analysis of IDE immunoreactivity expressed in arbitrary units (A.U.) in 

control and treated-cells. MON stimulates IDE release compared to control (CTL) (1 ± 0.2 
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vs. 2.7 ± 0.1; n=3; *p<0.05) while low temperatures (18°C) almost abolished IDE release 

(0.06 ± 0.03 vs. 1 ± 0.2; n=3; **p<0.0001). No significant differences were observed during 

BFA treatment as compared to control. B. Bars show the fluorescence in arbitrary units 

(A.U.) at 350/385 nm of N2a cells loaded with Fura-2-AM in the absence or presence of 7 

µM MON or 7 µM MON/1.5 mM EGTA. Intracellular Ca2+ levels were significantly 

increased in MON treated cells as compared with CTL (*p<0.05)
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Fig. 2. LBPA and N-Rh-PE decorate MVBs from N2a cells containing IDE
Live immunofluorescence of N2a cells showing: a. MVBs specifically labeled with the anti-

LBPA (green) and b. positive for the fluorescent lipid analog N-Rh-PE (red). e. MVBs 

positive for the fluorescent lipid analog N-Rh-PE (red) and f, specifically labeled with anti-

IDE 1C1/3A2 monoclonal antibodies (green). Merge, c. Co-localization of LBPA with N-

Rh-PE (arrowheads) and g, co-localization N-Rh-PE and IDE (arrows). Nuclei (blue) were 

stained with Hoesch 33342. d and h. Contrast phase microphotographs show cellular 

integrity. Bar size= 5µm.
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Fig. 3. Monensin and calcium ionophore induce the formation of large MVBs containing IDE
Live immunofluorescence of N2a cells showing MVBs specifically labeled with the 

fluorescent lipid analog N-Rh-PE (red) and anti-IDE 1C1/3A2 monoclonal antibodies 

(green) in cells treated with 7 µM MON; 7 µM MON/1.5 mM EGTA; 1 µM A23187 or 1 µM 

A23187/1.5 mM EGTA, respectively. Merge, show co-localization of IDE with MVBs 

(arrows). White broken line delineates the borders of the cells. Bar size= 5µm.
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Fig. 4. IDE is released in association with exosomes
A. Representative Western blot of IDE, flotillin, Bip and NIC, respectively, of membrane 

pellets from differential centrifugation of N2a supernatant. P2= pellet after 12,000 xg; P3= 

pellet after 100,000 xg. Same amount of protein was loaded in each well. B. Electron-

microscopic observation of whole-mounted exosomes purified from N2a cells. Arrows 

indicate exosomes, arrowheads point to smaller non-exosomal vesicles. Scale bar, 100 nm. 

Inset: Immunogold showing co-localization of TfR (15-nm gold particles) and IDE (6-nm 

gold particles). Scale bar, 50 nm. C. Representative Western blot showing IDE and Hsp/
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Hsc70 immunoreactivity in purified exosomes subjected (+) or not (−) to Proteinase K (PK) 

limited proteolysis. D. Upper panel, representative Western blot showing IDE 

immunoreactivity after specific immunoprecipitation from N2aSW culture media untreated 

(+) or exosome-depleted (−). Bars show semi-quantitative analysis of IDE levels expressed 

in arbitrary units (A.U.) in untreated (+) compared to exosomes-depleted (−) supernatants. 

(1.06 ± 0.06 vs. 0.5 ± 0.1; n=3; *p<0.05).
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Fig. 5. Exosomes-associated IDE is proteolytically active
Exosomes were resuspended and sonicated in degradation buffer containing protease 

inhibitors PMSF, leupeptin, pepstatin, aprotinin, thiorphan and phosphoramidon with or 

without EDTA (5 mM) and 1,10-phenanthroline (1 mM). Homogenates were incubated with 

35.000 cpm of 125I-insulin for 3 hours and degradation was analyzed by SDS-PAGE 

followed by PhosphorImager quantitation. Upper panel, representative phosphorimage of 

insulin degradation mediated by exosomal IDE. Lower panel, semi-quantitative analysis of 
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insulin degradation expressed in arbitrary units (A.U.) in the presence (+) or absence (−) of 

EDTA/1,10 Phe (0.5 ± 0.1 vs. 1 ± 0.05; n=3; *p<0.05).
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Fig. 6. VPS4 modulates the exosomal pathway, IDE release and the catabolism of endogenous Aβ

A. N2aSW cells transiently transfected with the empty vector pEGFP (mock) or pEGFP-

VPS4-E228Q (VPS4-E228Q), respectively, show the characteristic cellular expression 

pattern. Panel a, arrows indicate MVBs structures significantly enlarged in VPS4-E228Q. 

Panel b, contrast phase microphotograph shows integrity of the cell depicted in panel a. Bar 

size= 5µm. B. Exosomes isolated from VPS4-E228Q transfected cells show a significant 

decrement in AChE activity as compared to mock transfected cells (100.0 ± 0.58 vs. 86.10 ± 

2.70; n=3; *p<0.05). C. Upper panel, representative phosphorimage of extracellular IDE and 
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sAPP immunoprecipitated from conditionated supernatants of mock and VPS4-E228Q 

transfected cells. Lower panel, semi-quantitative analysis of extracellular IDE/sAPP 

expressed in arbitrary units (A.U.). Bars show a significant decrement in VPS4-E228Q as 

compared to mock transfected cells (1.95 ± 0.27 vs. 2.47 ± 0.28; n=3, *p<0.05). D. Bars 

represent the fold increase over background of extracellular Aβ levels from mock and VPS4-

E228Q N2aSW transfected cells (n=3). E. Upper panel, representative western blot of APP-

CTF and tubulin expression. Lower panel, similar levels of BACE mRNA transcripts were 

detected in mock and VPS4-E228Q N2aSW transfected cells (1.007 ± 0.04 vs. 1.008 ± 0.01; 

n=3, p=0.99).
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Fig. 7. Rab 11 modulates the exosome pathway and IDE release
A. Exosomes isolated from Rab11WT (WT) transfected cells show significant increments in 

AChE activity as compared to p-EGFP (V) control cells (4.5 ± 0.10 vs. 1.0 ± 0.05; n=2; 

*p<0.05) while no significant differences were obtained between control and Rab11S25N 

(S25N) transfected cells (1.0 ± 0.05 vs. 0.90 ± 0.01). B. Increments in the amount of 

exosome in Rab11WT (WT) were in accordance with increased exosomal-IDE levels as 

compared to p-EGFP control (V) (1.8 ± 0.1 vs. 1.2 ± 0.1; n=2; *p<0.05) while no 

differences were detected between exosomal-IDE levels from Rab11S25N (S25N) and 
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control cells (V) (1.0 ± 0.05 vs. 1.2 ± 0.1). C. Bars represent the mean ± S.E.M. of 

extracellular Aβ in p-EGFP (V) N2a control cells as compared to Rab11WT (WT) 

transfected cells (437.68 ± 32.94 pg/mg total protein vs. 807.86 ± 66.23 pg/mg total; n=3, 

*p<0.05).
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Fig. 8. Hypoxia stimulates enlargement of MVBs containing IDE and exosomal release
A. N2aSW cells were subjected to normoxia (panels a–d) and hypoxia (panels e–h) followed 

by MVBs (red) (panels a and e) and IDE (green) (panels b and f) labeling. Significant 

increment in the size MVBs (arrows) containing IDE was detected in hypoxia as compared 

to normoxia (arrowheads) (size particle 9.9 ± 0.9 vs. 4.6 ± 0.3 pixels/particle; n= 18 cells, 

p<0.05). Merge (panels c and d), indicate co-localization of IDE and MVBs. Nuclei (blue) 

were stained with Hoesch 33342. Contrast phase microphotographs show cellular integrity. 

Bar size= 5µm. B. Exosomes isolated from N2aSW hypoxic cells (H) show increased AChE 
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activity (left panel) (4.6 ± 0.1 vs. 1.5 ± 0.2; n=4; *p<0.001) and Hsp70 immunoreactivity 

(right panel) (3.5 ± 0.2 vs. 2.4 ± 0.05; n=3, *p<0.05) as compared to normoxic cells (N).

Bulloj et al. Page 31

J Alzheimers Dis. Author manuscript; available in PMC 2015 April 29.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 9. Hypoxia stimulates BACE transcription, APP-CTF generation and IDE release
A. BACE mRNA levels in N2aSW cells are increased in hypoxia (H) as compared to 

normoxia (N) (7.3 ± 1.3 vs 1.1 ± 0.1.; n=2, * p<0.05). B. Upper panel, representative 

western blot of APP-CTF and tubulin expression. Lower panel, semi-quantitative analysis of 

APP-CTF/tubulin immunoreactivity expressed in arbitrary units (A.U.). Bars show 

significant increments in H as compared to N (1.53 ± 0.1 vs. 1.03 ± 0.03; n=2, *p<0.05). C. 

Bars represent the mean ± S.E.M. of extracellular Aβ in hypoxia as compared to normoxia 

(475.01 ± 120.28 pg/mg total protein vs. 454.42 ± 52.03 pg/mg total; n=4, p=0.88). D. 

Upper panel, representative phosphorimage of extracellular IDE immunoprecipitated from 

condionated supernatants of normoxic (N) and hypoxic (H) cells. Lower panel, semi-

quantitative analysis of extracellular IDE expressed in arbitrary units (A.U.). Bars show 

significant increments in H as compared to N (1.8 ± 0.03 vs. 1.07 ± 0.04; n=3, * p<0.05).
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