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Differential spatial expression of peripheral olfactory
neuron-derived BACE1 induces olfactory impairment
by region-specific accumulation of g-amyloid oligomer

Seung-Jun Yoo', Ji-Hye Lee', So Yeun Kim'2, Gowoon Son', Jae Yeon Kim', Bongki Cho'*, Seong-Woon Yu', Keun-A Chang?,
Yoo-Hun Suh® and Cheil Moon*'2

Olfactory dysfunction is a common symptom associated with neurodegenerative diseases including Alzheimer’s disease (AD).
Although evidence exists to suggest that peripheral olfactory organs are involved in the olfactory dysfunction that accompanies
AD pathology, the underlying mechanisms are not fully understood. As confirmed using behavioral tests, transgenic mice
overexpressing a Swedish mutant form of human amyloid precursor proteins exhibited olfactory impairments prior to evidence of
cognitive impairment. By measuring the expression of tyrosine hydroxylase, we observed that specific regions of the olfactory
bulb (OB) in Tg2576 mice, specifically the ventral portion exhibited significant decreases in the number of dopaminergic neurons in
the periglomerular regions from the early stage of AD. To confirm the direct linkage between these olfactory impairments and
AD-related pathology, g-site amyloid precursor protein cleaving enzyme 1 (BACE1)—the initiating enzyme in Ag genesis—and
p-amyloid peptide (Ag), hallmarks of AD were analyzed. We found that an increase in BACE1 expression coincided with an
elevation of amyloid-f (Af) oligomers in the ventral region of OB. Moreover, olfactory epithelium (OE), in particular the
ectoturbinate in which axons of olfactory sensory neurons (OSNs) have direct connections with the dendrites of mitral/tufted cells
in the ventral part of OB, exhibited significant decreases in both thickness and cell number even at early stages. This result
suggests that Ag oligomer toxicity in the OE may have induced a decline in the number of OSNs and functional impairment of the
olfactory system. We first demonstrated that disproportionate levels of regional damage in the peripheral olfactory system may be
a specific symptom of AD with Ag oligomer accumulation occurring prior to damage within the CNS. This regional damage in the
olfactory system early in the progression of AD may be closely related to AD-related pathological abnormality and olfactory
dysfunction found in AD patients.
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Alzheimer's disease (AD) is a neurodegenerative disorder
characterized by memory decline and other functional
cognitive impairments that result from the progressive
degeneration of neurons in the brain.' The AD brain has been
histologically characterized by the presence of neuritic
plaques and neurofibrillary tangles, which are composed of
protein aggregates of amyloid 8 (AB) and tau, respectively.?
Specifically, soluble clusters of AB (AB oligomers) are involved
in the early stage of AD prior to tau-mediated pathology.®* The
soluble monomeric forms, AB1-40 and AB1-42, are produced
mainly in neurons from amyloid precursor protein (APP,
~120 kDa) via proteolytic process by - and y-secretases.>®
Although these monomeric forms of AB can drive formation of
various oligomers in normal physiology, AB*56 (12-mer,
~56 kDa) and ABO (15-mer, ~80 kDa) have particularly high
neurotoxicity.”*

Declining sensory functions are also common in neuro-
degenerative disorders including AD.° A number of recent
reports have revealed pathological events in the sensory
organs of patients with AD.'®'" Symptoms of olfactory
dysfunction in particular were believed to be the result

of neurodegeneration occurring in olfaction-related limbic
cortices of the central nervous system (CNS) until the late
1980s."? Although the precise mechanisms remain unclear,
recent reports suggest that olfactory dysfunction appears
in the early symptomatic stages of AD pathology'®'®'* and
that sensory systems may be more vulnerable to AD
pathology than the CNS as a whole. Nevertheless, the
peripheral olfactory system in AD models has been not
sufficiently investigated.

AD-related olfactory dysfunction has been explored using
transgenic mice, Tg2576, expressing a Swedish mutant
form of human amyloid precursor protein (APP) (KM670-
/671NL)."""® Tg2576 mice exhibit progressive olfactory
impairment in an age-dependent manner correlated to stages
of disease progression. In addition, 6-month-old, early stage
of AD progression, Tg2576 mice exhibited impairment of
olfactory habituation and discrimination resulting from deposi-
tion of AB in OB,"® implying that impairment of the central
olfactory circuit is involved in olfactory dysfunction. Addition-
ally, recent studies have shown that impairment of the
peripheral olfactory system may also contribute to AD-
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related olfactory dysfunction. Overexpression of human APP
in olfactory sensory neurons (OSNs) induces abnormal axonal
projections of OSNs residing in the olfactory epithelium (OE) to
the olfactory bulb (OB)?° and cell-autonomous cell death.?’!
Many previous studies have focused mainly on the OB and the
central olfactory system rather than on OE and the peripheral
olfactory organs, to explain the olfactory dysfunction observed
in AD. Although some studies of olfactory behavior deficits and
impaired OB functioning in this AD mouse model have been
conducted,???2 there is little evidence to support the involve-
ment of peripheral olfactory organs in olfactory dysfunction of
the AD model.

In the current study, we first investigated the integrity of
postsynaptic function and related structural changes between
peripheral OE and OB for olfactory recognition using the
Tg2576 mice at both early and late stages in order to
understand the causes and mechanisms of the olfactory
dysfunction related to AD. We also explored the feasibility of
early AD diagnosis using the olfactory system.

Results

Tg2576 mice exhibit olfactory dysfunction before the
onset of observable AD pathology. Because olfactory
dysfunction has been observed in the early phase of AD
pathology, we postulated that olfactory dysfunction may occur
before the CNS defects in the Tg2576 mouse. First, using the
Morris water maze test (Figure 1a), we found that 6-month-old
Tg2576 mice exhibited slightly delayed escape latency during
the 6-days training compared with wild-type (WT), while 14-
month-old Tg2576 mice showed severe defects (Figure 1b). In
addition, spatial learning, further assessed using the probe
test, is impaired in the 14-month-old, but not the 6-month-old
Tg2576 mice (Figure 1c). Next, we performed food-seeking
tests to examine whether olfactory dysfunction appeared
during the AD progression in Tg2576 mice. (Figure 1d). The
olfactory dysfunction measured by the latency of seeking
buried foods was aggravated between the 6 and 14 months in
Tg2576 as well as WT mice. Interestingly, both 6- (Figures 1e
and f) and 14- (Figures 1g and h) month-old Tg2576 mice
exhibited a significant increase in the latency of seeking the
buried food, but not the unburied food, compared with WT.
These results demonstrate that olfactory dysfunction occurs
even at the earliest stages of AD pathology. Collectively, we
suggested that onset of olfactory dysfunction occurs early in
AD pathology prior to the development of irretrievable
impairments in the CNS of Tg2576 mice.

Tg2576 mice experience a loss of dopaminergic periglo-
merular neurons in the specific glomeruli of ventral
MOB. The glomerular layer (GL) layer mainly consists of
periglomerular (PG) neurons located around the distinct
glomeruli (Figure 2a). These PG neurons are well-known
dopaminergic neurons expressing tyrosine hydroxylase
(TH),2* and their survival is dependent on sensory input from
OSNs.?® To examine whether the olfactory defect of Tg2576
mice could compromise the integrity of the OB, we measured
the expression of TH in PG neurons (Figure 2a). The number
of TH-positive PG neurons was significantly decreased in
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both 6- and 14-month-old Tg2576 mice (~20%) compared
with age-matched WT mice (Figure 2b). Such declines in the
number of TH-positive PG neurons were similarly observed in
age-related decrements between 6- and 14-month-old WT
mice (~20%), implying that Tg2576 mice may have a
reduction of neural activity and integrity on the neuronal
connection between the OE and OB?® and appeared level of
decrements similar to the influences of age on olfaction.
The glomeruli are spatially, especially ventrally and dorsally,
organized in GL of OB (Figure 2c). Notably, TH-positive PG
neurons in 6-month-old Tg2576 mice significantly decreased in
the specific glomeruli of ventral MOB, but not dorsal MOB
(Figures 2d and e). These results were also observed in 14-
month-old mice (Figures 2f and g). These results suggested that
region-specific impairment of neural integrity in OB, especially
ventral MOB, would be involved in the AD-related olfactory
dysfunction, and this symptom would be observed in the early
phase when AD pathology in the CNS has not yet begun.

Tg2576 mice produce high levels of AB oligomer in the
OB. From the previous results showing that soluble AS is
able to disrupt network activity in neural circuits resulting in
neural dysfunction, we confirmed A oligomer immunoreac-
tivity in the glomeruli of the OB of Tg2576 mice.?” Overall, we
observed an overall increase in the Af oligomers expression
in the OB of Tg2576 mice. Moreover, there were statistically
significant differences between dorsal MOB and ventral MOB
regardless of AD progression. Specifically, within the glomer-
uli of ventral MOB of 6-month-old Tg2567 mice, we observed
increased levels of AB oligomer immunoreactivity compared
with the dorsal MOB (ventral, ~53%; dorsal, ~15%)
(Figures 3a and b). In 14-month-old Tg2576 mice, glomeruli
of ventral MOB also have highly accumulated immunoreac-
tivity of AB oligomer and glomeruli of dorsal MOB also have
significantly increased immunoreactivity (ventral, ~56%;
dorsal, ~30%) (Figures 3c and d). Collectively, we suggested
that the accumulation of AS oligomers in specific regions may
result in impaired neural integrity in specific glomeruli of
ventral MOB of Tg2576 mice during AD progression.

BACE1 is highly enriched in the axonal terminals of
OSNs projecting to glomeruli and highly expressed in the
ventral MOB in Tg2576 mice. The B-site amyloid precursor
protein cleaving enzyme 1 (BACE1) is a membrane-bound
aspartyl protease abundant in the brains of AD patients and
may be involved in the initial stage of AB generation. First, to
investigate BACE1 localization in the olfactory system, we co-
labeled BACE1 protein with a presynaptic terminal marker
protein, synaptophysin, or a somatodendritic marker protein,
microtubule-associated protein 2 (MAP2), in OB glomerulus
(Figure 4a). Consistent with a previous report,?® we found
that BACE1 immunoreactivity mainly co-localizes with
synaptophysin in the glomeruli of MOB (Figure 4c); very little
co-localizes with MAP2 (Figure 4b). These data indicate that
BACE1 protein is highly expressed within axonal terminals of
OSNs and other OB neurons in OB glomerulus rather than
other somatodendritic postsynaptic neurons.

Based on previous studies and our own finding of AS
oligomer expression in the OB, we postulated that BACE1 is
involved in the regional accumulation of AB oligomers in
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Figure 1  Olfactory impairment appears in 6-month-old Tg2576 mice without failure of spatial learning and memory. (a) The Morris water maze task was performed at 6
months (WT, n= 4; transgenic Tg2576 (Tg), n= 6) or 14 months of age (WT, n= 17; Tg, n= 16). (b) Training trials were conducted and the escape latency was measured for 6
days. **P<0.001 by two-way ANOVA, using Prism software (GraphPad software). (c) The probe test was conducted 48 h after the final training session. A platform was located
in zone with platform, and the durations that the mice of each group stayed in the zone without platform and the zone with platform were measured. ***P<0.001 by two way
ANOVA, using Prism software (GraphPad software). (d) lllustration of scheme for buried/unburied food test. (e and f) Buried and unburied food tests in 6-month-old mice
(WT, n=28; Tg, n=8). The latencies (e) to find buried or unburied food and their ratios (f) were measured (slope in the latencies graph (e) represents the average time to find
buried or unburied food in WT mice) (g and h) Buried and unburied food tests in 14-month-old mice (WT, n=8; Tg, n=8). The latencies (g) to find buried or unburied food and
their ratios (h) were measured (slope in the latencies graph (g) represents the average time to find buried or unburied food in WT mice) All data are presented as mean + S.E.M.
Two-way ANOVA, using Prism software (GraphPad software), *P<0.05 and ***P<0.001 denote statistical significance

ventral MOB. Thus, the expression of BACE1 in the OB
glomeruli was assessed histologically. Expression of BACE1
was significantly enriched in the glomeruli of ventral MOB
compared with the dorsal MOB both of 6- (ventral, ~39%;

dorsal, ~15%) (Figures 4d and e) and 14-month-old mice
regardless of AD progression (ventral, ~42%; dorsal, ~18%)
(Figures 4f and g). It implies that the regional expression
of BACE1 contributes to the accumulation of AB oligomers in
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Figure 2 The number of dopaminergic periglomerular neurons (TH+PG cells) is decreased in Tg2576 mice compared with age-matched WT mice. (a) Depictions of coronal
sections through the OB. Single glomerulus and H&E staining depicting the glomerulus with dopaminergic periglomerular neurons (TH (+) PG cells) are represented. Reduced activity
between OSNs and mitral cells, or sensory deprivation, may result in profound decreases in TH expression. (b) Stereological analysis of TH (+) PG cells/total PG cells in the OB of WT
versus Tg of 6- and 14-month-old. (c) Depictions of coronal sections through the OB with region of interest. Blue outline shading denotes the dorsal MOB. Orange outline shading
denotes the ventral MOB. (d and f) Evolution of the TH (+) PG cellstotal PG cells in WT versus Tg in 6-month-old (WT, n=7; Tg, n=7) (d) and 14-month-old (N T, n=9; Tg, n=38) (f).
(e and g) Stereological analysis of TH+periglomerular cells/total periglomerular cells (WT control in each group) in 8-month-old (e) and 14-month-old (f) mice. All data are presented as
mean + S.E.M. Scale bar =10 um. Two-way ANOVA, using Prism software (GraphPad software), *P<0.05, **P<0.01 and **P<0.001 denote statistical significance

the glomeruli of ventral MOB. Additionally, it significantly
increased in all glomeruli of OB of both 6- (Figures 4a and b)
and 14-month-old (Figures 4c and d) Tg2576 mice but still
remains higher in the glomeruli of ventral MOB compared with
the dorsal MOB (Figures 4e and g). These data indicate that
increased expression of AB may reversibly enhance BACE1
expression in Tg2576 mice. Therefore, we suggest that
region-specific expression of BACE1 leads to a vicious cycle
of increased generation of A oligomer and BACE1 expres-
sion in glomeruli of ventral MOB, finally contributing to the
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olfactory dysfunction. These data suggest that the BACE1
protein is enriched into presynaptic vesicles,® thus we raised
the possibility that peripheral OSNs are implicated with AS
accumulation in the glomeruli of ventral regions of MOB
leading to olfactory dysfunction in Tg2576 mice.

The OE is impaired by cell death in the earlier phase of
AD onset in Tg2576 mice. The rodent nasal cavity
comprises a few regions formed by the bony turbinate
extensions (turbinates) and molecular properties, and the
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Figure 3 The intensity of the A oligomer is increased in certain region OB of Tg2576 mice compared with age-matched WT mice. (a and ¢) Evolution of the A oligomer in
WT versus Tg in 6-month-old (WT, n=7; Tg, n=7) (a) and 14-month-old (WT, n=9; Tg, n=8) (c). (b and d) Stereological analysis of the Aj oligomer intensity (WT control in
each group) in 6-month-old (b) and 14-month-old (d) mice. All data are presented as mean + S.E.M. Scale bar =10 um. Two-way ANOVA, using Prism software (GraphPad

software), *P<0.05 and ***P<0.001 denote statistical significance

OE is divided into ectoturbinals (1, 2, and 3) and endoturb-
inals (I, Il, and ) according to anatomical locations exposed
to air flows and odorants (Figure 5a). Additionally, depending
on the OR expression, proliferation and relative maturation of
the OSNs, OE is separated in four different ‘zones’, which
correlate well with anatomical locations.?® OSNs in the OE
have been shown to project their axons exclusively into
predetermined glomeruli in the OB where their neural
transmissions support the maintenance of neural circuits,
which link the peripheral olfactory organ to the CNS.%° In
addition, OSNs in the OE project to the MOB in a mutually
exclusive pattern; the medial OE to the medial hemisphere of
each MOB, the lateral OE to the lateral hemisphere, the
central OE to the dorsal MOB, and the peripheral OE to the
ventral MOB. Therefore, we analyzed histological character-
istics in the regions of the OE including ectoturbinate
and endoturbinate. The thickness of the OE was decreased
in all regions to different extents (6 month: ecto ~10%, endo
~3%; 14 month: ecto ~12%, endo ~8%), most notably in
ectoturbinate of 6-month-old Tg2576 mice, while all regions
in the 14-month-old mice were decreased (Table 1a). The
number of cells in the OE also decreased in the ectoturbinate
and the endoturbinate of 6-month-old Tg2576 mice and in all
regions in 14-month-old mice (6 month: ecto ~11%, endo
~5%; 14 month: ecto ~27%, endo ~14%) (Table 1b).
Although Tg2576 mice displayed significant decreases in all
regions tested (Tables 1a and b), both 6- and 14-month-old
mice showed significant differences in both the thickness and

the number of cells in a regional-dependent manner. These
data indicate structural impairment of the OE in Tg2576 mice.
In order to determine whether the impairment of the OE in
Tg2576 mice was due to cell death, TUNEL staining was
conducted. The number of TUNEL-positive cells increased
significantly in ectoturbinate-specific regions of the OE in
both 6- (Figures 5b and c¢) and 14-month-old Tg2576 mice
(Figures 5d and e) compared with the endoturbinates of
WT and Tg2576 mice. The most significant increase was
observed in the ectoturbinate of both 6- and 14-month-old
Tg2576 mice compared with WT. However, slight but
significant increases were also observed in the endoturbinate
of 14-month-old Tg2576 mice. Notably, almost all TUNEL-
positive cells were observed in a layer in which OSNs reside
(Figures 5b and d), indicating cell death of OSNs in
Tg2576 mice.

Tg2576 mice produce high levels of AB oligomers and
induce cell death in OSNs layer of the OE. To elucidate
whether the cell death of OSNs is correlated with gene-
ration of AB oligomers, we examined the abundance of AS
oligomers in the OE of Tg2576 mice. Immunohistochemistry
data revealed that immunoreactivity of AB oligomer
was considerably stronger in ectoturbinates of the OE of
both 6- (Figures 6a and b) and 14-month-old WT and Tg2576
mice (Figures 6¢c and d). Compared to WT mice, however,
Tg2576 mice exhibit an overall upregulation of A3 oligomer
expression in the OE, in particular within the ectoturbinate. To

Cell Death and Disease



Region-specific accumulation of s-amyloid oligomer
S-J Yoo et al

BACE MAP2 DAPI

Merge

dendrite of mitral/tuft cell

synaptic glomeruli

c BACE Synaptophysin DAPI Merge

axons of OSNs

d 6 month e 6 month
ventral dorsal
200 - *kk owT
2
2R 150 4 = Tg
Sy
£ 3
—= 2 100 4
8 5 ;
g E —*—
Q = -
HE | | ._
Q ~
0 T T
Ventral Dorsal
Region of interest
f 14 month 9 14 month
ventral dorsal -
Y 200 -

o pwer_ OWwWT
wT B E 150 HTg
Ly
£3

< 2 100 4 —*—

0O 9

o £

)

5o 50

2 -~

Tg 0 T T

Ventral Dorsal

Region of interest

Figure 4 BACE1 is localized within presynaptic terminals and the intensity of the BACE1 is increased in certain region OB of Tg2576 mice compared with age-matched WT
mice. (a) lllustration of coronal sections through the single glomerulus with presynaptic terminal of OSNs and postsynaptic region of mitral/tuft cells. (b and c) Representative
images of coronal glomerulus sections from WT versus Tg in 6-month-old (Tg, n=4). Co-stained with BACE1 (red) and MAP2 (b) or synaptophysin (¢) (green) antibodies and
imaged by confocal microscopy. BACE1 immunoreactivity and synaptophysin signals significantly co-localize within OSN terminals, but BACE1 expression does not overlap with
that of the somatodendritic marker MAP2 (green) within the glomerulus across all the condition while different signal intensity. Scale bar=10 xm. (d and f) Evolution of the
BACE1 in WT versus Tg in 6-month-old (WT, n=7; Tg, n=7) (d) and 14-month-old (WT, n=9; Tg, n=8) (f). (e and g) Stereological analysis of the BACE1 intensity (WT control
in each group) in 6-month-old (e) and 14-month-old (g) mice. All data are presented as mean + S.E.M. Scale bar =10 xm. Two-way ANOVA, using Prism software (GraphPad
software), *P<0.05 and ***P<0.001 denote statistical significance

examine if AB oligomers showed toxic effects to OSNs, we
investigated the neurotoxicity induced by the AB1-42 peptide-
derived diffusible ligands (ADDLs) in vitro using cultured
OSNs.®' ADDLs induced OSN cell death with upregulated
the cleavage of caspase-3, which is a final executor of
apoptosis.® In addition, phosphorylation of p38 MAPK, which
is involved in the stress response®® (Figure 6e), was also
increased, comparable to a previous report describing
increased p38 MAPK activity in the AD human brain®*
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(Figure 6e). To elucidate whether the p38 signaling pathway
was indeed involved in the ADDLs-mediated neurotoxicity, we
co-treated OSNs with an inhibitor of p38 MAPK, SB 203580
at 20 uM, with ADDLs. SB 203580 efficiently abolished OSN
cell death as well as p38 activation (Figures 6e and f),
indicating that AB oligomers may induce OSN cell death via
p38 activation. Taken together, we suggest that the cell-
autonomous death of OSNs by AB oligomers in peripheral
organs, especially ectoturbinate of OE, of olfactory system,
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represent 10 um. (c and e) Stereological analysis of the incidence of TUNEL-positive cells (TUNEL-positive cells/mm? OE in each group) in the OE of 6-month-old (c) (WT, n=7;
Tg, n=7) and 14-month-old mice (e) (WT, n=9; Tg; n=8). All data are presented as mean + S.E.M. Two-way ANOVA, using Prism software (GraphPad software), *P< 0.05

and ***P<0.001 denote statistical significance

and it leads to impairment of integrity in glomeruli of OB,
finally resulting in olfactory dysfunction in the earlier phase of
AD pathology of Tg2576 mice.

Soluble monomeric forms, AB1-40 and AB1-42, are
produced mainly in neurons from APP (~120kDa),>®® and
these monomeric ABs can drive the formation of various
nonpathogenic oligomers as a part of normal physiological
processes. AB*56 (12-mer, ~56 kDa) and ABO (15-mer,
~80 kDa) are highly neurotoxic without causing the formation
of neuritic plaques or neurofibrillary tangles,®' and their high
deposition have been found in the initial early stages of AD.%®

By immunohistochemistry, we found that a toxic AB*56 was
significantly increased in the OE of 6-month-old Tg2576 mice
compared with WT, and was saturated in the OE of 14-month-
old mice (Figure 6g). However, the other toxic A3 oligomer,
ABO (~80 kDa), was significantly increased in the OE of 14-
month-old Tg2576 mice as compared with WT mice, but notin
the OE of 6-month-old mice (Figures 6h and i). These data
demonstrated that deregulated formation of AB oligomers,
especially AB*56 rather than ABO, occurred in the ectoturbi-
nate of Tg2576 mice and may be involved in cell death of
OSNs resulting in olfactory dysfunction.

Cell Death and Disease
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Table 1 Thickness and cell numbers of the OE were decreased in Tg2576 mice
compared with age-matched WT mice

(a) OE thickness, pm
6 months 14 months
WT Tg wT Tg
Ecto 472+32 434+36(*) 48.6+83 42.8+4.6 (%)
Endo 76.1+6.7 73.9+9.3() 771+£81 70.2+3.2 (%)
(b) Total number of cells (2.5 mm?)
6 months 14 months
wT Tg WT Tg

Ecto 42.7+5.6
Endo 83.1+7.0

38.0+5.7 (**)

41.4+30  30.1
79.0+8.8 (*) 52.1

61.0+10.3

(a) Thickness in each region of the OE in 6-month-old WT (n=7) versus Tg
(n=7) and 14-month-old WT (n=9) versus Tg (n=8). Two-way ANOVA, using
Prism software (GraphPad software), *P<0.05, **P<0.01, and ***P<0.001
denote statistical significance.

(b) The number of cells in each region of the OE in 6-month-old WT (n=7)
versus Tg (n=7) and 14-month-old WT (n=9) versus Tg (n=8). Two-way
ANOVA, using Prism software (GraphPad software), *P<0.05, **P<0.01, and
***P<0.001 denote statistical significance.

Discussion

In the current study, we found olfactory dysfunction in 6-month-
old Tg2576 mice before severe and irreversible defects in the
CNS, including failure of spatial learning and memory.
Comparably, a previous report has described that olfactory
habituation and discrimination were significantly reduced in
6-month-old Tg2576 mice.'®%” Considering that olfactory
habituation and discrimination have been known to be
secondary or tertiary olfactory sensory pathways mediated by
the central olfactory circuit including synapses between the OB
and the piriform cortex in CNS,® defects of olfactory habituation
and discrimination in Tg2576 mice result from impairment in the
CNS. In contrast, our current results from anatomical analyses
using immunohistochemistry and behavior analysis (i.e., food-
seeking tests) provide new evidence that Tg2576 mice have
defects in the primary olfactory circuit, specifically peripheral
OE and glomerular layer of OB where the first synapses are
formed, for odor recognition rather than central olfactory circuit.

Dopaminergic PG neurons in the GL of the OB have
been shown to influence olfactory processing including odor
detection and memory.®83® The maturation of PG neurons is
supported by glutamatergic input from OSNs*° and is involved
in the modulation of the excitability of mitral cells that form
asymmetrical synapses with PG neurons.*'*? Therefore,
reduced activities between OSNs and mitral cells, or
sensory deprivation may result in profound decreases in TH
expression.*®** In the current study, glomerular regions in the
ventral MOB were severely impaired in both 6-month-old
and 14-month-old Tg2576 mice compared with the dorsal
region, and this region exhibited enriched accumulation of AS
oligomer with increased expression of BACE1. Our addi-
tional immunohistochemistry data revealed region-specific
expression of BACE1 protein in glomeruli of ventral MOB,
but not dorsal MOB. Previously, it has been demonstrated that
presynaptic dystrophy by AB oligomers disrupts lysosome-
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dependent degradation of BACE1 protein.?® Based on our
data and previous reports, we demonstrated that reduced
neural activity from OSNs in OE to glomeruli of ventral OB
increases BACE1 expression leading to enhancing accumula-
tion of AB oligomers and a subsequently viscous cycle.

One of our main question is, whether impairment of the PNS,
but not the CNS, is involved in olfactory dysfunction in Tg2576
mice. Interestingly, our results showed that a specific group of
OSNSs, which are located in specific region of the OE, the
ectoturbinate, and project their axons into glomeruli of ventral
MOB, was severely degenerated in Tg2576 mice. Consistently,
the region-specific deposition of Af oligomers in the ectoturbi-
nate of Tg2576 (6- and 14-month old) mice was observed. This
region-specific phenotype seems to result from region-specific
expression of BACE1 (Figure 7). In addition, our biochemistry
data revealed that AB*56 was upregulated in the OE during the
early stage of AD in Tg2576 mice. It should be noted that AB*56
is one of the AB oligomer species correlated with cognitive
deficits,®" and appears between the ages of 6 and 14 months in
the Tg2576 mouse brain.®® Therefore, we suggest that
evaluation of AB*56 deposition in the OE may be a potential-
inducing factor of neural toxicity in early stage of AD. By contrast,
ABO, an oligomer that induces direct cytotoxicity, significantly
mediates cell death in the late stage of AD.*>6 Taken together,
olfactory dysfunction in the early stage of AD may be associated
with alterations in the network activity by upregulated AB*56
synaptic toxicity. In contrast, olfactory dysfunction in the late
stage of AD may be associated with massive cell death resulting
from increased ABO cytotoxicity. That is, different types of
oligomers may cause distinct types of deleterious effects in the
olfactory system during the progress of AD.

Neuronal death and functional abnormality due to AB
oligomers have been considered to be the main cause of
AD."*” OSNs are also cell-autonomously degenerated by
OSN-specific expression of the Swedish mutated form of
the human APP gene.?! In the current study, TUNEL-positive
cells appeared to be almost entirely located in the OSN layer
in Tg2576 mice, and in vitro cultured OSNs were cell-auto-
nomously degenerated after treatment with the AB oligomer.
Moreover, OSN-specific expression of the Swedish mutated
form of the human APP gene disrupted the precise projections
of their axons to the OB during synapse formation in 3-month-
old Tg2576 mice without OSN death.?° Therefore, it is possible
that abnormal axonal projections of OSNs are involved in the
earlier olfactory dysfunction and in turn induce the cell death of
OSNs with aberrant projections, resulting in more severe
dysfunction in the early stage of AD.

An interesting finding from this study was that uneven
regional damage could be the specific symptom of AD in the
olfactory system. Comparably, the CNS also has such
vulnerable regions to the AD such as default mode network
regions of the AD,*® thus the olfactory system may also have
susceptible region to AD-specific pathological processes. It is
apparent from the data herein that there is a difference in the
proliferation and maturation depending on the location of the
OE,*5% suggesting the olfactory epithelium in different zones
are differentially regulated by activity. Ectoturbinate and
endoturbinate of OE belong to completely different regions
and renewal of OSNs is not uniform.®" Interestingly, our results
proposed that an AD-related protein has possible
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Figure 6 Expression of Aj oligomer is significantly increased in the specific region OE of Tg2576 mice. (a and ¢) Immunohistochemistry of Aj oligomers (brown signal)
in the in the ectoturbinate, and endoturbinate of the OE of 6-month-old (a) and 14-month-old (¢) WT versus Tg mice. Sections were lightly counterstained with H&E (violet signal).
Scale bars = 10 um. (b and d) Stereological analysis of the incidence (A# oligomer-positive cells/mm? OE in each group) of cells exhibiting high immunoreactivity of A oligomer
in 6-month-old (b) (WT, n=7; Tg, n=7) and 14-month-old (d) (WT, n=9; Tg; n=28) mice. *P<0.05 and ***P<0.001 by one-way ANOVA, followed by Dunnett's post hoc
test. (e) Cultured OSNs were incubated with As oligomer for 5 h in the presence or absence of SB 203580, and immunoblots of cleaved caspase-3 (CCP3), phosphorylated
p38 (pP38), and p38 in OSNs treated with Aj oligomers (25 uM). (f) OSN viability was increased upon Aj oligomer treatment. Inhibition of p38 significantly increased
OSN survival under Ag oligomer treatment. (g) Immunoblots of ABO (~80 kDa) and Aj3*56 (~56 kDa) in the OE of 6- or 14-month-old WT versus Tg mice. (h and i) Quantification
of protein levels of AO and Aj*56 in 6-month-old (h) and 14-month-old (i) mice. Protein levels were normalized by reprobing the blots for GAPDH. The data were
acquired from three independent experiments. All data are presented as mean + S.E.M. Two-way ANOVA, using Prism software (GraphPad software), “P< 0.05 denote statistical
significance
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Figure 7 Working hypothesis of olfactory dysfunction and impairment in an AD mouse model. OE impairment and cell death occur in Tg2576 mice. In particular, the
expression of Aj oligomers is increased in the OE of Tg2576 mice compared with WT mice. In addition, the integrity of the connection between axons from the OE and dendrites
in the OB is disturbed in Tg2576 mice compared with WT mice. Furthermore, dopaminergic periglomerular cells (TH+PG cells) are reduced in the glomerulus

spatioselectivity in the olfactory system. Moreover, AD-
specific pathological processes are highly concentrated in
the damaged region of the olfactory system. Taken together,
the mechanism of AD-mediated damage we proposed may be
caused by problems of odorant detection in the OE and
suggest that the PNS is critically impacted in early AD, ahead
of damage to the CNS.

In summary, using a mouse model of AD, we observed early
accumulation of -amyloid in specific regions of the olfactory
system including the OE. Specifically, BACE1 expression and
cell death was highly correlated with a defect of f-amyloid
positive presynaptic terminals of OB. Therefore, partial
impairment of olfactory function in the progress of AD may
show strong differences to other type of anosmic models.
Therefore, particular odorants may show low detection
tendency in a specific stage of AD progression because of
region-specific degradation in the OE. Other reports showed
the high sensitivity and specification of specific odorants in AD
patients, for example, ‘peanut butter smell.?2 Therefore, AD-
specific symptoms in the olfactory system may present novel
and feasible diagnostic targets for early diagnosis of AD.

Materials and Methods

Transgenic mice. Tg2576 APP transgenic mice harboring the mutated human
APP (695 amino acids) gene were obtained from Taconic (USA) and the production,
genotyping, and background strain (C57BL/6xSJL) have been described
previously.>® All experiments were performed in accordance with ‘the Guidelines
for Animal Experiments from the Ethics Committee at Seoul National University’
(IACUC No. SNU-091208-1).

Morris water maze. To test spatial memory formation, the Morris water maze
was performed as previously described with some modification.>* More specifically, the
sizes of the circular water tank (diameter, 140 cm; height, 45 cm) and the platform
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(width, 13 cm; length, 13 cm; height, 17 cm) for the mice were modified. A platform
was submerged and placed 0.5 cm below water made opaque using milk (depth,
17.5 cm) at the midpoint of one quadrant. Three training trials per day were conducted
for 7 days, with a rotation order specified for each trial in a group. Mice were placed in
the pool at one of the three possible quadrant starting positions (with the exception of
the quadrant containing the platform). During each training trial, the time required to
escape onto the hidden platform was recorded. Mice that found the platform were
allowed to remain on it for 30 s, and were then returned to their home cages during the
interval between trials. Mice that did not find the platform within 60 s were placed on
the platform for 30 s at the end of each trial. The probe test was carried out for 48 h
after the trials. For this test, the platform was removed from the pool and the trial was
performed with a cutoff time of 60 s. The time spent in each quadrant was recorded.

Food-seeking test. All behavioral and histological analysis was conducted by
personnel blind to group inclusion. Food-seeking tests were performed at 6 and
14 months of age for the Tg2576 and WT groups (n= 8 per group). The food-seeking
test was modified slightly but otherwise performed as described previously.>5®
Additionally, the unburied food-seeking test was also performed and compared to the
buried food-seeking test under the same conditions to confirm olfactory dysfunction
without cognitive impairment. For the buried food-seeking test, the speed with which
an animal fasted for over 35 h could find a food pellet, either hidden underneath a
layer of bedding or not, was measured. Therefore, this test was used to assess
latency in finding food as both the buried pellet-seeking test and the unburied pellet-
seeking test. Prior to the food-seeking tests, food restriction was applied for over 35 h
to motivate animals to search for food. For the buried pellet-seeking test, mice were
habituated in a clean home cage for 15 min prior to testing.*® A food pellet was buried
~2.5 cm under the bedding in a corner of the cage and a mouse was placed in the
opposite corner. The time to first bite of the food pellet was measured using an
installed digital camera (recording time: 15 min maximum based on the assumption
that food-restricted mice which fail to use odor cues to locate the food within a 15-min
period are likely to have deficits in olfactory abilities).

AB42 oligomers preparation. Ap42 oligomers were prepared as previously
described.®” Briefly, the Aj342 peptide (GL Biochem, Shanghai, China) was initially
dissolved to a concentration of 1 mM in hexafluoroisopropanol. For its aggregation,
the peptide was resuspended in dry dimethyl sulfoxide at 5 mM, and then added to



Hams F-12 cell culture medium (PromoCell, Labclinics, Spain) to a final
concentration of 100 mM at 4 °C for 24 h.

Antibodies. The following commercially available antibodies were purchased:
anti-Ag oligomer (Millipore, Temecula, CA, #AB9234); anti-GAPDH (Millipore,
#MAB374); anti-tyrosine hydroxylase (TH) (Millipore, # MAB318); anti-cleaved
caspase-3 (Cell Signaling Technology, Beverly, MA, USA, #9661); anti-p38 (Cell
Signaling Technology, #9212); anti-phosphorylated p38 (Cell Signaling Technology,
#9211); GAPDH (Chemicon, Temecula, CA, USA, # MAB374).

Western blot. OE was harvested in a prechilled lysis buffer (Sigma, St. Louis,
MO, USA) containing a protease inhibitor cocktail (Roche, Branchburg, NJ, USA).
Extracts were thawed, homogenized by sonication, and centrifuged at 10 000 rpm
to remove cellular debris. Protein (100 xg) from each sample was loaded for SDS-
PAGE and transferred to 0.45 um PVDF membranes (Millipore). The membranes
were blocked with 5% non-fat dry milk in Tris-buffered saline buffer with 0.1% Tween
20 and then incubated with primary antibodies. The primary antibodies used
were anti-cleaved caspase-3 (1:1000), anti-Ag oligomer (1:500), anti-p38 (1:1000),
anti-phosphorylated p38 (1:1000), and GAPDH (1:1000). Immunoblots were
visualized using a commercial development kit (Pierce, Rockford, IL, USA) and
quantification was performed using the ImageJ program (NIH, Bethesda, MD, USA).

Histology. Animals were anesthetized by intraperitoneal injection of 65 mg/kg
ketamine with 5 mg/kg xylazine. The mice were then transcardially perfused with
prechilled phosphate-buffered saline (PBS, pH 7.6). Heads were removed, skinned,
and post-fixed overnight in 4% paraformaldehyde in PBS at 4 °C. The mandibles
were discarded, and the trimmed heads were skinned and fixed by immersion in the
same fixative for 1 week at 4 °C. The heads were decalcified in 10% EDTA (pH 7.0)
for 1 week at 4 °C. After decalcification, the specimens were washed, dehydrated in
increasing concentrations of ethanol, and transferred into xylene to clear the tissue.
The specimens were infiltrated with paraplast and embedded. Frontal sections
(coronal, 6 m) were cut serially from the tip of the nose to the posterior extension
of the OE and OB, and each section was preserved on MAS-coated slides
(Matsunami Glass Co., Tokyo, Japan).

We determined and measured the contents of the OE including thickness and cell
number using hematoxylin-eosin (H&E) staining. For H&E staining, sections were
deparaffinized and rehydrated in water. Samples were then stained with H&E,
dehydrated again, mounted permanently with permount, and covered with coverslips.

TUNEL staining assay. For TUNEL staining, deparaffinized and rehydrated
sections were washed in PBS for 5 min and treated with proteinase K (10 xg/ml) in
PBS at room temperature for 30 min. After washing in distilled water for 5 min, the
TUNEL incubation solution (Millipore) containing TdT buffer, cobalt chloride, TdT,
and biotin-16 dUTP was prepared in accordance with the manufacturer’s protocol.
The sections were incubated in TdT buffer for 1 h at 37 °C and then exposed to a
stop solution for 10 min. After washing twice in PBS (5 min each), the sections were
incubated with anti-digoxigenin peroxidase conjugate at room temperature for
30 min. Finally, sections were incubated in the DAB solution for several minutes.
The fragmented DNAs were visualized as a brownish color inside the nuclei. The
sections were counter-stained with methyl green before being dehydrated and
cleared through graded alcohols and xylenes.

Immunohistochemistry. For immunohistochemistry, the endogenous perox-
idase in the samples was quenched using 3% hydrogen peroxide in 10% methanol
for 30 min. In order to retrieve antigenicity, the samples were boiled in 0.1 M citrate-
buffered saline (pH 6.0) for 5 min. The sections were allowed to cool for 30 min, and
were then washed twice in PBS (5 min each). After washing in PBS-T (0.1% Triton
X-100 in PBS) for 30 min, the sections were blocked for 1 h in blocking solution (5%
normal donkey serum and 1% BSA in PBS-T) and incubated with primary
antibodies overnight at 4 °C. Anti-Aj oligomer (1:200), anti-Aj (1:500), and anti-TH
(1:200) antibodies were used. After washing in PBS-T, the sections were incubated
with a biotinylated secondary antibody for 1 h at room temperature. Subsequently,
sections were treated with the avidin-biotin-peroxidase complex (Vectastain Elite
ABC kit) for 1 h at room temperature. The sections were developed for 5 min in a
0.05% DAB solution, and were counter-stained with hematoxylin. Images were
captured with a Nikon digital camera (DS-Ri1) attached to a Nikon-Eclipse-90i
microscope (Nikon Corp., Tokyo, Japan).
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Imaging and data analysis. All images were captured using a Nikon
ECLIPSE 90i microscope and a Nikon DS-Ri 1 digital camera (Nikon Inc). Digital
images were processed using Adobe Photoshop, adjusting only brightness, contrast,
and color balance. The numbers of immunoreactive cells were counted manually by
two independent investigators blinded to the experimental conditions. The stained
OEs were divided into eight regions according to the same orientation. Three slides
for each of the 10 regions were used for histological measurements or
immunohistochemistry. The OB was divided into eight regions according to the
same orientation. Three slides for each animal were analyzed and observed under a
microscope (x400). OE thickness was measured from the basal lamina to the apex by
examining the structure of the hematoxylin-stained olfactory mucosa. Subsequently,
the number of stained nuclei was counted in an area of 2500 m? in the OE and for a
glomerulus in the OB. In order to address this fixed area on the slide, the septum
length in the OE and the OB length were measured. Immunoreactive cells were
counted from the endoturbinate (2 x 2 regions), and the ectoturbinate (2 x 2 regions) in
the OE and were counted from the glomerulus (2x 2 regions) in the OB from three
tissue sections per animal. To quantify the reciprocal intensity, by measuring the
intensity per unit area, with ImageJ, using the color deconvolution plug-in (http:/wiki.
imagej.net/Colour_Deconvolution).?®%° The target unit area of images processed
using the color deconvolution tool in imageJ to separate brown from other color in
images. The area of brown staining was then quantified and divided by the total area
to yield a percentage of staining area. Stereological analyses were conducted using
Prism software (GraphPad Software, Inc., La Jolla, USA). Comparisons between WT
and Tg2576 mice were conducted using two-way ANOVAs. Results are presented as
mean + S.E.M. P-values of <0.05 were considered to be statistically significant.

Primary culture of OSNs. Cultures were prepared as previously described
with some modifications.®> OSNs which were obtained from Sprague-Dawley rats
were plated at a density of 2 x 106 cells/ml on tissue culture dishes (Falcon, Lincoln
Park, NJ, USA) coated with 25 x.g/ml laminin (BD Bioscience, San Diego, CA, USA)
in modified Eagle’s medium containing d-valine (MDV, Welgen Inc., Worcester, MA,
USA). Cultures are placed in humidified 37 °C incubator receiving 5% CO,. On
2 days in vitro every day thereafter, cells are fed with MDV containing 15% dialyzed
fetal bovine serum (Gibco, Rockville, MD, USA), gentamicin, kanamycin, and 2.5 ng/
ml nerve growth factor. Two days prior to use, the culture medium is changed to
medium without nerve growth factor.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This work was supported by the Ministry of Science, ICT
and Future Planning & DGIST (16-BD-0402, DGIST Convergence Science Center)
and the National Research Foundation of Korean (NRF-2015M3A9E2028884).

Author contributions

Conception or design of the work: S-JY, J-HL, and CM. Data collection: S-JY, J-HL,
SYK, GS, and JYK. Data analysis and interpretation: S-JY, J-HL, SYK, GS, JYK, BC,
and CM. Drafting the article: S-JY, and CM. The drawings of the Figures 1, 4, and 5
were drawn by S-JY. Critical revision of the article: GS, JYK, BC, S-WY, K-AC, Y-HS,
and CM. Final approval of the version to be published: S-JY and CM.

. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of
Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the auspices of
Department of Health and Human Services Task Force on Alzheimer's Disease. Neurology
1984; 34: 939-944.

2. Braak H, Braak E. Demonstration of amyloid deposits and neurofibrillary changes in whole

brain sections. Brain Pathol 1991; 1: 213-216.

3. Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K et al. Plaque-independent
disruption of neural circuits in Alzheimer's disease mouse models. Proc Natl Acad Sci USA
1999; 96: 3228-3233.

4. Mucke L, Masliah E, Yu GQ, Mallory M, Rockenstein EM, Tatsuno G et al. High-level
neuronal expression of abeta 1-42 in wild-type human amyloid protein precursor transgenic
mice: synaptotoxicity without plaque formation. J Neurosci 2000; 20: 4050-4058.

5. Wolfe MS, Xia W, Ostaszewski BL, Diehl TS, Kimberly WT, Selkoe DJ. Two transmembrane
aspartates in presenilin-1 required for presenilin endoproteolysis and gamma-secretase
activity. Nature 1999; 398: 513-517.

6. Wolfe MS. Gamma-secretase inhibitors as molecular probes of presenilin function. J Mol

Neurosci 2001; 17: 199-204.

Cell Death and Disease


http://wiki.imagej.net/Colour_Deconvolution
http://wiki.imagej.net/Colour_Deconvolution

Region-specific accumulation of s-amyloid oligomer
S-J Yoo et al

-

©

©

1

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

. Cleary JP, Walsh DM, Hofmeister JJ, Shankar GM, Kuskowski MA, Selkoe DJ et al. Natural

oligomers of the amyloid-beta protein specifically disrupt cognitive function. Nat Neurosci
2005; 8: 79-84.

. Ittner LM, Ke YD, Delerue F, Bi M, Gladbach A, van Eersel J et al. Dendritic function of tau

mediates amyloid-beta toxicity in Alzheimer's disease mouse models. Cell2010; 142: 387-397.

. Doty RL. The olfactory system and its disorders. Semin Neurol 2009; 29: 74-81.
. Christen-Zaech S, Kraftsik R, Pillevuit O, Kiraly M, Martins R, Khalili K et al. Early olfactory

involvement in Alzheimer's disease. Canadian J Neurol Sci 2003; 30: 20-25.

. Jellinger KA, Attems J. Alzheimer pathology in the olfactory bulb. Neuropathol Appl

Neurobiol 2005; 31: 203.

Ferreyra-Moyano H, Barragan E. The olfactory system and Alzheimer's disease. Int J
Neurosci 1989; 49: 157-197.

Wang J, Eslinger PJ, Doty RL, Zimmerman EK, Grunfeld R, Sun X et al. Olfactory deficit
detected by fMRI in early Alzheimer's disease. Brain Res 2010; 1357: 184-194.

D Beaulieu FG, Pelland L, Robertson DG. Kinetic analysis of forwards and backwards stair
descent. Gait Posture 2008; 27: 564-571.

Djordjevic J, Jones-Gotman M, De Sousa K, Chertkow H. Olfaction in patients with mild
cognitive impairment and Alzheimer's disease. Neurobiol Aging 2008; 29: 693-706.
Fusetti M, Fioretti AB, Silvagni F, Simaskou M, Sucapane P, Necozione S et al. Smell and
preclinical Alzheimer disease: study of 29 patients with amnesic mild cognitive impairment.
J Otolaryngol 2010; 39: 175-181.

Morales-Corraliza J, Schmidt SD, Mazzella MJ, Berger JD, Wilson DA, Wesson DW et al.
Immunization targeting a minor plaque constituent clears beta-amyloid and rescues behavioral
deficits in an Alzheimer's disease mouse model. Neurobiol Aging 2013; 34: 137-145.
Wesson DW, Morales-Corraliza J, Mazzella MJ, Wilson DA, Mathews PM. Chronic anti-
murine Abeta immunization preserves odor guided behaviors in an Alzheimer's beta-
amyloidosis model. Behav Brain Res 2013; 237: 96-102.

Wesson DW, Levy E, Nixon RA, Wilson DA. Olfactory dysfunction correlates with amyloid-
beta burden in an Alzheimer's disease mouse model. J Neurosci 2010; 30: 505-514.

Cao L, Rickenbacher GT, Rodriguez S, Moulia TW, Albers MW. The precision of axon
targeting of mouse olfactory sensory neurons requires the BACE1 protease. Sci Rep 2012;
2:231.

Cheng N, Cai H, Belluscio L. In vivo olfactory model of APP-induced neurodegeneration
reveals a reversible cell-autonomous function. J Neurosci 2011; 31: 13699-13704.

Van Dijck A, Vloeberghs E, Van Dam D, Staufenbiel M, De Deyn PP. Evaluation of the
APP23-model for Alzheimer's disease in the odour paired-associate test for hippocampus-
dependent memory. Behav Brain Res 2008; 190: 147-151.

Guerin D, Sacquet J, Mandairon N, Jourdan F, Didier A. Early locus coeruleus degeneration
and olfactory dysfunctions in Tg2576 mice. Neurobiol Aging 2009; 30: 272-283.

Le Jeune H, Jourdan F. Acetylcholinesterase-containing intrinsic neurons in the rat main
olfactory bulb: cytological and neurochemical features. Eur J Neurosci 1994; 6: 1432-1444.
Mandairon N, Sacquet J, Jourdan F, Didier A. Long-term fate and distribution of newborn
cells in the adult mouse olfactory bulb: Influences of olfactory deprivation. Neuroscience
2006; 141: 443-451.

Cave JW, Baker H. Dopamine systems in the forebrain. Adv Exp Med Biol 2009; 651:
15-35.

Levites Y, Das P, Price RW, Rochette MJ, Kostura LA, McGowan EM et al. Anti-Abeta42-
and anti-Abeta40-specific mAbs attenuate amyloid deposition in an Alzheimer disease
mouse model. J Clin Invest 2006; 116: 193-201.

Kandalepas PC, Sadleir KR, Eimer WA, Zhao J, Nicholson DA, Vassar R. The Alzheimer's
beta-secretase BACE1 localizes to normal presynaptic terminals and to dystrophic
presynaptic terminals surrounding amyloid plaques. Acta Neuropathol 2013; 126: 329-352.
Bozza T, Feinstein P, Zheng C, Mombaerts P. Odorant receptor expression defines
functional units in the mouse olfactory system. J Neurosci 2002; 22: 3033-3043.
Mombaerts P, Wang F, Dulac C, Chao SK, Nemes A, Mendelsohn M et al. Visualizing an
olfactory sensory map. Cell 1996; 87: 675-686.

Benilova |, Karran E, De Strooper B. The toxic Abeta oligomer and Alzheimer's disease: an
emperor in need of clothes. Nat Neurosci 2012; 15: 349-357.

Wyllie AH. Apoptosis and carcinogenesis. Eur J Cell Biol 1997; 73: 189-197.

Mikhailov A, Shinohara M, Rieder CL. The p38-mediated stress-activated checkpoint. A
rapid response system for delaying progression through antephase and entry into mitosis.
Cell Cycle 2005; 4: 57-62.

Hensley K, Floyd RA, Zheng NY, Nael R, Robinson KA, Nguyen X et al. p38 kinase is
activated in the Alzheimer's disease brain. J Neurochem 1999; 72: 2053-2058.

Vassar R, Citron M. Abeta-generating enzymes: recent advances in beta- and gamma-
secretase research. Neuron 2000; 27: 419-422.

Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A et al. A specific amyloid-beta
protein assembly in the brain impairs memory. Nature 2006; 440: 352-357.

Cao L, Schrank BR, Rodriguez S, Benz EG, Moulia TW, Rickenbacher GT et al. Abeta alters
the connectivity of olfactory neurons in the absence of amyloid plaques in vivo. Nat Commun
2012; 3: 1009.

Cell Death and Disease

38.

39.

40.

41.

43.

44.

45,
46.
47.
48.
49.

50.
51.
52.
53.
54,
55.
56.
57.

58.

59.

60.

Philpot BD, Lyders EM, Brunjes PC. The NMDA receptor participates in respiration-related
mitral cell synchrony. Exp Brain Res 1998; 118: 205-209.

Gheusi G, Cremer H, McLean H, Chazal G, Vincent JD, Lledo PM. Importance of newly
generated neurons in the adult olfactory bulb for odor discrimination. Proc Nat/ Acad Sci USA
2000; 97: 1823-1828.

Berkowicz DA, Trombley PQ, Shepherd GM. Evidence for glutamate as the olfactory receptor
cell neurotransmitter. J Neurophysiol 1994; 71: 2557-2561.

Toida K, Kosaka K, Aika Y, Kosaka T. Chemically defined neuron groups and their
subpopulations in the glomerular layer of the rat main olfactory bulb—IV. Intraglomerular
synapses of tyrosine hydroxylase-immunoreactive neurons. Neuroscience 2000; 101: 11-17.

. Davison IG, Boyd JD, Delaney KR. Dopamine inhibits mitral/tufted—> granule cell synapses

in the frog olfactory bulb. J Neurosci 2004; 24: 8057-8067.

Nadi NS, Head R, Grillo M, Hempstead J, Grannot-Reisfeld N, Margolis FL. Chemical
deafferentation of the olfactory bulb: plasticity of the levels of tyrosine hydroxylase, dopamine
and norepinephrine. Brain Res 1981; 213: 365-377.

Cummings DM, Henning HE, Brunjes PC. Olfactory bulb recovery after early sensory
deprivation. J Neurosci 1997; 17: 7433-7440.

Deshpande A, Mina E, Glabe C, Busciglio J. Different conformations of amyloid beta induce
neurotoxicity by distinct mechanisms in human cortical neurons. J Neurosci 2006; 26:
6011-6018.

Kayed R, Head E, Thompson JL, Mclntire TM, Milton SC, Cotman CW et al. Common
structure of soluble amyloid oligomers implies common mechanism of pathogenesis.
Science 2003; 300: 486-489.

Lambert JC, Berr C, Pasquier F, Delacourte A, Frigard B, Cottel D et al. Pronounced impact
of Th1/E47cs mutation compared with -491 AT mutation on neural APOE gene expression
and risk of developing Alzheimer's disease. Hum Mol Genet 1998; 7: 1511-1516.

Harris JA, Devidze N, Verret L, Ho K, Halabisky B, Thwin MT et al. Transsynaptic progression
of amyloid-beta-induced neuronal dysfunction within the entorhinal-hippocampal network.
Neuron 2010; 68: 428-441.

Liu YH, Lai WS, Tsay HJ, Wang TW, Yu JY. Effects of maternal immune activation on adult
neurogenesis in the subventricular zone-olfactory bulb pathway and olfactory discrimination.
Schizophr Res 2013; 151: 1-11.

Scott JW, Shannon DE, Charpentier J, Davis LM, Kaplan C. Spatially organized response
zones in rat olfactory epithelium. J Neurophysiol 1997; 77: 1950-1962.

Kwon HJ, Koo JH, Zufall F, Leinders-Zufall T, Margolis FL. Ca extrusion by NCX is
compromised in olfactory sensory neurons of OMP mice. PLoS ONE 2009; 4: e4260.
Stamps JJ, Bartoshuk LM, Heilman KM. A brief olfactory test for Alzheimer's disease. J
Neurol Sci 2013; 333: 19-24.

Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y, Younkin S et al. Correlative memory
deficits, Abeta elevation, and amyloid plaques in transgenic mice. Science 1996; 274: 99-102.
Morris R. Developments of a water-maze procedure for studying spatial learning in the rat.
J Neurosci Methods 1984; 11: 47-60.

Dawson PA, Steane SE, Markovich D. Impaired memory and olfactory performance in NaSi-
1 sulphate transporter deficient mice. Behav Brain Res 2005; 159: 15-20.

Yang M, Crawley JN. Simple behavioral assessment of mouse olfaction. Curr Protoc
Neurosci 2009; Chapter 8: Unit 8 24.

Stine WB, Jungbauer L, Yu C, LaDu MJ. Preparing synthetic Abeta in different
aggregation states. Methods Mol Biol 2011; 670: 13-32.

Khan AM, Rajpoot N, Treanor D, Magee D. Rajpoot A nonlinear mapping approach to stain
normalization in digital histopathology images using image-specific color deconvolution.
IEEE Trans Biomed Eng 2014; 61: 1729-1738.

Ruifrok AC, Johnston DA. Quantification of histochemical staining by color deconvolution.
Anal Quant Cytol Histol 2001; 23: 291-299.

Ronnett GV, Hester LD, Snyder SH. Primary culture of neonatal rat olfactory neurons.
J Neuroscience: the official J Soc Neurosci 1991; 11: 1243-1255.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

©

The Author(s) 2017


http://creativecommons.org/licenses/by/4.0/

	Differential spatial expression of peripheral olfactory neuron-derived BACE1 induces olfactory impairment by region-specific accumulation of β-amyloid oligomer
	Main
	Results
	Tg2576 mice exhibit olfactory dysfunction before the onset of observable AD pathology
	Tg2576 mice experience a loss of dopaminergic periglomerular neurons in the specific glomeruli of ventral MOB
	Tg2576 mice produce high levels of Aβ oligomer in the OB
	BACE1 is highly enriched in the axonal terminals of OSNs projecting to glomeruli and highly expressed in the ventral MOB in Tg2576 mice
	The OE is impaired by cell death in the earlier phase of AD onset in Tg2576 mice
	Tg2576 mice produce high levels of Aβ oligomers and induce cell death in OSNs layer of the OE

	Discussion
	Materials and methods
	Transgenic mice
	Morris water maze
	Food-seeking test
	Aβ42 oligomers preparation
	Antibodies
	Western blot
	Histology
	TUNEL staining assay
	Immunohistochemistry
	Imaging and data analysis
	Primary culture of OSNs

	Acknowledgements
	Note
	References




