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a b s t r a c t
Alzheimer's disease (AD) is a neurodegenerative disorder which is the most common cause of dementia in the
elderly today. One of the earliest symptoms of AD is olfactory dysfunction. The present study investigated the
effects of amyloid β precursor protein (AβPP) metabolites, including amyloid-β (Aβ) and AβPP C-terminal fragments (CTF), on olfactory processing in the lateral entorhinal cortex (LEC) using the Tg2576 mouse model of
human AβPP over-expression. The entorhinal cortex is an early target of AD related neuropathology, and the
LEC plays an important role in ﬁne odor discrimination and memory. Cohorts of transgenic and age-matched
wild-type (WT) mice at 3, 6, and 16 months of age (MO) were anesthetized and acute, single-unit electrophysiology was performed in the LEC. Results showed that Tg2576 exhibited early LEC hyperactivity at 3 and 6 MO
compared to WT mice in both local ﬁeld potential and single-unit spontaneous activity. However, LEC singleunit odor responses and odor receptive ﬁelds showed no detectable difference compared to WT at any age. Finally, the very early emergence of olfactory system hyper-excitability corresponded not to detectable Aβ deposition
in the olfactory system, but rather to high levels of intracellular AβPP-CTF and soluble Aβ in the anterior piriform
cortex (aPCX), a major afferent input to the LEC, by 3 MO. The present results add to the growing evidence of
AβPP-related hyper-excitability, and further implicate both soluble Aβ and non-Aβ AβPP metabolites in its
early emergence.
© 2014 Elsevier Inc. All rights reserved.

Introduction
Amyloid-β (Aβ) deposition and neuroﬁbrillary tangles (NFTs) have
long been implicated as hallmarks of AD pathology (Hardy and
Higgins, 1992; Ittner and Gotz, 2011; Selkoe, 1994). Aβ has been
shown to exist in a number of different forms including soluble Aβ
monomers and oligomers, as well as insoluble protoﬁbrils and Aβ
plaques (Walsh et al., 1997, 1999; Walsh and Selkoe, 2007). However, the correlation between Aβ pathology and cognitive decline in
humans is variable, particularly in pre-depositing stages of the disease
(Cummings and Cotman, 1995; Goutagny et al., 2013). Amyloid β precursor protein (AβPP) is processed by α- and β-secretases. Cleavage
by the latter results in a β C-terminal fragment (βCTF) that contains
the Aβ domain and generates Aβ and AβPP intracellular cytoplasmic
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domain when further processed by γ-secretase (Zheng and Koo, 2006,
2011). The human AβPP metabolites Aβ and AβPP-CTF have been
shown to exhibit some level of cytotoxicity in the pre-depositing
brain, ranging from inducing endosome anomalies and apoptosis
(Bertrand et al., 2001; Cheng et al., 2013; Deyts et al., 2012; Jiang
et al., 2010; Kayed et al., 2003; Lauritzen et al., 2012; Lu et al., 2000;
McPhie et al., 2001; Nhan et al., 2014; Tamayev and D'Adamio, 2012;
Tamayev et al., 2012; Upadhaya et al., 2012) to causing abnormal
rewiring of neurons (Cheng et al., 2011) and functional disruption of
synapses (Lacor et al., 2004).
The effect of AβPP and its metabolites on the olfactory system and
resulting consequences for odor processing are of particular interest
given that olfactory dysfunction is one of the most commonly reported
early symptoms of AD and other neurodegenerative diseases (Wilson
et al., 2014). This dysfunction has been shown to precede other cognitive impairments and although it can manifest as deﬁcits in the
detection and discrimination of odors in mild cognitive impairment
and early AD (Bahar-Fuchs et al., 2011; Murphy, 1999; Rahayel et al.,
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2012), problems with odor identiﬁcation appear most robust (Albers
et al., 2006; Calhoun-Haney and Murphy, 2005; Conti et al., 2013;
Devanand et al., 2000, 2008; Rahayel et al., 2012).
The early appearance of olfactory deﬁcits may be linked to the fact
that the entorhinal cortex which is one of the ﬁrst brain regions to display AD related pathology (Braak and Braak, 1996; Braak et al., 2011)
serves at least two roles in olfactory perception and memory. The lateral
entorhinal cortex (LEC) receives direct input from the olfactory bulb and
piriform cortex (Cleland and Linster, 2003; Igarashi et al., 2012). This
information is then projected to the hippocampal formation via the
perforant path for hippocampal-dependent odor memory (Staubli
et al., 1984). In addition, the LEC projects back to both the olfactory
bulb and piriform cortex (Chapuis et al., 2013). This top-down pathway
is critical for ﬁne odor discrimination (Chapuis et al., 2013), as well as
modulating piriform cortical odor responses (Chapuis et al., 2013;
Mouly and Di Scala, 2006), and non-hippocampal dependent odor
memory (Boisselier et al., 2014; Ferry et al., 1996; Wirth et al., 1998).
The present study assessed the effect of mutated human AβPP overexpression and early levels of its metabolites on LEC physiology. Similar
to results in the piriform cortex (Wesson et al., 2011), Tg2576 mice
showed LEC hyperexcitability which emerged prior to Aβ deposition.
Here we demonstrate that this early, pre-Aβ depositing LEC hyperexcitability occurs in the presence of high levels of soluble Aβ and intracellular AβPP-CTF, especially in the piriform cortex, a major afferent input to
the LEC.
Materials and methods
Subjects
A total of 17 Tg2576 (n = 2 female and 3 male 3 MO, n = 2 female
and 3 male 6 MO, n = 3 female and 4 male 16 MO) and 21 age-matched
B6sJLF/J WT (n = 4 female and 3 male at 3, 6, and 16 MO) mice were obtained from a breeding colony at the Nathan S. Kline Institute for use in
the present study for electrophysiology, histology and immunohistochemistry. All animals were recorded from within 1 week (+/−) of
the speciﬁed age ranges. Animals were housed in groups of 3–4 animals
per polypropylene cage until at most 4 days before recording, during
which time they were separated and individually housed. Food and
water was available ad lib unless otherwise noted. All handling, housing
and experimental procedures were in accordance with the Institutional
Animal Care and Use Committee guidelines at Nathan S. Kline Institute
as well as NIH guidelines for the proper treatment of animals.
Acute unit and LFP recordings and odorant stimulation
Acute single-unit recording procedures in the LEC were performed
similarly to Xu and Wilson (2012). Animals were anesthetized with urethane (1.25 mg/kg). Single units were recorded with a tungsten microelectrode (1–5 MOhm) and signals were acquired and analyzed with
Spike2 physiology software (CED). Units were identiﬁed and separated
off-line with template matching and PCA (Spike2 software) and showed
at least a 2-ms refractory period in interval histograms. LEC units
(ﬁltered 0.3–3 kHz) were identiﬁed with histological conﬁrmation of
electrode position. Electrode placement here was conﬁrmed through
evoked responses from stimulation in the OB as well as histological
conﬁrmation.
Olfactory stimuli were delivered with a ﬂow-dilution olfactometer
positioned 2 cm from the animal's nose. Odor vapor was introduced
with a computer-controlled pinch valve at a rate of 0.1 liter per minute
(LPM) to a constant 1 LPM ﬂow of nitrogen gas. Stimuli were introduced
for 2 s per trial with at least a 30 s inter-stimulus interval. A total of
6 odors were used (3 monomolecular, 3 odor-mixtures). Each odor
was presented randomly for 4 trials for each single-unit recording. The
monomolecular odorants used were ethyl valerate, isoamyl acetate
and heptanal. The odor-mixtures used have been previously described
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(Barnes et al., 2008; Chapuis and Wilson, 2012; Lovitz et al., 2012; Xu
and Wilson, 2012). As noted in these publications, 10C is a mixture comprised of 10 different monomolecular odors, 10C-1 is the same mixture
as 10C with one component removed, and 10CR1 is the same mixture as
10C with one component replaced with a different component. The
component removed in 10C-1 and replaced in 10CR1 were consistent
across animals and throughout the present experiment. Both pure odorants and mixtures were diluted in mineral oil to a concentration of
100 ppm based on vapor pressure. As a result, mixtures had a higher
concentration than pure monomolecular odorants.

Data analysis
Single-unit and LFP data were all analyzed with Spike2 (CED, Inc).
Single units were identiﬁed with principal components analyses
as well as templating. Recordings were identiﬁed as coming from a
single-unit by conﬁrming a minimum 2 ms refractory period using
interval histograms. Single-unit odor-evoked activity was deﬁned as
the spike count 3 s after stimulus onset with basal ﬁring rate (3 s prestimulus onset) subtracted. Odor-evoked responses were normalized
to the maximal odor response (best odor) of a cell to obtain a relative response magnitude to each odor by each neuron. Spontaneous activity
was deﬁned as the per second spike rate 3 s before stimulus onset.
LFP responses were investigated in the theta (7–12 Hz), beta (15–
35 Hz) and gamma (40–80 Hz) frequency bands. Spontaneous power
was deﬁned as the activity 3 s before stimulus onset. Odor-evoked
power was deﬁned as the activity 3 s after stimulus onset. Odorevoked and spontaneous power was averaged across the 6 odorants to
obtain one set of evoked and spontaneous LFP power per frequency
bands per animal.
In addition to odor responses, single-unit entrainment to LFP beta
oscillations was analyzed. This was done by ﬁrst extracting a time
stamp for each beta oscillatory wave. Negative oscillatory peaks were
extracted from the beta frequency ﬁltered LFP by thresholding at
two times the standard deviation of the ﬁltered signal. Phase plots of
single-unit activity were constructed relative to these peak events and
analyzed with Rayleigh statistics using MatLab sub-routines for circular
statistics called CircStat (Berens, 2009). MatLab was used to conduct
Raleigh statistics on entrainment data. A Chi-square test was employed
to check for signiﬁcance between genotypes.
All statistical comparisons were done using StatView. Two-way repeated measures ANOVAs were used to compare single-unit odorevoked receptive ﬁelds. Two-way between groups ANOVAs were used
to compare spontaneous and odor-evoked LFP power in the theta,
beta, and gamma frequencies and spontaneous and maximal evoked
single-unit activity. T-tests and post-hoc Fisher's tests were used
where appropriate to make pair-wise comparisons.

Histology
After recording, mice were overdosed with urethane and
transcardially perfused with PBS and 4% paraformaldehyde/PBS. Brains
were removed and post-ﬁxed in 30% sucrose/4% paraformaldehyde.
Coronal brain sections (40 μm) were cut using a sliding microtome
(Leica). A portion of these were mounted and stained with cresyl violet
for electrode veriﬁcation (Fig. 1). The remainder sections were stored
as ﬂoating sections in 0.2% sodium azide/PBS for thioﬂavin S staining
and for immunohistochemistry. Coronal sections were stained with
thioﬂavin S as previously described in Wesson et al. (2010). Brieﬂy,
tissue samples were mounted and allowed to dry before immersion in
1% thioﬂavin S (Sigma-Aldrich). These were then rehydrated through
immersion in increasing concentrations of ethanol before rinsing with
dH2O and cover slipped. Staining groups always included sections
from each age group and genotype.
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Fig. 1. Electrode placement in the lateral entorhinal cortex. Images from Franklin and Paxinos, 2008. Sections are representative electrode placement positions in LEC from 3.54 mm to
4.24 mm posterior to Bregma.

Immunohistochemistry
Coronal sections were immunolabeled with the antibodies 6E10, C1/
6.1 or 22C11 as previously described in Wesson et al. (2010). Brieﬂy,
sections were rinsed and blocked for 1 h with 20% ﬁltered normal
goat serum diluted in PBS. Sections were then incubated in 6E10
(1:200), C1/6.1 (1:200) or 22C11 (1:100) or buffer overnight at 4 °C.
Sections were rinsed with PBS and incubated for 2 h in Alexaﬂuor488
anti-mouse secondary antibody (1:500). After incubation, tissue was
rinsed a ﬁnal time, mounted onto glass slides, dried and covered using
GelMount. Immunolabeled groups always included sections from each
age group and genotype.

Western blot
A separate group of 3 MO (n = 3 females and 1 male WT, n = 4
females Tg2576), 6 MO (n = 2 females WT, n = 2 females Tg2576),
and 12 MO (n = 3 females and 1 male WT, n = 4 females Tg2576)
mice were anesthetized with isoﬂurane and sacriﬁced. Brains were removed, placed on ice and bilateral OB, PCX, HPX, LEC and cerebellum
were dissected out for Western blot analysis.
Methods were adapted from Morales-Corraliza et al. (2013). Brain
tissue was homogenized in THB (1 ml/100 mg of sample) [1 M Tris
base (pH 7.4)] and frozen (− 80 °C) overnight. Protein concentration
was determined by BCA Protein Assay Kit. Equal amounts of total protein (20 μg for AβPP-CTF and full-length AβPP (ﬂAβPP, 40 μg for Aβ)
were loaded on a 4–20% Tris glycine SDS gel (SDS-PAGE), separated
electrophoretically, and transferred onto a PVDF membrane. The membrane was washed and incubated in 5% milk in TBST for 1 h at room
temperature, followed by overnight incubation at 4 °C with either C1/
6.1 or 4G8 mouse antibody (1:1000) and washed in TBST before secondary antibody incubation in anti-mouse secondary antibody (1:5000) in
5% milk in TBST for 1 h at room temperature. After a ﬁnal wash in

TBST, Pierce ECL Western Blotting Substrate (2 ml/blot) was employed
for detection of ﬂAβPP, and 1 ml of this solution was mixed with 1 ml
of SuperSignal Western Femto Maximum Sensitivity Substrate for detection of AβPP-CTF and Aβ. Stripped membranes were blotted with
anti-GAPDH antibody for internal control for loading. Densitometry
analysis using ImageJ (NIH) was utilized to quantify protein bands and
densities were normalized as a ratio of GAPDH.
Sandwich enzyme-linked immunosorbent assay (ELISA) for detection of Aβ
Bilateral OB, PCX, HPX, LEC and cerebellum were dissected out and
tissues from two mice were combined (n = 6 Tg2576 at each age
group). Brain tissue was homogenized in THB as described for Western
blot analysis and following treatment with diethylamine (DEA) and
centrifugation at 135,000 ×g, levels of human Aβ were determined by
sandwich ELISA as previously described (Morales-Corraliza et al., 2009).
Results
Tg2576 mice show elevated single-unit spontaneous activity in lateral
entorhinal cortex
Previous reports have shown that Aβ accumulation can lead to
spontaneous hyperactivity at the single-unit level in neurons in close
proximity to the deposits (Busche et al., 2008, 2012; Cacucci et al.,
2008; Wesson et al., 2011). In addition, even at pre-depositing ages,
these changes may already be present (Cao et al., 2012; Guerin et al.,
2009). In order to investigate this phenomenon, a total of 58 singleunits for Tg2576 mice (n = 19 3 MO, n = 21 6 MO, n = 18 16 MO)
and 70 units for WT mice (n = 23 3 MO, n = 26 6 MO, n = 21
16 MO) were recorded in LEC (Fig. 1). Spontaneous activity was deﬁned
as a 3 second (s) period before the onset of odor stimuli. Since there
were 24 odor presentations per single-unit, these periods were averaged and divided by 3 to establish an average spikes per second rate.
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This revealed that Tg2576 exhibited signiﬁcantly higher spontaneous
activity than age-matched WT (F(1,124) = 17.98, p b .0001 for genotype). Further analysis conﬁrmed that this hyperactivity was present
at all ages (t(40) = 2.79, p b .01 for 3 MO, t(45) = 2.61, p b .05 for
6 MO, t(39) = 2.12, p b .05 for 16 MO) (Fig. 2A).
Tg2576 mice show no change in single-unit receptive ﬁelds in lateral
entorhinal cortex
Previous work has demonstrated that single-unit odor receptive
ﬁelds are reﬂective of olfactory sensory acuity (Barnes et al., 2008;
Chapuis and Wilson, 2012; Chen et al., 2011). Thus, as a ﬁrst investigation into olfactory processing in the presence of AβPP overexpression,
we examined receptive ﬁelds of units in LEC of Tg2576. As deﬁned in
Xu and Wilson (2012), receptive ﬁelds were calculated by taking the average ﬁring rate of single-units to 4 random presentations of a single
odorant and normalizing this rate to the best of 6 different odorants.
Odor-evoked ﬁring was deﬁned as the ﬁring rate 3 s after the onset of
an odor stimulus. Maximal odor-evoked activity to the ‘best’ odorant
did not differ between Tg2576 and WT LEC neurons (F(1,124) = 0.00,
p = N.S.) (Fig. 2B). Receptive ﬁeld measures revealed no signiﬁcant difference between Tg2576 and WT within any age group (F(1,124) =
2.48, p = N.S.) suggesting that there was no difference in the odorevoked acuity of single-units in LEC between genotypes (Fig. 3).
Tg2576 mice show hyper-excitable spontaneous and odor-evoked LFP
oscillations in early life that persist in later life
While single-unit recordings are a measure of the activity level of a
single-neuron within a population of cells, LFPs offer an opportunity
to assess the aggregate network activity of that population. We have
previously reported elevated LFP oscillatory activity in OB and piriform
cortex of young Tg2576 mice (Wesson et al., 2011). Here, a similar effect

Fig. 3. Olfactory receptive ﬁelds in the lateral entorhinal cortex of Tg2576 versus agematched WT mice. Receptive ﬁelds are calculated by ranking odor-evoked spike activity
from the highest to the lowest (6th). Spikes per second is then normalized to the highest
ﬁring rate, creating a gradient of activity in response to each different odor. Receptive ﬁeld
activity in LEC of Tg2576 was not signiﬁcantly different from WT at any age.

is apparent in LEC LFPs. Elevated baseline (F(1,150) = 29.09, p b .0001)
as well as odor-evoked activity (F(1,150) = 38.52, p b .0001) was apparent in Tg2576 vs. WT at 3 MO (Fig. 4A). This persisted in the 6 MO group
(Fig. 4B) of animals (F(1,150) = 11.01, p b .005 for baseline, F(1,150) =
13.07, p b .0005 for evoked). Both baseline (F(1,165) = 14.35, p b .0005)
and odor-evoked activity (F(1,165) = 8.92, p b .005) remained hyperactive compared to WT even in the oldest (16 MO) animals (Fig. 4C).
Aβ deposition is elevated in 16 MO Tg2576 mice
To conﬁrm the phenotypic development of Aβ pathology in the
animals in the present study, staining for plaques (thioﬂavin S) and immunohistochemistry for Aβ deposition (6E10) was conducted. 3 and
6 MO Tg2576 mice showed no staining for plaques or Aβ deposition in
any brain region examined. This varies with our previous reports of
early Aβ deposition in the OB glomerular layer at 3 MO (Wesson et al.,
2010). We believe this discordance either reﬂects a real difference in
Tg2576 cohorts or non-selective secondary antibody staining in the
original report. Meanwhile 16 MO animals showed robust pathology
in OB, aPCX, HPX as well as LEC (Fig. 5). Due to these ﬁndings, AβPP metabolite immunohistochemistry focused on the 3 and 6 MO pre-plaque
stages of pathology development.
Fig. 2. Baseline and maximal odor-evoked activity in the lateral entorhinal cortex of Tg2576
versus age-matched WT mice. Solid bars represent Tg2576 while open bars represent WT.
Baseline (A) activity was signiﬁcantly elevated in 3, 6 and 16 MO Tg2576 versus age
matched WT animals. Meanwhile, a comparison of the maximal odor-evoked ﬁring rate
(A) of Tg2576 versus WT revealed no differences at any age. ** = p b .01, * = p b .05.

AβPP metabolites are elevated in pre-depositing Tg2576 mice
Tg2576 mice showed elevated single-unit baseline activity and
elevated LFP excitability in LEC during ages 3–6 months in which Aβ
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Fig. 4. Spontaneous and odor-evoked LFP in the lateral entorhinal cortex of Tg2576 versus age-matched WT mice. Solid lines represent Tg2576 while broken lines represent WT. In 3 (A), 6
(B) and 16 MO (C) age cohorts, Tg2576 exhibited signiﬁcantly elevated baseline as well as odor-evoked LFPs across the theta (dark gray), beta (medium gray) and gamma (light gray)
frequency ranges. # = p b .0001, ** = p b .0005, * = p b .005.

immunostaining is not different from age-matched WT (data not
shown). The absence of detectable Aβ immunostaining at 3–6 MO
was conﬁrmed by Western blot analysis with 4G8 (Fig. 6A). ELISA
analysis of non-ﬁbrillar, soluble Aβ revealed different levels of both
Aβ40 and Aβ42 in different brain regions (Figs. 6B and C). The highest
levels of both peptides were found in the aPCX, while very low levels
were observed in the cerebellum. The ELISA data show an increase
in Aβ levels from 3 to 6 months of age only in the LEC for both Aβ42
and Aβ40 (t-test 3 MO vs. 6 MO, Aβ42 t(4) = 3.66, p b 0.05; Aβ40,
t (4) = 3.95, p b 0.05). Western blot analysis with 4G8 shows initial
accumulation of Aβ at 12 MO only in the aPCX and the LEC (Fig. 6A).
No other region showed age-dependent changes in Aβ levels at these
ages. These data suggest a difference in the level of AβPP processing or

Aβ clearance in different brain regions, resulting in different levels of
Aβ. These data suggest a difference in either the level of AβPP processing or Aβ clearance in different brain regions, resulting in different
levels of Aβ.
Work from other groups shows that hyperactivity at early ages in
the absence of Aβ plaques is correlated intracellular βCTF accumulation
(Cavanagh et al., 2013). As such, we hypothesized that ﬂAβPP overexpression, the enhanced generation of AβPP-CTFs, and/or the decreased
degradation of AβPP-CTFs may be a better predictor of network hyperactivity during early life. Human AβPP overexpression in Tg2576 mice
was revealed by immunoreaction with the antibody 22C11 that interacts with ﬂAβPP and the soluble amino-terminal fragments (Fig. 7).
However, a more pronounced staining is seen when Tg2576 sections
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Fig. 5. Aβ plaque deposition in the OB, PCX, HPX and LEC of 16 MO Tg2576 mice demonstrated by thioﬂavin S staining and both ﬁbrillar and non-ﬁbrillar Aβ accumulation in the same
regions revealed by 6E10 immunolabeling. Scale bar = 200 μm.

were treated with the C1/6.1 antibody that reacts with ﬂAβPP and
AβPP-CTFs, suggesting enhanced intracellular levels of AβPP-CTFs in
the olfactory cortical areas (OB, aPCX, LEC) as well as the hippocampus
(Fig. 7).
Western blot analysis with the AβPP-C-terminal C1/6.1 antibody
in 3, 6, and 12 MO cohorts revealed that Tg2576 overexpressed
ﬂAβPP (F(1,40) = 225.07, p b .0001) and had signiﬁcantly elevated
AβPP-CTFs (F(1,40) = 213.87, p b .0001) compared to endogenous
levels in WT mice (Fig. 6A). Furthermore, this elevation is present
at the early 3 MO (F(1,30) = 143.75, p b .0001 for AβPP-CTFs and
F(1,30) = 148.44 p b .0001 for ﬂAβPP) as well as 6 MO
(F(1,10) = 99.34, p b .0001 for AβPP-CTFs and F(1,10) = 295.54,
p b .0001 for ﬂAβPP) age groups. ﬂAβPP was quantiﬁed (data not
shown) and no signiﬁcant differences between brain regions were
found, ruling out the possibility that regional differences in AβPPCTF levels are due partly or completely to differences in human
AβPP transgene expression arising from the hamster prion protein
promoter driving strong expression of the transgene in speciﬁc olfactory pathway regions. Western blot analyses for AβPP-CTFs
(C1/6.1) demonstrated elevation of the human transgenic AβPPCTF in Tg2576 in all brain regions examined compared to the
endogenous fragment in age-matched WT, with no age-dependent
changes (Figs. 6A and D). However, higher AβPP-CTFs levels were
found in the aPCX than in HPX, LEC, and OB, and the lowest found
in the cerebellum (repeated measures ANOVA, region × age, main
effect of region, F(4,16) = 6.48, p b 0.01. Post-hoc Fisher tests revealed aPCX levels were signiﬁcantly (p b 0.05) higher than all
other areas. No signiﬁcant main effect of age). This difference in
AβPP-CTFs levels occurs already at 3 months of age (Fig. 6D). Quantiﬁcation of AβPP-CTF levels relative to ﬂAβPP conﬁrmed the regional differences in AβPP-CTF levels, independent of ﬂAβPP level
of expression, with signiﬁcantly higher AβPP-CTFs levels relative
to ﬂAβPP in the aPCX as compared to all other brain regions tested
at both 3 MO and 6 MO (3 MO ANOVA, F(4,15) = 10.06, p b 0.001;
6 MO ANOVA, F(4,5) = 24.63, p b 0.01. Post-hoc Fisher tests revealed aPCX AβPP-CTF/ﬂAβPP levels were higher in aPCX than all
other areas at both ages; data not shown). The levels of βCTF relative to total AβPP-CTF were also high in the aPCX, as well as the
HPX and LEC, but not in the OB and cerebellum (repeated measures
ANOVA, region × age, main effect of region, F(4,16) = 7.50, p b 0.01.
No signiﬁcant main effect of age. Post-hoc Fisher tests revealed
aPCX, HPX and LEC levels were signiﬁcantly (p b 0.05) higher than
OB and CRB. The difference from a ratio of 0.50 of total AβPP-CTFs
was modest in LEC, and reached signiﬁcance in aPCX and HPX
(e.g., 3 MO t-test versus 0.5, aPCX, t(3) = 5.14, p = 0.01; HPX,
t(3) = 4.37, p = 0.02; LEC, t(3) = 2.52, p = 0.09; Fig. 6E).

Discussion
Although olfactory impairments can occur in many disorders,
olfactory dysfunction is one of the most commonly seen deﬁcits in preclinical cases of AD. This dysfunction often manifests in a variety of
ways, though increasingly, odor identiﬁcation has been pinpointed as a
particularly good predictor of a transition from benign aging to MCI to
AD in the elderly (Albers et al., 2006; Christen-Zaech et al., 2003; Conti
et al., 2013; Devanand et al., 2000, 2008; Murphy, 1999; Murphy et al.,
2002; Nordin and Murphy, 1998; Rahayel et al., 2012). Although abilities
such as odor detection involve basic olfactory sensory processing, the
abilities to identify and discriminate odors incorporate a decidedly higher
order cognitive component (Wilson and Stevenson, 2003; Wilson and
Sullivan, 2011). In the present study, we sought to investigate odor processing in higher order structures in response to AβPP pathology at the
single-unit level by performing acute electrophysiological recordings in
LEC in the Tg2576 mouse. The LEC is an area that has been demonstrated
to play an important role in odor processing and associative memory
(Chapuis et al., 2013; Ferry et al., 1996; Frasnelli et al., 2010; Mouly and
Di Scala, 2006; Staubli et al., 1984; Wirth et al., 1998; Xu and Wilson,
2012). Our results show that odor processing at the single unit level in
LEC remains surprisingly robust in the face of accumulating AβPP metabolites, including Aβ. However, LEC single-unit spontaneous activity was
signiﬁcantly elevated in Tg2576 versus WT, as were both baseline and
odor-evoked LFP oscillations. This hyper-excitability emerged by at least
3 MO and remained through at least 16 MO. These ﬁndings mirror
other studies that have demonstrated the effect of AβPP metabolites in inducing neurotoxic effects (Bach et al., 2001; Bertrand et al., 2001; Cheng
et al., 2011, 2013; Devi and Ohno, 2012; Dewachter et al., 2002; Lu
et al., 2000; McPhie et al., 2001; Sopher et al., 1994; Yankner et al.,
1989). However, to the best of our knowledge, this is the ﬁrst investigation of this disrupted ﬁring activity in the LEC in response to odor stimuli.
The single-unit activity reported here demonstrates that odor
processing remains largely intact in LEC of Tg2576 from early to
middle-age. Although expression of mutant human AβPP in the more
peripheral olfactory sensory neurons appears to impair odor discrimination (Albers et al., 2006; Cheng et al., 2013), deposition in more central olfactory areas has been shown to have little impact on olfactory
performance (Phillips et al., 2011; Vloeberghs et al., 2008; Xu et al.,
2014). Not only was single-unit odor-evoked activity intact in LEC,
but in fact, receptive ﬁeld speciﬁcity of Tg2576 single-units was also
comparable to WT in this area at all ages. This stands in contrast to
other groups who have found a disruption of speciﬁcity in hippocampal
place cells of rodent models harboring human AβPP as well as resulting
spatial memory deﬁcits (Cacucci et al., 2008; Koistinaho et al., 2001).
Selective vulnerability of different types of neurons was previously
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Fig. 7. Representative 6 MO immunohistochemistry for AβPP-CTFs (C1/6.1) and ﬂAβPP (22C11) in OB, aPCX, HPX and LEC of Tg2576 versus WT mice. Tg2576 showed elevated C1/6.1
staining compared to WT which suggests an accumulation of AβPP-CTFs. Elevation is seen also in sections treated with 22C11 but to a lesser extent than those treated with C1/6.1.
Scale bar = 200 μm.

demonstrated in two AβPP overexpressing transgenic mouse lines.
While dendritic pathology was observed in a spatially deﬁned subset
of dentate granule cells prior to amyloid deposition in the PDAPP mice
(Wu et al., 2004), Aβ deposition induced progressive degeneration of
distinct types of commissural neurons in APP23 mice (Capetillo-Zarate
et al., 2006). It is possible that the spared function seen in LEC compared
to the hippocampus is due to a selective vulnerability of the latter region
to human AβPP and its associated metabolites (Balietti et al., 2013), or
more robust cortical encoding of odors in the face of this pathology.
The early appearance of LEC hyperexcitability occurred prior to the
detectable deposition of Aβ in the LEC, or in any upstream olfactory
structure examined. We had previously reported Aβ deposition in the
OB glomerular layer as early as 3 MO (Wesson et al., 2010); however,
this was not observed here. This may reﬂect a difference in Tg2576
cohorts or non-speciﬁc staining in the earlier report. Here we show
that Aβ accumulation is initially detected by Western blot analysis at
12 MO selectively in the aPCX and LEC (Fig. 6A). Regardless, the lack
of detectable Aβ deposition at ages when hyperexcitability ﬁrst appears
introduces the possibility that the presence of human AβPP and/or its
metabolites at pre-depositing ages had an impact on LEC activity beyond that of Aβ plaques. In fact, the overexpression of human AβPP in

olfactory sensory neurons has been shown to lead to apoptosis and
changes in neuronal morphology (Cheng et al., 2011, 2013). For example, other AβPP metabolites such as AβPP-CTFs and soluble AβPP have
been shown to induce neurotoxicity, cell death and resulting memory
loss (Bach et al., 2001; Bertrand et al., 2001; Devi and Ohno, 2012;
Dewachter et al., 2002; Deyts et al., 2012; Lu et al., 2000; McPhie et al.,
2001; Sopher et al., 1994; Tamayev and D'Adamio, 2012; Tamayev
et al., 2012; Yankner et al., 1989). Our present results demonstrate
high levels of AβPP-CTFs in neurons in brain regions corresponding to
the olfactory pathway, with higher levels in the aPCX than in HPX,
LEC, and OB, and the lowest found in the cerebellum. Similar relative
levels were observed by ELISA for Aβ in the same brain regions. This difference in both AβPP-CTFs and Aβ levels occurs already at 3 months of
age. The highest levels of both soluble Aβ and AβPP-CTFs in the aPCX
suggests that the LEC hyperactivity in both local ﬁeld potential and
single-unit spontaneous activity may be induced by direct input from
the piriform cortex. These data suggest a difference in the level of
AβPP processing or clearance of AβPP metabolites in different brain regions, generating different levels of AβPP-CTF as well as Aβ. Therefore,
while the prevention of Aβ deposition or the enhancement of Aβ degradation may serve to alleviate certain olfactory deﬁcits (Cramer et al.,

Fig. 6. Western blot and ELISA of ﬂAβPP, AβPP-CTF, and Aβ in OB, PCX, HPX, LEC and CRB of Tg2576 mice. (A) Western blots with C1/6.1 antibody show ﬂAβPP overexpression as well as
both αCTF and βCTF in 3, 6, and 12 MO Tg2576 OB, PCX, HPX, LEC and cerebellum (CRB). While at 3 and 6 MO, there is no Aβ accumulation as shown using 4G8 antibody, Aβ accumulates at
12 MO in the PCX and LEC, but not in the OB, HPX, and CRB. ELISA of Aβ40 (B) and Aβ42 (C) in the brain of 3 and 6 MO Tg2576 mice. Asterisks signify signiﬁcant difference between 3 MO
and 6 MO levels in LEC. Quantiﬁcation of total AβPP-CTFs, including both αCTF and βCTF, shows highest levels in PCX (D) at 3 and 6 MO, as observed for Aβ40 and Aβ42. Asterisk signiﬁes a
signiﬁcant difference between aPCX levels compared to all other regions. There was no signiﬁcant effect of age. The ratio of βCTF to total AβPP-CTFs was compared in 3 and 6 MO Tg2576 in
all brain areas (E). Line shows a ratio of 0.50. Bars above the line indicate the majority of AβPP-CTF detected was βCTF. Bars below the line indicate the majority of AβPP-CTF detected was
αCTF. In contrast to OB and CRB where αCTF predominated, the majority of AβPP-CTFs in PCX, HPX and LEC were of the β form. See text for statistical analyses. Error bars indicate 1 SE.
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2012; Morales-Corraliza et al., 2013; Wesson et al., 2011), attention
must be paid to other metabolites of AβPP that may also exert a negative
impact on normal neuronal functioning.
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