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Neutral Sphingomyelinase-2 Deficiency Ameliorates
Alzheimer’s Disease Pathology and Improves Cognition in
the 5XFAD Mouse
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Recent evidence implicates exosomes in the aggregation of A� and spreading of tau in Alzheimer’s disease. In neural cells, exosome
formation can be blocked by inhibition or silencing of neutral sphingomyelinase-2 (nSMase2). We generated genetically nSMase2-
deficient 5XFAD mice ( fro;5XFAD) to assess AD-related pathology in a mouse model with consistently reduced ceramide generation. We
conducted in vitro assays to assess A�42 aggregation and glial clearance with and without exosomes isolated by ultracentrifugation and
determined exosome-induced amyloid aggregation by particle counting. We analyzed brain exosome content, amyloid plaque formation,
neuronal degeneration, sphingolipid, A�42 and phospho-tau levels, and memory-related behaviors in 5XFAD versus fro;5XFAD mice
using contextual and cued fear conditioning. Astrocyte-derived exosomes accelerated aggregation of A�42 and blocked glial clearance of
A�42 in vitro. A�42 aggregates were colocalized with extracellular ceramide in vitro using a bifunctional ceramide analog preloaded into
exosomes and in vivo using anticeramide IgG, implicating ceramide-enriched exosomes in plaque formation. Compared with 5XFAD
mice, the fro;5XFAD mice had reduced brain exosomes, ceramide levels, serum anticeramide IgG, glial activation, total A�42 and plaque
burden, tau phosphorylation, and improved cognition in a fear-conditioned learning task. Ceramide-enriched exosomes appear to
exacerbate AD-related brain pathology by promoting the aggregation of A�. Reduction of exosome secretion by nSMase2 loss of function
improves pathology and cognition in the 5XFAD mouse model.
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Introduction
Alzheimer’s disease (AD) is characterized by the accumulation of
neurotoxic and gliotoxic amyloid-� (A�) peptides processed

from the amyloid precursor protein (APP) by a series of pro-
teases. Another hallmark of AD is the accumulation of highly
phosphorylated forms of the microtubule-associated protein tau
(p-tau), a chief component of neurofibrillary tangles (Bertram
and Tanzi, 2008). Although alternative hypotheses are being ex-
amined, it is still widely accepted that A� accumulation is the
primary cause for the development of AD (Musiek and Holtz-
man, 2015). However, strategies used to date to prevent A� for-
mation or secretion have not been successful. The inability to
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Significance Statement

We present for the first time evidence, using Alzheimer’s disease (AD) model mice deficient in neural exosome secretion due to
lack of neutral sphingomyelinase-2 function, that ceramide-enriched exosomes exacerbate AD-related pathologies and cognitive
deficits. Our results provide rationale to pursue a means of inhibiting exosome secretion as a potential therapy for individuals at
risk for developing AD.
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interrupt amyloid plaque nucleation and propagation to enhance
A� clearance represents a critical barrier to progress in AD pre-
vention or treatment.

Ceramides are membrane lipids comprised of a long-chain base
(sphingosine) with an amide linkage to a fatty acid. Ceramides can
be synthesized de novo in the endoplasmic reticulum or generated
from the hydrolysis of sphingomyelin by sphingomyelinases in the
cytosol or endolysosomal compartments. Ceramide is known to
play a number of roles, including cellular stress response (Nikolova-
Karakashian and Rozenova, 2010), apoptosis (Shamseddine et al.,
2015), and inflammation (Gomez-Muñoz et al., 2016), and can be
upregulated in cells by proinflammatory cytokines elevated in AD
(Dbaibo et al., 1993; Mathias et al., 1993; Rubio-Perez and Morillas-
Ruiz, 2012). Ceramide is elevated in human brain during AD and is
proposed to be a predictive serum biomarker (Alessenko et al., 2004;
Satoi et al., 2005; Marks et al., 2008; Wang et al., 2008; Mielke et al.,
2010; Filippov et al., 2012; Mielke et al., 2012).

As a consequence of elevated ceramide, neural cells release
exosomes, nanoscale (40 –150 nm diameter) vesicles that are gen-
erated by inward budding of the limiting membrane of multive-
sicular endosomes (MVEs) and released from cells when MVEs
fuse with the plasma membrane (Trajkovic et al., 2008; Kowal et
al., 2014). The study of exosomes has emerged as a new field in
bioscience that may have particular importance for AD. Evidence
collected to date suggests that an elevation of exosomes in the
brain may play an active role in AD progression (Asai et al., 2015;
Joshi et al., 2015) and that a concomitant elevation of A�-positive
exosomes in the serum could serve as an early biomarker of AD
(Fiandaca et al., 2015). A� and APP C-terminal fragments have
been shown to be secreted in association with exosomes from
various sources (Rajendran et al., 2006; Sharples et al., 2008;
Perez-Gonzalez et al., 2012) and exosomes can accelerate A� ag-
gregation (Yuyama et al., 2012; Dinkins et al., 2014; Falker et al.,
2016). Exosome secretion can be significantly reduced in neural
cell types by inhibiting or silencing neutral sphingomyelinase-2
(nSMase2) (Trajkovic et al., 2008; Yuyama et al., 2012; Dinkins et
al., 2014; Asai et al., 2015), which can also suppress glial activation
(Kobayashi et al., 2012; Wang et al., 2012; Gu et al., 2013). It is not
known whether genetic ablation of nSMase2 has beneficial effects
on AD progression and cognition in aging mice. Here, we show
for the first time that reducing exosomes through nSMase2 defi-
ciency by crossing in the fragilitas ossium ( fro/fro; denoted simply
as fro in this work) allele (Guénet et al., 1981) to the 5XFAD
mouse model, which normally exhibits accelerated A� plaque
formation, alleviates the progression of A� pathology and im-
proves cognition.

Materials and Methods
Animals and reagents. To generate fro;5XFAD mice, we crossed 5XFAD
mice (Oakley et al., 2006; SJL background; The Jackson Laboratory) with
the fro mouse (C3H background; gift from Dr. Christophe Poirier, Indi-
ana University, Indianapolis), which carries a deletion in the sphingomy-
elin phosphodiesterase-3 gene that encodes nSMase2 (NCBI gene ID:
58994; Aubin et al., 2005). Mice were handled according to the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals.
All procedures involving mice were approved by the Augusta University
Institutional Animal Care and Use Committee.

A�42 and HiLyte488-A�42 were purchased from AnaSpec, dissolved in
1% ammonia, and diluted in PBS to 1 mg/ml. Rabbit anticeramide IgG
for immunohistochemistry was generated in our laboratory (Krishna-
murthy et al., 2007). PHF-1 antibody (anti-pS396/404-tau) was a gift
from Dr. Peter Davies (Albert Einstein College of Medicine, New York,
NY), and anti-pS262-tau (44 –750G) was from Biosource. Anti-A� anti-
bodies were from ThermoFisher (rabbit monoclonal, H31L21) and Mil-

lipore (mouse, 4G8). Antibodies against TSG101 (C-2), Alix (1A12), glial
fibrillary acidic protein (GFAP; C-19), actin (C-2), and total Tau (Tau46)
were from Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-
conjugated cholera toxin B subunit was from Sigma-Aldrich. All second-
ary antibodies were from Jackson ImmunoResearch. Anti-CD11b and
anti-ACSA2 magnetic microbeads and columns were obtained from
Miltenyi Biotec. Ceramides, including pacFA-ceramide [N-(9-(3-
pent-4-ynyl-3-H-diazirin-3-yl)-nonanoyl)-D-erythro-sphingosine], were
from Avanti Polar Lipids. FluoroJade B was from Histo-Chem and Exo-
Quick was from System Biosciences.

Primary cell culture. Glial cultures were prepared from pooled male
and female C57BL/6 (The Jackson Laboratory) P0 mouse cortices and
cultured in DMEM � 10% fetal bovine serum (Atlanta Biologicals) as
described previously (Wang et al., 2008). For A� clearance assays, glial
cultures were labeled with Anti-ACSA2 or anti-CD11b microbeads to
separate astrocytes and microglia, respectively, through a magnetic col-
umn (Miltenyi) before culture in 12-well plates. For exosome collection,
astrocytes were passed to 100 mm plates and, when confluent, changed to
serum-free DMEM containing 50 �M of the sphingomyelin synthase
inhibitor D609 to raise ceramide levels and stimulate exosome secretion.

Exosome preparation and analysis. Exosomes were harvested from con-
ditioned medium by differential ultracentrifugation as described previ-
ously (Guescini et al., 2010; Wang et al., 2012) and resuspended in
serum-free DMEM for A� clearance assays. For Western blot analysis,
exosomes were resuspended directly in 2� SDS sample buffer (Sigma-
Aldrich). Serum exosomes were isolated using ExoQuick as directed by
the manufacturer’s protocol (Taylor et al., 2011) and resuspended in 2�
SDS sample buffer. For nanoparticle tracking analysis (NTA) with the
ZetaView PMX110 (Particle Metrix) system (Mehdiani et al., 2015), exo-
somes were resuspended and diluted in PBS. Polystyrene beads (100 nm)
were used for instrumental calibration. Two-milliliter diluted samples
were injected into the ZetaView cell and NTA measurements were re-
corded at 11 positions with two cycles each position. Acquisition param-
eters were as follows: temperature 23°C, sensitivity 70, 30 frames/s,
shutter speed 100, and laser pulse duration equal to that of shutter
duration.

Brain dissociation for extracellular vesicle analyses. Adult male 5XFAD
and fro;5XFAD mice were perfused with PBS after anesthesia to eliminate
serum vesicles and whole brains were dissected. Tissue dissociation was
performed using the gentleMACS Octodissociator and the Adult Brain
Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s pro-
tocol to reduce variability of tissue homogenates. Briefly, brain tissue was
minced and digested with a proprietary enzyme solution on the gen-
tleMACS dissociator adult brain program. The dissociated tissue was
diluted with PBS containing calcium and magnesium and subjected to
differential ultracentrifugation as described previously (Perez-Gonzalez
et al., 2012). Briefly, cellular suspensions were successively centrifuged at
300 � g (10 min), 2000 � g (10 min), and 20,000 � g (30 min) and then
passed through a 0.2 �m filter before ultracentrifugation at 110,000 � g
(90 min). The resulting pellets were resuspended in PBS for downstream
analyses.

Lipid analyses. For ceramide analysis, lipids were extracted from vesi-
cles, cells, and tissue using the Folch extraction method with 2:1 chloro-
form:methanol (Folch et al., 1957). Brain tissue ceramides of different
fatty-acyl chain lengths and other sphingolipids were quantified using
LC-MS/MS by the lipidomics core facility at the Medical University of
South Carolina, Charlston (Dr. Jacek Bielawski, director). For thin-layer
chromatography (TLC) and dot blots, extracted lipids from vesicles and
cells were dried under nitrogen and subsequently resolubilized (chloro-
form:methanol, 1:1 for TLC; ethanol:PBS, 1:1 for dot blots). TLC plates
were loaded as to normalize lipid to protein or cholesterol as indicated,
developed using chloroform:methanol:glacial acetic acid (95:4.5:0.5),
and visualized by charring with 3% cupric acetate (w/v) in 8% phos-
phoric acid (v/v). Dot blots were probed with HRP-cholera toxin B sub-
unit to bind GM1.

Sample preparation for ELISA, histochemistry, and immunolabeling
analyses. Brains from both male and female mice were divided in half
down the midline for ELISA and sectioning. The human A�42 ELISA kit
(ThermoFisher) was used according to the manufacturer’s protocol to
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measure A�42 in brain tissue. A� plaques were labeled in frozen, fixed
brain tissue with thioflavin-S as described in detail previously (Dinkins et
al., 2014; Dinkins et al., 2015). FluoroJade B staining and immunolabel-
ing of fixed cells and brain tissue were also performed as described pre-
viously (Wang et al., 2008; Wang et al., 2012; Dinkins et al., 2014). For
cells incubated with pacFA-ceramide, all procedures before UV cross-
linking were performed in the dark. pacFA-ceramide was loaded into
astrocytes at 5 �M (diluted 1:1000 from a stock in 98% ethanol � 2%
dodecane) for 5 h and then washed. After 24 h of additional culture,
astrocytes were treated with 0.5 �M Hi-Lyte488 A�42 with or without
pacFA-ceramide-loaded exosomes. The cells receiving pacFA-ceramide-
preloaded exosomes were not previously exposed to pacFA-ceramide.
After 12 h, the cultures received fresh medium and were cross-linked by
UV irradiation (365 nm for 5 min) at room temperature. Control cells
did not receive UV irradiation. All cells were fixed with ice-cold methanol
and washed with 1:1 chloroform:methanol and finally with methanol,
which removes non-cross-linked pacFAceramide and other lipids.
Cross-linked pacFA-ceramide was fluorescently labeled with Alexa Fluor
647 azide using a click reaction as described previously (Kong et al., 2015)
before other immunolabeling.

A� clearance assays. Astrocytes or microglia were cultured in 12-well
plates to confluency. Astrocyte exosomes were resuspended in serum-
free DMEM and preincubated with 2.5 �M A�42 at 37°C (200 �l). After
5 h, A� with and without exosomes was added to glial cultures in serum-
free DMEM for 4 or 18 h (1 ml total, 0.5 �M final A� concentration). Cells
were washed 3� with warm PBS and prepared for ELISA by lysis in a 1%
Triton X-100 lysis buffer containing protease inhibitor mixture (Sigma-
Aldrich). To remove surface-associated A�, cells were treated with 0.05%
trypsin treatment for 3 min and then washed 3� with PBS before ELISA
(Verghese et al., 2013). Protein content was measured by the Lowry
method (RC-DC assay kit; Bio-Rad).

Contextual and cued fear conditioning and shock threshold. Fear-
conditioned associative learning was assessed in male mice and analyzed
(double-blinded) as described previously (Dineley et al., 2002). Briefly,
mice were introduced into a novel environment (sound-attenuated
chamber; Med Associates). After a 3 min exploration period, a 30 s white
noise acoustic (cued) stimulus was presented, followed by the delivery of
a scrambled 2 s electric shock (0.5 mA, contextual stimulus) to the floor
grid. A second acoustic and electric shock stimulus pairing was initiated
after 2 min and the session ended after an additional 2 min exploration
period. After 24 h, the mice were returned to the same environment for 5
min to assess contextual fear learning. After a 4 h rest period, the mice
were placed in a novel environment for a 3 min exploration period,
followed by the presentation of same acoustic (white noise) stimulus on
the day prior for an additional 3 min to assess cued fear learning. All
sessions were video recorded and freezing behavior was assessed and
scored every 5 s to report the percentage of freezing per session in total or
1 min bins. To validate fear-conditioning data, sensory perception of all
fear conditioning-tested mice was determined by shock threshold exam-
ination. Mice received single shocks in the environment used for training
and contextual fear testing. Shocks were delivered every 30 s beginning at
0.1 mV up to 0.7 mV and mice were monitored for vocalization, flinch-
ing, and scattering behaviors. No further shocks were delivered once an
animal displayed jumping or scattering behavior.

Statistical analyses. To analyze amyloid plaques, images were taken of
the retrosplenial, somatosensory, motor, and auditory cortex (four sec-
tions per animal) and analyzed with ImageJ (blinded) for plaque num-
ber, plaque area, and average plaque size. Western blot and TLC bands
were also quantified using ImageJ. Data were analyzed using GraphPad
Prism by t test, one-way, or two-way ANOVA as appropriate with Bon-
ferroni post hoc testing. All p-values are shown in the figures.

Results
Brain-cell-derived exosomes promote A� aggregation and
reduce glial A� clearance
Increases in astroglial ceramide are known to affect neuron func-
tion negatively in AD and mouse models (Satoi et al., 2005; Patil
et al., 2007; Jana and Pahan, 2010). We previously reported ele-

vated astrocyte ceramide levels in an AD mouse model (Wang et
al., 2008) and, when challenged with A�25-35 in vitro, astrocytes
secrete ceramide-enriched exosomes (Wang et al., 2012). We
show here that in vitro-cultured primary mouse astrocytes treated
with 1 �M A�42 doubled their ceramide levels (Fig. 1A) and up-
regulated secretion of exosomes as quantified using Western blot
analysis of ESCRT and related proteins associated with endo-
somal transport and present in secreted vesicles (Alix, TSG101;
Fig. 1B) and ZetaView NTA (data not shown). nSMase2-deficient
fro astrocytes did not respond with exosome secretion to A�
challenge. However, both wild-type (WT) and fro astrocytes se-
creted exosomes when treated with the sphingomyelin synthase
inhibitor D609 (Fig. 1B), which elevates ceramide levels synthe-
sized de novo (Luberto and Hannun, 1998; Dinkins et al., 2014).
ZetaView NTA revealed that the majority of vesicles secreted by
astrocytes to be between 83 and 218 nm in diameter with a me-
dian/mode of 132/135 nm, consistent with a population of exo-
somes (Fig. 1C). In addition, we found that GM1, a ganglioside
shown to be important in neuronal exosome-stimulated A� ag-
gregation (Yuyama et al., 2012; Yuyama et al., 2015), A�-seeding
(Hayashi et al., 2004), and sequestration of A� oligomers (Hong
et al., 2014) was enriched in astrocyte exosomes as determined by
dot-blot analysis of exosome pellets and whole astrocytes using
the cholera toxin B subunit as a probe (Fig. 1D). Astrocyte exo-
somes also stimulated the aggregation of A�. Using ZetaView
NTA, we determined that the diameter of exosomes incubated
for 24 h with A�42 was increased by �30% compared with exo-
somes held in buffer, which corresponds to a particle volume
increase of 2.2-fold (Fig. 1E). This increase in exosome diameter
was blocked by an anticeramide antibody (Fig. 1E), which can be
used to isolate exosomes and other ceramide-enriched vesicles
(He et al., 2012; Wang et al., 2012). Western blot analysis also
showed that astroglial exosomes promoted the appearance of A�
in various oligomeric forms (Fig. 1F, lanes 2 and 3), which was
previously unreported, as well as higher-molecular-weight spe-
cies (Fig. 1G). The published literature contains examples of in-
terchangeable use of the terms “exosome” (smaller, secreted
vesicles) and “microvesicles” (shed vesicles, which tend to be
larger in size and pellet at 10,000 to 20,000 � g), with others using
the more generic term “extracellular vesicles” (EVs). Our NTA
and molecular analyses indicate isolation of a mostly exosomal
population based on centrifugation conditions that remove
larger microvesicles before ultracentrifugation or ExoQuick-
based isolation and also on markers of four EV populations re-
ported in a recent proteomic study (Kowal et al., 2016). We will
refer to our preparations as both exosomes and EVs because there
is currently no method available to ensure the isolation of a spe-
cific population of vesicles.

We then investigated whether ceramide-enriched EVs associ-
ated with A� aggregates in vitro and in vivo. Using an anticera-
mide IgG (Krishnamurthy et al., 2007), we regularly found
A�42-containing plaques in the 5XFAD mouse brain surrounded
by GFAP-positive reactive astrocytes that had a dense ceramide
core (Fig. 2A). Because it was shown previously that exosomal
proteins accumulated in the plaques of AD patients (Rajendran et
al., 2006), it is likely that this dense ceramide labeling (Fig. 2A) is
due to the presence of ceramide-enriched exosomes acting as a
seed for plaque formation. We investigated this phenomenon
with astrocytes in vitro using a bifunctional ceramide analog,
pacFA-ceramide (pacFA-cer), which has been used previously in
our laboratory (Kong et al., 2015). The fatty acid of pacFA-cer
contains a terminal alkyne group for Click chemistry labeling and
a diazirine group for UV cross-linking to ceramide-binding pro-
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teins. Cells loaded with pacFA-cer, but that were not UV cross-
linked, showed no Click reaction-dependent labeling (Fig. 2B),
whereas cells exposed to UV light showed labeling of plasma
membrane and intracellular structures (Fig. 2C and unpublished
observations). A third group of astrocytes were not exposed to
pacFA-cer directly, but were exposed to pacFA-cer-loaded EVs
(loaded separately under the same conditions as cells). At the
same time pacFA-cer-loaded EVs were added to cells, 0.5 �M

Hi-Lyte488-A�42 (A�-488) was added to all three groups. In the
absence of EVs, we observed A�-488 aggregates (5–20 �m diam-
eter) associated with the plasma membrane of astrocytes (Fig.

2B,C; see orthogonal views in Fig. 2G showing the bulk of A� is
not in plane with intracellular components), as well as colocaliz-
ing with lysosomes (LysoTracker Red DND-99; Fig. 2E). In the
presence of pacFA-cer-loaded EVs, we observed dense aggregates
of A�-488 that colocalized with pacFA-cer, indicating that the
pacFA was cross-linked to proteins in the EVs (Fig. 2D,G). We
did not observe any differences in colocalization of A�-488 with
LysoTracker in the presence of EVs, although there appeared to
be comparatively more extracellular A�-488 aggregates in these
samples (Fig. 2F). Quantification of A�-488 signal from 20�
confocal projections of these cultures showed an �5-fold in-

Figure 1. Astrocyte-derived exosomes accelerate aggregation of A�42. A, Quantification of ceramide by densitometry of high-performance thin-layer chromatography after 24 h exposure of
primary astrocytes to 1 �M A�42 (n � 3). B, Western blot analysis of exosome markers Alix and TSG101 from WT and fro/fro astrocytes after differential ultracentrifugation of conditioned medium.
Lanes represent pellets from equivalent amount of medium. C, Representative histograms showing ZetaView-measured (left) particle concentration ( y-axis) versus diameter (x-axis) and (right)
volume ( y-axis) versus diameter of astrocyte exosomes with descriptive statistics listed on the right. D, Dot-blot comparison of astrocyte- and exosome-derived lipids and standards probed with
cholera toxin B subunit to detect GM1 ganglioside. E, ZetaView-measured particle diameter of exosomes alone or in the presence of A�42 with and without anticeramide IgG. Box plots show median
diameter, with bars indicating the 10th to 90th percentile range (n � 3). F, G, Western blot analyses of A�42 after incubation alone or in the presence of exosomes showing various aggregation
states. Lines above the blot images indicate multiple samples run side by side (in F, n � 2 samples of A�� EVs; in G, 2 lanes of EVs only and 3 lanes of A�� EVs). In G, the spots on the left side of
the blot image are due to nonspecific background.
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Figure 2. Ceramide-enriched exosomes accelerate A� deposition at the cell surface and reduce glial A� clearance in vitro. A, Confocal micrographs of brain tissue from 10-month-old 5XFAD mice
labeled for A�42, ceramide and GFAP as indicated showing ceramide localization at the core of A�42 plaques. B–D, Confocal projections of cultured astrocytes exposed to HiLyte488-A�42 after
preloading with pacFA-ceramide (B, C) or upon concomitant addition of pacFA-ceramide-loaded EVs (D); pacFA-ceramide was labeled by Click reaction with Alexa Fluor 647-azide followed by GFAP
immunolabeling. E, F, Confocal projections of cultured astrocytes exposed to HiLyte488-A�42 in the absence (E) or presence (F ) of EVs and labeled with LysoTracker Red DND-99 followed by GFAP
immunolabeling. G, Confocal micrograph of cultured astrocytes labeled pacFA-ceramide (Alexa Fluor 647) and immunolabeled for GFAP and A�42 with orthogonal views to indicate extracellular and
intracellular planes. Scale bars: A–F, 20 �m; G, 10 �m. H, Quantification of A�42 aggregate size (area) from 20� views (data not shown) of confocal micrographs of astrocytes exposed to
HiLyte488-A�42 in the absence and presence of EVs (n�3, Student’s t test). I–K, A�42 ELISA data (uptake) after A� in vitro clearance assays with mixed glial cultures (I, K ) and astrocytes (K ) (n�3
each, 2-way ANOVA with Bonferroni post hoc test). All quantitative data shown are means � SEM.
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crease in extracellular aggregated A� in the presence of EVs (Fig.
2H). We next determined the ability of cultivated glia to clear
A�42 after incubation with astrocyte-derived exosomes. Consis-
tent with the above results, mild trypsin treatment of glial cells
before harvest (Verghese et al., 2013) demonstrated that the ma-
jority of A�42 was present in the extracellular space (Fig. 2I–K).
ELISA of mixed glial (astrocytes and microglia) lysates analyzed
after 4 h of incubation with A�42 with and without EVs showed
that cells incubated in the absence EVs were associated with more
A� than cells that received EVs. Trypsin treatment significantly
reduced the amount of A�42 detected by ELISA, indicating that
most of the A� was present extracellularly (Fig. 2I). After a 4 h
incubation, the majority of A� in culture would not have been
degraded by either lysosomes or secreted proteases. After 18 h,
there was still more A� associated with the cells cultured in the
absence of EVs that did not receive trypsin treatment, whereas
intracellular A� was only detectable slightly above background
level for trypsin-treated cells (see Fig. 2J for astrocytes; microglia
not shown). We confirmed these results using mixed glial cells
from fro mice, which do not respond to A� by elevating intracel-
lular ceramide or undergoing apoptosis (Fig. 1B; Wang et al.,
2012). WT and fro cells showed no difference in A�42 clearance in
the absence of EVs, whereas cells of both genotypes showed re-
duced A� clearance in the presence of EVs, but were not different
from each other (Fig. 2K). Because fro cells did not clear A�42

differently from WT cells in the presence or absence of EVs, we
pursued our further studies in fro mice to address the question of
whether exosomes contribute to AD pathology in vivo.

fro;5XFAD mice have reduced brain EVs, ceramides, and
serum anticeramide IgG levels
To address the question of whether nSMase2-dependent EVs are
involved in the development of AD pathology in vivo, we crossed
the 5XFAD mice with fro/fro mice, which are deficient in
nSMase2, the predominant nSMase expressed in mouse brain
(Liu et al., 1998; Tomiuk et al., 2000), to generate homozygous fro
mice bearing the 5XFAD transgenes ( fro;5XFAD). These fro mice
completely lack functional nSMase2 (Aubin et al., 2005) and are
hypothesized to be deficient in ceramide-enriched exosomes,
with this enzyme playing a key role in exosome formation and
secretion (Trajkovic et al., 2008; Yuyama et al., 2012; Kosaka et
al., 2013; Dinkins et al., 2014). We isolated brain exosomes
after PBS perfusion of 5XFAD and fro;5XFAD mice using the
gentleMACS Octodissociator based on the method of Perez-
Gonzales et al. (Perez-Gonzalez et al., 2012) with modifications.
ZetaView NTA particle size distribution profiles show a marked
difference in abundance of EVs at various sizes, with those from
fro;5XFAD mice being fewer in total number but also shifted to
right in size distribution (Fig. 3A with modes of 100 nm for
5XFAD and 120 nm for fro;5XFAD). When total EVs were quan-
tified by NTA, the fro;5XFAD brains showed a reduction to less
than half of the total EVs in the 5XFAD brain (Fig. 3B). In addi-
tion, the total protein content in the fro;5XFAD EV pellets was
significantly reduced (p � 0.01, data not shown) and there was a
reduction in the EV marker flotillin-2 by Western blot in the
fro;5XFAD mice when normalized to total brain volume (i.e.,
normalizing to protein content would require loading additional
total numbers of vesicles in each lane). We were unable to verify
markers such as Alix and TSG101 in the brain EV preparations
due to conditions used during their isolation (Fig. 3C, bottom).
The gentleMACS adult brain dissociation protocol employs a
proprietary mixture, likely containing mild proteases. To con-
firm this finding, we digested exosomes isolated from astrocyte

cell culture with 1 unit of papain (50°C for 30 min in PBS).
Western blots confirmed degradation of TSG101 (Fig. 3D) and
Alix (data not shown). To further characterize our isolated brain
EVs, we extracted the lipid components for TLC analysis. All
samples were spotted on TLC plates and normalized to choles-
terol because it has been shown that ceramides are more highly
enriched in EVs than cholesterol compared with their parent cells
(Record et al., 2014). All brain and astrocyte (for comparison) EV
samples were more highly enriched with ceramide per unit cho-
lesterol (Fig. 3E), with whole astrocyte and total brain cell extracts
displaying lipids not enriched in their respective EVs. When
quantified, the ceramide:cholesterol ratio of fro;5XFAD brain
was significantly reduced compared with 5XFAD (Fig. 3F, left),
but more variable in the EV pellets (Fig. 3F, right). However,
fro;5XFAD EV ceramide was significantly reduced compared
with 5XFAD EVs when normalized to protein (Fig. 3G). Next, we
investigated whether nSMase2 deficiency affected the level of se-
rum EVs in 5XFAD and fro;5XFAD mice. We have previously
used an antibody against the ESCRT-I accessory protein Alix to
determine relative quantities of astrocyte and serum exosomes by
Western blot because other markers are difficult to quantify due
to the presence of high levels of endogenous serum IgG (Dinkins
et al., 2014; Dinkins et al., 2015). Although ZetaView NTA gave
variable results for serum EVs, we found that fro;5XFAD mice
had significantly reduced levels of Alix protein in exosome pellets
isolated by chemical polymer methods (ExoQuick) or by tradi-
tional differential ultracentrifugation (Fig. 3H, I) and normal-
ized by starting serum volume, suggesting reduced Alix-positive
EVs in sera of fro mice.

It was reported previously that fro/fro mouse brain ceramides
were reduced by �60 –70% (Qin et al., 2012) and that nSMase2
inhibition lowered total brain ceramides (Tabatadze et al., 2010).
We found total ceramide levels in 3-month-old fro and fro;
5XFAD mouse brain to be reduced by �35– 40% compared with
WT and 5XFAD mice, respectively (Fig. 4A). The three most
abundant ceramides, C18:0, C24:1, and C18:1, are presented in
Figure 4, B–D, and in all cases they are significantly reduced in
fro;5XFAD mice compared with 5XFAD mice. It should be noted
that C18:0 and C24:1 ceramide are also the major ceramide spe-
cies found in exosomes secreted by astrocytes when exposed to
A� (Wang et al., 2012). Many of the minor ceramide species’
levels (e.g., C14:0, C20:1, C24:0) were not significantly different
among the genotypes, with the exception of C16:0 (Fig. 4E).
Other moderately abundant ceramides (C20:0, C22:1) also
showed no differences (Fig. 4F and data not shown, respectively).
Interestingly, 5XFAD brains had significantly reduced levels of
the neuroprotective lipid sphingosine-1-phosphate (S1P), al-
though total sphingosine levels were not different among the four
genotypes (Fig. 4G,H). S1P levels in fro;5XFAD mice were similar
to WT and fro mice (Fig. 4H), suggesting that expression or ac-
tivity of sphingosine kinases are restored in these animals, al-
though further analyses of this hypothesis is beyond the scope of
this study.

We recently reported that 5XFAD mice exhibited an age-
dependent increase in serum antibodies that recognized C18:0
and C24:1 ceramides by ELISA (Dinkins et al., 2015). To deter-
mine whether reduction of ceramides and/or ceramide-
enriched EVs leads to a decrease of the respective antibodies,
we measured the relative levels of anticeramide IgG in the sera
of 5XFAD, fro;5xFAD, and nontransgenic littermates with our
rabbit anticeramide IgG for comparison (Krishnamurthy et
al., 2007). Using lipid ELISA, we found no differences among
groups with respect to serum IgGs recognizing C18:0 sphin-
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gomyelin (Fig. 4I ). However, 5XFAD mice showed 2.0- to
2.5-fold more serum anti-C18:0, C24:1, and C16:0 IgG activity
than WT and fro mice. The fro;5XFAD mice also had signifi-
cantly lower anti-C18:0 and C24:1 (but not C16:0) ceramide
IgG than 5XFAD mice (Fig. 4J–L).

Neuronal degeneration and astrocyte activation is reduced in
fro;5XFAD mice
Neuronal degeneration and astrocyte activation are both
hallmarks of AD. We used the FluoroJade B (FJB) to label
degenerating neurons (Schmued and Hopkins, 2000) and
anti-GFAP to label astrocytes in the retrosplenial and entorhi-
nal cortex and hippocampus of 10-month-old 5XFAD and
fro;5XFAD brains in conjuction with anti-A�42 to visualize
plaques. FJB labeling was present in plaques of 5XFAD (�50%
association) mice and in fro;5XFAD mice to a lesser extent
(�20%; Fig. 4 M, N ). We confirmed that FJB was indeed label-
ing degenerating neurons rather than activated astrocytes
(Damjanac et al., 2007), as verified by presence of NeuN and
the absence of GFAP colabeling (images not shown). The fro;
5XFAD cortex and hippocampus exhibited a 50% reduction in
GFAP immunoreactivity compared with the 5XFAD litter-

mates (Fig. 4O,P). Because ceramide elevation is associated
with neuronal degeneration and astrocyte activation (Toman
et al., 2000; Toman et al., 2002; Jana et al., 2009; Wang et al.,
2012; Gu et al., 2013), we also examined ceramide in 5XFAD
brain sections and found that fro;5XFAD had an 85% reduc-
tion in ceramide immunoreactivity, as determined using anti-
ceramide antibody (Fig. 4Q,R).

Soluble and total A�42 levels and plaque burden in 5XFAD
and fro;5XFAD mice
The 5XFAD model generates mostly A�42 (Oakley et al., 2006).
We tested soluble (includes oligomeric species) and total (in-
cludes plaques) A�42 levels by ELISA at 3 time points, 3, 5, and
10 months of age, in males and females. A�42 levels were rel-
atively lower (�20%) at 3 months and comparable between
5XFAD and fro;5XFAD. At 5 months, as noted in our previous
studies (Dinkins et al., 2014; Dinkins et al., 2015), female
5XFAD mice had �2-fold higher levels of total and soluble
A�42 compared with males regardless of genotype (data not
shown). Compared with 5XFAD, soluble A�42 was compara-
ble in male and female fro;5XFAD, but total A�42 in brain was
reduced by 50% in male, but not female, fro;5XFAD ( p � 0.05,

Figure 3. Reduced extracellular vesicles in fro;5XFAD mice. A, Representative frequency distribution histograms showing ZetaView-measured EV particle concentration ( y-axis) versus diameter
(x-axis) from 5XFAD (left) and fro;5XFAD (right) mouse brains. B, Quantification of EV particles from 5XFAD and fro;5XFAD brains (n � 4; Student’s t test). C, D, Western blots of EVs isolated from
5XFAD and fro;5XFAD brains (C) and astrocytes after digestion with papain (D). E, Representative thin-layer chromatograph of lipids extracted from whole brains and brain EVs from 5XFAD and
fro;5XFAD mice and astrocytes and astrocyte EVs. Ceramide and cholesterol are used as standards. F, Quantification of the ceramide:cholesterol ratios from 5XFAD and fro;5XFAD brain and brain EVs
as shown in E (n � 3; Student’s t test). G, Quantification of ceramide from thin-layer chromatographs of 5XFAD and fro;5XFAD brain EVs normalized to protein (n � 2; Student’s t test). H, Western
blot of exosome marker Alix from 5XFAD and fro;5XFAD sera after ExoQuick isolation (left) or ultracentrifugation (right). I, Quantification of Alix band intensity in H (n � 3; Student’s t test). All
quantitative data shown are means � SEM.
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Figure 4. Reduced total brain ceramides, serum anticeramide IgG, degenerating neurons, and astrocyte activation in fro;5XFAD mice. A–H, Liquid chromatography and dual-mass
spectrometry analysis of indicated ceramides and sphingosines in WT, fro, 5XFAD, and fro;5XFAD mice brain (n � 3 each; one-way ANOVA with Bonferroni post hoc test). I–L,
Quantification of lipid ELISAs to determine relative serum titers of indicated anticeramide IgG in WT, fro, 5XFAD, and fro;5XFAD mice (n � 5 each; one-way ANOVA with Bonferroni’s post
hoc test). M, Confocal micrographs of brain tissue from 10-month-old 5XFAD and fro;5XFAD mice labeled with FJB to label degenerating neurons and anti-A�42. N, Quantification of FJB
from M (n � 8; Student’s t test). O, Confocal micrographs of brain tissue from 10-month-old 5XFAD and fro;5XFAD mice immunolabeled with anti-GFAP and anti-A�42. P, Quantification
of GFAP immunolabeling from O (n � 6; Student’s t test). Q, Quantification of anticeramide immunolabeling from R (n � 3; Student’s t test). R, Confocal micrographs of brain tissue from
10-month-old 5XFAD and fro;5XFAD mice immunolabeled with anticeramide and anti-A�42. Scale bars: M, R, 50 �m; O, 20 �m. All quantitative data shown indicate
means � SEM.
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Figure 5. Total A�42 and plaque loads are reduced in fro;5XFAD males, whereas soluble A�42 is increased. A–F, Dot plots of A�42 ELISA data from brains of 5XFAD and fro;5XFAD mice at 10
months (sex and soluble vs total A� indicated in figure). The number (n) of mice in each group is indicated by the number of dots in each group (e.g., n � 8 for 5XFAD in A). G–L, Graphs showing
total plaque area (G, H ), average plaque size (I, J ), and plaque counts (K, L) per 0.35 mm 2 (n � 5 male mice for each group; 4 images from each region: retrosplenial, somatosensory, motor, and
auditory; 5 mice � 4 regions � 4 images � 80 images). All data shown are presented means � SEM and were analyzed by Student’s t test.
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n � 9 5XFAD, n � 7 fro;5XFAD; data not shown). Consistent
with A� ELISA measurements, all mice expressing the 5XFAD
transgenes (with or without the fro allele) exhibited plaque
pathology by 5 months, whereas total cortical plaque areas
were reduced in association with fro by 30% in males (but not
females, data not shown).

Differences between 5XFAD and fro;5XFAD were more
pronounced at 10 months of age. In fro;5XFAD mice, soluble
A�42 was elevated in cortex (males 25%, females 50%; Fig.
5 A, C) and hippocampus (males 110%, females 250%; Fig.
5 D, F ), assayed independently, over 5XFAD mice. Consistent
with 5-month-old mice, however, total A�42 levels were re-
duced in male fro;5XFAD mice only (�30% in cortex and
hippocampus; Fig. 5 B, E), and females showed no differences
between genotypes (data not shown). With the exception of
plaque number in the hippocampus (Fig. 5L) in 10-month-old
mice, male fro;5XFAD showed marked reduction in plaque
burden in total plaque area and average plaque size in cortex

and hippocampus (Fig. 5G–J ) and total plaque number in
cortex (Fig. 5K ). Consistently, females showed no differences
between 5XFAD and fro;5XFAD genotypes in any parameter
(data not shown). Mean cortical plaque area values were mea-
sured separately in multiple cortical subregions: retrosplenial,
somatosensory, motor, and auditory. When analyzed sepa-
rately according to region, the data follow the same trend:
fro;5XFAD males, but not females, show significant reductions
( p � 0.01 in all cases) in plaque area and size (individual data
not shown).

fro;5XFAD mice have reduced p-tau levels
We also assessed tau phosphorylation (p-tau) in male 5XFAD
and fro;5XFAD mice at 3, 5, and 10 months of age. At 3 months
of age, 5XFAD showed a 2-fold increase in p-tau (pS396/404;
PHF-1) relative to phosphorylation-independent tau and ac-
tin over WT, fro, and fro;5XFAD mice, the latter of which was
not different from WT or fro mice (Fig. 6 A, B). Similar results

Figure 6. p-tau ratios are reduced in fro;5XFAD and increased in 5XFAD mice treated with ceramide. A, C, E, Western analyses of 5XFAD and fro;5XFAD brain at 3 (A), 5 (C), and 10 (E) months of
age. Homogenates were probed with antibodies against pS396/404-tau (PHF-1), p262-tau, tau (Tau46), and actin. B, D, F, Quantification of p-tau to tau or p-tau to actin ratios from blots in A (n �
3; one-way ANOVA with Bonferroni post hoc test), C (n � 3; one-way ANOVA with Bonferroni post hoc test), and E (n � 5; Student’s t test), respectively. In G, the data for hippocampi are presented,
but blots are not shown (n � 5; Student’s t test). H, Western blot analysis of p-tau (PHF-1) and tau in cortices of 5XFAD mice injected with Freund’s adjuvant with and without C18:0 ceramide and
quantification of band intensity in H (bottom; n�3; Student’s t test). Quantitative data are presented as means�SEM. All samples within a comparison group were run on the same gel and cropped
for the figure.
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were obtained with mice at 5 months of age, although some-
what more variable (Fig. 6C,D). At 10 months of age, we
assayed cortex and hippocampus to evaluate PHF-1 and
pS262-tau. No statistically significant changes were noted in
cortex when normalized to total tau although when normal-
ized to actin, there were reductions in fro;5XFAD mice (Fig.
6 E, F ) at both phosphorylation sites. The reduction in fro;
5XFAD mice compared with 5XFAD was more pronounced;
however, in the hippocampus (Fig. 6G, blots not shown). In a
previous study, we treated 3-month-old 5XFAD mice with
C18:0 ceramide to stimulate an anticeramide immune re-
sponse (Dinkins et al., 2015). Ceramide treatment increased
the ceramide concentration in whole-brain tissue by 1.5-fold
from 3 to 4.5 ng/�g protein ( p � 0.01, n � 3, Student’s t test),
although the mechanism for this increase is unclear. Consis-
tent with elevated ceramide levels, we found that whole brains
from ceramide-treated 5XFAD mice had a 4-fold increase in
pS396/404-tau over vehicle-treated mice (PHF-1; Fig. 6H ).
These mice also had increased serum exosomes and increased
plaque burden in the cortex (Dinkins et al., 2015), but we were
unable to harvest brain EVs.

Loss of nSMase2 restores cognitive behavior in a
fear-conditioning assessment
To assess memory-related behaviors in the mice, we performed
context and cue-dependent fear-conditioning experiments in
8-month-old male mice (Dineley et al., 2002). Freezing behavior
was defined as the absence of all movement except respiration
and facial muscle movement (e.g., whisker twitching). In this test,
mice were trained to associate a context (the environment) with a
conditioned acoustic stimulus (or cue) and unconditioned elec-
tric foot-shock stimulus. 5XFAD males showed reduced freezing
behavior (50% reduction) during training compared with WT
and fro and, to a lesser extent, fro;5XFAD mice (Fig. 7A). For
contextual fear memory, 5XFAD mice showed a learning deficit
(3-fold reduction in freezing behavior) compared with WT and
fro mice. fro;5XFAD mice performed similarly to the WT mice
(Fig. 7B). To evaluate cued fear memory, mice were placed in a
novel environment and presented with an acoustic stimulus.
Compared with WT, 5XFAD demonstrated a 35% reduction in
freezing behavior, whereas fro;5XFAD were similar (Fig. 7C).
These data suggest that reduction of ceramide due to nSMase2
deficiency alleviates the behavioral phenotype in 5xFAD mice. To
verify that the expression of 5XFAD transgenes and/or the fro
genotype was not associated with altered sensory perception,
shock sensitivity testing was assessed in all mice for validation.
There were no significant differences among WT, 5XFAD, and
fro;5XFAD mice in their threshold to vocalize, flinch, or move in
response to shock intensity. Only discrete differences in the
threshold to ambulate in response to shock intensity as associated
with fro mice directly compared with 5XFAD mice (Fig. 7D).
Freezing behavior values, averaged into 1 min bins, are also
shown (Fig. 7E,G, respectively, for training, contextual, and cued
tests) to confirm that mice exhibited normal exploratory behav-
ior in the absence of stimuli, conditioned or unconditioned, es-
pecially during training and cued testing.

Discussion
In this study, we greatly expand on previous work to determine
the role of exosomes in A�42 aggregation and AD progression.
Although A� has been challenged as the causative agent of AD
and other complexities have been uncovered (Herrup, 2015), the
amyloid cascade hypothesis (Hardy and Higgins, 1992) domi-

nates as the mechanism underlying the etiology of AD (Musiek
and Holtzman, 2015). In addition to genetic evidence from de-
terministic genes, A� aggregation appears to be a triggering
mechanism for developing AD (Manelli et al., 2004; Castellano et
al., 2011; Garai et al., 2014). Cognitively normal and AD patients
produce A� at similar rates, but AD patients have reduced clear-
ance (Mawuenyega et al., 2010). We propose that reduced A�
clearance allows for exosomes/EVs in the brain to interact with
A� and promote its aggregation by acting as a seed (Meyer-
Luehmann et al., 2006; Yuyama et al., 2008; Vingtdeux et al.,
2012).

Although this study does not address the molecular com-
ponent(s) of exosomes that enhances A� aggregation, we do
note key differences in our data from previous reports. N2a-
derived exosomes were shown previously to drive A� aggrega-
tion, a process that is blocked by endoglycoceramidase
digestion, which removes oligosaccharides conjugated to cer-
amide (Ito and Yamagata, 1986; Yuyama et al., 2012). We
show that an anticeramide antibody was able to block A�
aggregation using ZetaView NTA, in agreement with a
previous result (Dinkins et al., 2014). We also show that
astrocyte-derived exosomes promote oligomerization at
various molecular weights, as well as larger species, whereas
another report showed N2a exosomes blocking oligomeriza-
tion of A� (Yuyama et al., 2012). Also, in contrast to our data,
published work shows that astrocyte exosomes do not bind
A�, presumably due to a lower amount of GM1 relative to
neuronal exosomes (Yuyama et al., 2015). Our data show GM1
enrichment in astroglial exosomes compared with parent cells.
However, even if GM1 is not involved in exosomal A� aggre-
gation, cellular prion protein is another candidate involved in
A� sequestration (An et al., 2013) and aggregation by exo-
somes (Falker et al., 2016). With respect to in vitro glial amy-
loid clearance assays, our results with astroglial exosomes
differ from the study by Yuyama et al. (2012) using neuronal
exosomes that promoted A� clearance by microglia. Our data
showing decreased internalized A� are consistent with a role
for EVs in promoting extracellular aggregation. Our data us-
ing pacFA-ceramide-loaded EVs indicate that the majority of
exosome-associated A� remains attached at the cell surface,
which was eliminated by trypsin before harvesting cells. In-
deed, earlier reports define a number of potential interacting
molecules for A� with the glial cell surface (Verdier et al.,
2004).

Published data largely indicate increases in ceramides in
human AD and in AD models (Alessenko et al., 2004; Satoi et
al., 2005; Marks et al., 2008; Wang et al., 2008; Filippov et al.,
2012), with serum ceramide levels being predictive of AD and
memory impairment (Mielke et al., 2010; Mielke et al., 2012;
Xing et al., 2016). Ceramide has been shown to play roles in
promotion of BACE-1 stability (Puglielli et al., 2003), A� gen-
eration (Geekiyanage and Chan, 2011), and apoptosis in oli-
godendrocytes (Lee et al., 2004), neurons (Malaplate-Armand
et al., 2006; Jana and Pahan, 2010), and astrocytes (Wang et al.,
2012). We found that the 5XFAD mice do not exhibit elevated
ceramides over nontransgenic controls, suggesting that A�
alone is not sufficient to elevate ceramide levels. Although it is
known that nSMase2 is activated by A� to generate ceramide
on demand (Malaplate-Armand et al., 2006; Jana and Pahan,
2010; Wang et al., 2012), loss of nSMase2 function in an AD
model has not been reported. To address this gap, we gener-
ated the fro;5XFAD mouse, which lacks nSMase2 activity
(Aubin et al., 2005). Because nSMase2 is reported to drive
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exosome formation in neural cells (Trajkovic et al., 2008; Yuy-
ama et al., 2012; Dinkins et al., 2014; Asai et al., 2015), fro mice
were expected to have reduced exosome levels in the brain
parenchyma. Indeed, we report that fro astrocytes do not se-
crete exosomes in response to A� and also show that total
brain EVs were reduced by at least 50%, as well as Alix-positive
EVs in the serum. We focused our in vitro experiments on
astrocyte exosomes after finding that astrocytes from the PS1
mouse brain have highly elevated ceramide levels (Wang et al.,
2008). Although we found that astrocyte exosomes promote
aggregation and block glial clearance of A�, we cannot exclude
the contribution of exosomes from other neural cell types in
classical AD pathology. Indeed, Yuyama et al. (2012) have
shown exosomes from primary neurons also promoted A�
aggregation. We reported previously that cultured primary

neurons secrete exosomes constitutively without stimulation
from A�, but that exosome secretion could be blocked with
the nSMase2 inhibitor GW4869 (Dinkins et al., 2014). These
results were in agreement with other published work with
neurons (Fauré et al., 2006) suggesting that neuronal and mi-
croglial exosomes (Asai et al., 2015) are all reduced in the
fro;5XFAD model and that all exosomes may contribute to AD
pathology in a similar manner. Mice homozygous for the fro
mutation also exhibited reduced levels of total brain cer-
amides, in particular the most abundant species found in as-
trocyte exosomes, C18:0 and C24:1 (Wang et al., 2012). In
contrast to ceramides, the reverse occurs with the neuropro-
tective lipid S1P because 5XFAD mice had an �40% reduction
in brain S1P levels, whereas fro;5XFAD mice were similar to
WT and fro mice. It has been shown that S1P levels are reduced

Figure 7. Male fro;5XFAD mice show improved fear-conditioned memory at 8 months. A–C, Graphs showing means � SEM of freezing behavior associated with training (A) and both contextual
(B) and cued (C) fear-conditioned learning in WT (n � 13), fro (n � 9), 5XFAD (n � 9), and fro;5XFAD (n � 7) mice analyzed by one-way ANOVA with Bonferroni’s post hoc test. D, Graph showing
the mean (�SEM) threshold (reported in milliamp units) required to elicit vocalization, flinching, and jumping in response to the presentation electric stock stimuli (range � 0.1–1.0 mA). E–G,
Graphs showing means � SEM of freezing behavior presented as the percentage of time mice were frozen in epochs of 1 min bins during training (A), contextual testing (B), and cued testing (C).
Data were analyzed by two-way ANOVA with Bonferroni post hoc test.
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in AD patients (He et al., 2010; Couttas et al., 2014), which
may contribute to increased neuronal degeneration.

We reported previously that 5XFAD mice exhibit an age-
dependent increase in anticeramide IgG that occurs to a lesser
extent in aging nontransgenic mice (Dinkins et al., 2015).
Here, 5XFAD mice showed considerable increases in IgG rec-
ognizing C18:0, C24:1, and C16:0, which was reduced in the
fro;5XFAD mice. Exosomes can modulate the immune system
in various contexts (Prado et al., 2008; Okoye et al., 2014;
Bretz et al., 2013), including the induction of IgG2b produc-
tion by EVs loaded with �-galactosylceramide (Gehrmann et
al., 2013). Because fro;5XFAD mice showed reduced Alix levels
in serum exosomes, these mice may have decreased anticera-
mide IgG titers as a result of fewer circulating exosomes, as
postulated in our previous work (Dinkins et al., 2015).

The fro;5XFAD mice showed improvements with respect to
total A�42. Male fro;5XFAD mice had lower total A�42 levels
than 5XFAD controls at 5 and 10 months in the cortex and
hippocampus, consistent with our short-term study using the
nSMase2 inhibitor GW4869 on 3-month-old mice (Dinkins et
al., 2014). Female 5XFAD mice had A�42 levels that were ap-
proximately double that of males and fro;5XFAD females had
no significant reduction in their total A�42 (Dinkins et al.,
2014; Dinkins et al., 2015). In contrast, the amount of soluble
A�42 in both sexes was higher in fro;5XFAD mice compared
with 5XFAD. We interpret this finding to be consistent with
our hypothesis that EVs promote A� aggregation by binding
low-molecular-weight A� species. If the total EV levels are
reduced, a larger proportion of A� remains soluble and easier
to clear by either glia or LRP1-mediated transport across the
BBB (Shibata et al., 2000; Deane et al., 2008; Storck et al.,
2016). Increased soluble A� concentration, most likely oli-
gomers, seems contradictory to the notion that A� oligomers
are the most neurotoxic A� conformation (Lambert et al.,
1998; Baleriola et al., 2014). If exosomes act to sequester A�
oligomers (An et al., 2013; Hong et al., 2014; Falker et al.,
2016), then a reduction in total exosome levels would be ex-
pected to increase the amount of soluble A� proportionally.
Histochemical analysis of plaques is also a useful metric as a
measure of brain A� content. Overall plaque burden (total
area and average size) was decreased in male, but not female,
fro;5XFAD mice compared with 5XFAD mice in the cortex and
hippocampus. It is thought that tau-related pathology occurs
downstream of A� aggregation (Musiek and Holtzman, 2015).
We found 5XFAD mice to have a higher proportion of pS396/
404-tau to total tau and actin in 3- to 5-month old mice com-
pared with WT and fro;5XFAD mice. In 10-month-old fro;
5XFAD mice, there were consistently lower hippocampal
p-tau ratios, although older fro;5XFAD mice had reduced cor-
tical p-tau to actin ratio. Consistent with the proposed role of
ceramide-enriched exosomes in increasing tau phosphoryla-
tion, elevation of ceramide concentration in brain tissue by
ceramide treatment of 5XFAD mice led to increased p-tau
ratios. In agreement with our findings, blocking exosome se-
cretion with GW4869 to inhibit nSMase prevented the spread
of pathological tau in a mouse model, indicating a role for EVs
in AD progression (Asai et al., 2015).

Our contextual fear-conditioning data are consistent with
other published reports showing deficits in 5XFAD males
(Kimura and Ohno, 2009; Kaczorowski et al., 2011). Our
shock sensitivity and epoch-aggregated data indicate that fro
mice do not have increased sensitivity to the test conditions.
To our knowledge, the only report assessing the role of

nSMases, predominantly nSMase2, in brain, behavior, or
memory showed that inhibition of nSMase2 with GW4869
impaired spatial navigation maze learning (Tabatadze et al.,
2010). Our results not only show that genetic nSMase2 defi-
ciency in an AD mouse model improves memory as it relates to
fear conditioning, but also that the fro nontransgenics had
slightly better performance, suggesting a role for nSMase2 and
ceramide in learning and memory function, particularly asso-
ciative learning. In conclusion, we provide evidence that
ceramide-enriched exosomes play a role in the accumulation
of A� in vivo and that reducing exosome secretion by genetic
lesion of the fro mouse ameliorates AD-associated pathology
and improves cognition.
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Butovsky O, Kügler S, Ikezu T (2015) Depletion of microglia and inhi-
bition of exosome synthesis halt tau propagation. Nat Neurosci 18:
1584 –1593. CrossRef Medline

Aubin I, Adams CP, Opsahl S, Septier D, Bishop CE, Auge N, Salvayre R,
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