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Neurobiology of Disease

Olfactory Functions Scale with Circuit Restoration in a
Rapidly Reversible Alzheimer’s Disease Model

Ning Cheng, Li Bai, Elizabeth Steuer, and Leonardo Belluscio
Developmental Neural Plasticity Section, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland 20892

Neural circuits maintain a precise organization that is vital for normal brain functions and behaviors, but become disrupted during
neurological disease. Understanding the connection between wiring accuracy and function to measure disease progression or recovery
has been difficult because of the complexity of behavioral circuits. The olfactory system maintains well-defined neural connections that
regenerate throughout life. We previously established a reversible in vivo model of Alzheimer’s disease by overexpressing a humanized
mutated amyloid precursor protein (hAPP) in olfactory sensory neurons (OSNs). Using this model, we currently show that hAPP is
present in the OSN axons of mutant mice, which exhibit strong caspase3 signal and reduced synaptic protein expression by 3 weeks of age.
In the olfactory bulb, we show that glomerular structure is distorted and OSN axonal convergence is lost. In vivo functional imaging
experiments further demonstrate disruption of the glomerular circuitry, and behavioral assays reveal that olfactory function is signifi-
cantly impaired. Because OSNs regenerate, we also tested if the system could recover from hAPP-induced disruption. We found that after
1 or 3 weeks of shutting-off hAPP expression, the glomerular circuit was partially restored both anatomically and functionally, with
behavioral deficits similarly reversed. Interestingly, the degree of functional recovery tracked directly with circuit restoration. Together,
these data demonstrate that hAPP-induced circuit disruption and subsequent recovery can occur rapidly and that behavior can provide
ameasure of circuit organization. Thus, olfaction may serve as a useful biomarker to both follow disease progression and gauge potential

recovery.

Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease in the world (World Alzheimer Report, 2012), pro-
ducing neural loss throughout the brain. Understanding changes
in circuitry related to the cognitive dysfunction in AD could pro-
vide critical insight for diagnosis and for tracking disease progres-
sion. Many studies have focused on analysis of cortical and
hippocampal regions to elucidate the pathological processes as-
sociated with AD. For example, using animal models, it has been
shown that increased levels of cortical A, the peptide thought to
play a central role in the pathogenesis of AD, lead to cognitive
deficits, and that reducing A levels can improve behavioral phe-
notypes (Hardy and Selkoe, 2002). However, in the cortex, circuit
organization exists at multiple levels (Callaway, 2002); and given
its complexity and heterogeneity, precision is not always anatom-
ically apparent (Stevens, 1998). Thus, it has been difficult to as-
sess how wiring is changed in AD models and whether these
changes correlate with specific functional deficits. In addition, a
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lack of specific molecular markers for distinct neuronal classes
adds to the challenge of identifying specific cell types that may be
more vulnerable or resistant to disease.

Olfactory dysfunction occurs early in AD (Talamo et al., 1989;
Bacon et al., 1998; Hawkes, 2003; Doty, 2009; Arnold et al., 2010)
and the olfactory connections are well-defined to enable a clear
evaluation of neural circuitry. In mammals, axons from olfactory
sensory neurons (OSNs) expressing the same odorant receptor
converge to stereotyped positions in the olfactory bulb (OB)
forming glomeruli, which are organized into a precise anatomical
map of odorant receptor identity, the glomerular map (Axel,
1995; Mombaerts, 2006; Cummings and Belluscio, 2008). This
map provides an ideal framework to measure circuit organization
and function of the OB. Moreover, because OSNs undergo con-
stant turnover throughout life, repopulated by endogenous stem
cells (Farbman, 1990; Calof et al., 1996; Cowan and Roskams,
2002), the olfactory system provides a unique in vivo means to
examine the restoration of neural circuits after intervention and
assess the related physiological and behavioral functions.

Previously, we established a reversible olfactory-based AD
model in which mature OSNs can be rapidly and specifically
induced to degenerate by overexpressing a humanized amyloid
precursor protein (hAPP) that contains both the “Swedish” and
“Indiana” familial mutations (Cheng et al., 2011b). Here we ex-
amined the downstream central effects of hAPP-induced neuro-
degeneration by evaluating the circuitry of the OB at both
anatomical and functional levels. Using the glomerular map asan
organizational framework, we found that hAPP-induced circuit
disruption and subsequent recovery could occur rapidly in the
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olfactory system and that improvements in physiological and be-
havioral measures correlated directly with the degree of circuit
restoration.

Materials and Methods

Olfactory marker protein (OMP)-tTA and tetO-hAPP transgenic lines. We
used the tetracycline-transactivation system (tet-off), allowing spatial—
temporal control of transgene expression with the addition of doxycy-
cline turning-off the promoter function (Gossen and Bujard, 1992;
Lewandoski, 2001). TetO-hAPP line contains the hAPP transgene (hu-
manized AB-domain with familial AD mutations-KM570, 571NL
“Swedish” and V617F “Indiana”) (Jankowsky et al., 2005a). OMP-tTA
line expresses the tetracycline transactivator in mature OSNs (Yu et al.,
2004; Nguyen et al., 2007). OMP-tTA line was crossed with tetO-hAPP
line to generate a line that selectively expresses hAPP in mature OSNs
driven by the OMP promoter (OMP-hAPP line). Presumably, hAPP
expression begins during embryonic development when the OMP pro-
moter is activated (Nguyen et al., 2007). Genotyping was performed to
recognize mutants containing both the tTA- and tetO-transgenes. Litter-
mates containing no transgene, only tetO-hAPP transgene, or only
OMP-tTA transgene were examined, and the results were indistinguish-
able. In most cases, littermates containing only tetO-hAPP transgene
were selected as controls, except in the behavioral experiments where
both tetO-hAPP and OMP-tTA mice were used as controls. Both sexes
were used for experiments because all measured time points were before
sexual maturity. All mice were mixed (129 X C57BL/6) background.

PCR primers were as follows: OMP-tTA, 5'-GGTTGCGTATTG-
GAAGATCAAGAGC-3'; 5'-GAGGAGCAGCTAGAAGAATGTCCC-
3’; tetO-hAPP, 5'-CCGAGATCTCTGAAGTGAAGATGGATG-3';
5'-CCAAGCCTAGACCACGAGAATGC 3'.

Using olfactory reporter lines. The P2-IRES-tau-lacZ (—/—) (P2-ETL)
line, in which neurons expressing the P2 olfactory receptor also ex-
press tau-lacZ, a fusion of the microtubule-associated protein 7 and
B-galactosidase, so both the P2 OSNs and their axons can be visualized
(Mombaerts et al., 1996).

The M71-IRES-tau-lacZ (—/—) (M71-ETL) line, in which neurons
expressing the M71 olfactory receptor also express tau-lacZ, allowing
visualization of both the M71 OSNs and their axons (Vassalli et al., 2002).

The OMP-synapto-pHluorin (—/—) (OMP-SpH) line, in which a pH-
sensitive GFP variant is fused to VAMP-2, a synaptic vesicle protein. SpH
is selectively expressed in the presynaptic terminals of OSNs in the glom-
eruli and provides a measure of synaptic vesicle fusion (Bozza et al.,
2004). The strength of the signal depends on both synaptic release from
individual axons and the degree of axonal convergence, thus reflecting
functional organization of the glomerular map.

These reporter lines were crossed with OMP-hAPP mutants to gener-
ate compound transgenic lines that harbored both the OMP-tTA and
tetO-hAPP transgenes as well as one copy of the reporter transgene. For
example, the experimental group OMP-hAPP/P2-ETL (+/—), and the
control group tetO-hAPP/P2-ETL (+/—).

Turning off hAPP expression. Doxycycline-containing chow (Dox, 6
g/kg, 0.5-inch pellets, Bio-Serv) was fed to animals from 3—4 or 3-6
weeks of age, after mice had been weaned. Dox prevents the tTA-protein
from binding to the tetO-sequence.

Immunohistochemistry. Fluorescence immunohistochemistry on OB
sections was performed as previously described (Cummings and Bellus-
cio, 2010). Primary antibodies included the following: hAPP, 1:1000
(6E10, Covance); OMP, 1:5000 (Wako); vesicular glutamate transporter
2 (VGlu2), 1:1000 (Millipore); cleaved-caspase3, 1:1000 (Cell Signaling
Technology). Sections were examined using confocal microscopy
(LSM510, Carl Zeiss).

Quantification of OMP- and VGlu2-positive areas. Images of OMP or
VGlu2 immunohistochemical signal on four to six sample coronal sec-
tions were taken from each animal representing the anterior, middle, and
posterior parts of the OB. The area was measured using the LSM Image
Browser by outlining the OMP- or VGlu2-positive regions.

Whole-mount LacZ staining. Mouse heads were dissected to expose the
medial surface of the olfactory epithelium and OB. For M71-ETL line, the
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skull around the OB was further removed to completely expose the OB.
Tissue was subsequently fixed in 4% paraformaldehyde for 30 min on ice
and rinsed sequentially with buffer A (PBS containing 2 mm MgCl,) and
buffer B (PBS containing 2 mm MgCl,, 0.01% sodium deoxycholate, and
0.02% Nonidet P-40). Tissue was then incubated in the LacZ staining
solution [buffer B with 5 mm potassium hexacyanoferrate (II) trihydrate,
5 mM potassium ferricyanide, and 0.2 mg/ml 5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside] overnight at 32°C. The reaction was
stopped by adding 4% paraformaldehyde. Images of the whole-mount
preparation, including both olfactory epithelium and bulb, were taken at
both4X and 10X usinga SPOT digital camera (Diagnostic Instruments).

Cell counting. P2 and M71 neurons were counted manually from10X
images of the lacZ-stained olfactory epithelium. Each image was ex-
panded to a size of 8.5 X 11 inches so that individual positive cells from
turbinates I and II could be readily distinguished and counted. Individ-
uals performing the counts were blind to the genotype of the animals.

In vivo SpH imaging. Mice were anesthetized using ketamine/xylazine
(180 mg/kg and 4 mg/kg) and maintained with isoflurane (~1% in 100%
0,). A custom-modified intrinsic imaging system (Imager 3001 by Op-
tical Imaging) attached to an epifluorescence microscope (Leica MZFL3)
using an excitation wavelength of 488 nm and emission of 509 nm was
used to image the dorsolateral surface of the OB through thinned skull.
Before each experiment, the blood vessel pattern at the dorsal surface of
each bulb was acquired for alignment purposes. Each animal was exposed
to at least 6 odors: 1% ethyl butyrate, 2% (+) carvone, 2% hexanone, 2%
tiglate, 1% propanal, and 1% butanal (v/v in mineral oil). Each trial
consisted of an odor presentation and a no-odor presentation, and the
sequence of the two was random. Each imaging trial lasted 10 s, consist-
ing of 3 s of baseline, 3 s of odor presentation, and 4 s after stimulus
termination. SpH signal amplitude was analyzed using software WinMix
(Optical Imaging) and presented as ratio images of signals concurrent
with odor presentation to “no odor” signals: (signal 4., — signal,, oqor)/
signal |, o 4or (Belluscio and Katz, 2001; Bozza et al., 2004). Quantification
of possible active glomeruli was performed with Volocity (PerkinElmer),
using an intensity threshold of 1.645 SD above the mean (>90% confi-
dence interval) and size (25-100 wm?) criteria, with manual validation
based on the shape of the isolated glomeruli.

Olfactory behavior tests. Olfactory detection was assessed by the
“buried-cookie” assay (Yang and Crawley, 2009). For two consecutive
days before the test, animals were singly housed and a piece of cookie
was placed in their cages and consumed by them. Before the test, mice
were food-deprived for 24 h. During the test, a mouse was placed in
the test cage (46 cm L X 23.5 cm W X 20 cm H) containing 5 cm of
clean bedding for 10 min to acclimate to the cage. Then the mouse was
removed from the test cage, and a piece of cookie was buried under
the bedding on the bottom of the cage at a random location. The
mouse was reintroduced to the test cage, and the time taken to retrieve
the cookie was recorded. If mice failed to find the buried cookie after
10 min had elapsed, 600 s was recorded as the latency score. We
observed that all animals were actively searching and digging when
placed in the test cage, indicating that animals were sufficiently hun-
gry and motivated to perform the test.

A two-bottle discrimination test was performed as previously de-
scribed (Wysocki et al., 1977; Pourtier and Sicard, 1990; Griff and Reed,
1995). Although this test is referred to as a discrimination assay, the
animals are tested for their ability to detect the presence of a single odor
at progressively decreased concentration in their drinking water. Thus,
this assay may also be considered a detection threshold test. Mice were
individually housed without water but with restricted access to a saccha-
rin—phthalic acid solution (2.1 X 10 2 M sodium saccharin and 10 > m
phthalic acid) for 1 h twice a day for 2 d to ensure that they would
commence drinking when the solution bottle was available. On day 3,
mice were given the saccharin—phthalic solution containing a 10~ dilu-
tion of isovaleric acid, which has a distinctive odor, for 10 min. Immedi-
ately after this exposure, each mouse was removed from its cage, injected
intraperitoneally with 15 ul/g body weight of 0.6 M LiCl to induce an
aversive state, and then returned to a clean cage. Two hours later, each
mouse was provided two bottles, one with the saccharin—phthalic acid
solution and the other with the same solution plus isovaleric acid. For
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every 24 h, the amount of fluid consumed was determined by weighing
each bottle. Then the isovaleric acid concentration was reduced and the
experiment continued, with the positions of the odor versus no-odor
bottles in each cage reversed. A preference index was calculated as the
amount of the isovaleric acid solution consumed divided by the total
amount of liquid consumed for each mouse over the 24 h test period, for
each isovaleric acid concentration.

Statistical analysis. Student’s ¢ test was performed to test statistical
significance, assuming two-tailed distribution and two-sample unequal
variance. Values are mean * SD.

Results

OSN axons degenerated and recovered in a

hAPP-dependent manner

OMP-hAPP transgenic mice specifically overexpress hAPP in
mature OSNs under the control of the OMP promoter. This line
established a model that revealed widespread OSN apoptosis by 3
weeks of age (Cheng et al., 2011b). Here we examined the axonal
projection of OSNs in the OB of 3-week-old mutant mice and
controls. Using nuclear staining, we found that the overall
structure of the OB was altered in the mutant animals and that
the size of the OB was clearly reduced. We also noted that the
outer nerve layer and the glomerular layer were much thinner
in the mutant animals, and there was a massive loss of glom-
eruli compared with controls (Fig. 1 A, B). Furthermore, hAPP
signal and cleaved-caspase3 signal were readily detectable in
the outer nerve layer, which is composed primarily of OSN
axons (Fig 1B). This rapid and large-scale axonal degeneration
is consistent with the OSN loss observed in the olfactory epi-
thelium (Cheng et al., 2011b).

We previously showed that, when the OMP-hAPP mutant
mice were fed Dox-containing chow from 3 to 4 weeks of age,
hAPP expression was effectively turned off in the olfactory epi-
thelium (Chengetal., 2011b). In this study, we observed the same
reduction in hAPP expression in OSN axons and also found that
cleaved-caspase3 signal in the outer nerve layer was dramatically
reduced (Fig 1B). The observation that axonal degeneration did
not persist after the shutdown of hAPP expression was consistent
with a cell-autonomous hAPP effect. As a consequence of turning
off hAPP expression, both the outer nerve layer and the glomer-
ular layer were restored, although the glomeruli as delineated by
periglomerular cell nuclei appeared disorganized compared with
those in the tetO-hAPP control mice. Because earlier studies
showed that 1 week of Dox administration was insufficient to
rescue the majority of mature OSNs that already expressed hAPP
(Cheng et al., 2011b), and OSNs continuously turn over (Farb-
man, 1990; Calof et al., 1996; Cowan and Roskams, 2002), these
data suggest that the rapid recovery of the outer nerve layer and
the glomerular layer is largely the result of axons from newly
generated OSNs.

To directly visualize axonal innervation of the OB by mature
OSNs, we performed immunohistochemical staining for OMP, a
mature OSN marker found in OSN axons and their terminals
(Hartman and Margolis, 1975). Results confirmed that there
were far fewer OSN axons and glomeruli in the OMP-hAPP mu-
tant animals compared with controls. The stark contrast with the
well-formed outer nerve and glomerular layers in the control
animals also confirmed the wiring disruption implicated by the
nuclear staining (Fig 2A). Synaptic connectivity of OSNs was
examined by staining for VGlu2, which is a relatively specific
marker for OSN axon terminals in the OB (Gabellec et al., 2007).
We noted a clear reduction in VGlu2 signal in the mutant animals
compared with controls, further demonstrating a loss in OSN
synaptic input (Fig 2A).
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Figure 1.  hAPP-dependent degeneration of OSN axons. A, Diagram of experimental time
course for different groups of animals. B, Low-magnification images of DAPI nuclear staining on
0B sections from 3-week-old tet0-hAPP control (left), 3-week-old OMP-hAPP mutant (middle),
and mutant fed on Dox chow from 3 to 4 weeks of age (right). Compared with the control,
glomeruliin the mutant were much smaller or absent. After Dox administration, the glomerular
layerin the mutant partially recovered. Scale bar, 0.5 mm. C, Higher-magnification images of 0B
sections from the three groups of animals. Top row, control; middle row, mutant; bottom row,
Dox-administered mutant. First column, DAPI nuclear signal; second column, hAPP immuno-
histochemical signal; third column, cleaved-caspase3 immunohistochemical signal; last col-
umn, merged image of the previous three channels. Strong cleaved-caspase3 signal was
observed in OSN axons overexpressing hAPP. After Dox administration, hAPP expression was
turned off and cleaved-caspase3 signal was much reduced. The glomerular layer appeared
wider but was disorganized compared with that in the control. NL, Nerve layer; GL, glomerular
layer. Scale bar, 100 wm.

To determine the extent to which axonal connectivity could
be restored after turning off hAPP, we evaluated mutant animals
after 1 week of Dox administration. We observed a striking in-
crease in OMP-positive axons throughout the outer nerve layer
and a rapid return of glomeruli filled with both OMP- and
VGlu2-positive axon terminals in the Dox-treated mice (Fig 2A).
Quantification of these changes confirmed that there was indeed
asignificant reduction in both OMP- and VGlu2-positive areas in
the mutant animals compared with controls (p = 0.008 and p =
0.007 for OMP and VGlu2, respectively) and that both measures
returned to control levels after 1 week of Dox administration (Fig



Cheng et al. @ Olfaction Correlates with State of OB Circuitry

>

Mutant (3 wk) Control (3 wk)

Mutant + 1 wk Dox

* [ Control (3 wk)

Il Mutant (3 wk)
I Mutant + 1 wk Dox

Area of positive signal

OMP VGlu2

Figure2. Disruption and recovery of OSN axonal connectivity. A, Images of OB sections from
three groups of animals: 3-week-old tet0-hAPP control (top row), 3-week-old OMP-hAPP mu-
tant (middle row), and mutant fed on Dox chow from 3 to 4 weeks of age (bottom row). First
column, DAPI nuclear signal; second column, OMP immunohistochemical signal; third column,
VGlu2 immunohistochemical signal; last column, merged image of the previous three channels.
Both OMP and VGlu2 expression was much reduced in the mutant animal. After 1 week of Dox
administration, their expression was restored, but the glomerular structure was still disorga-
nized. Scale bar, 100 wm. B, Quantification of OMP- and VGlu2-positive areas in OB sections
from the three groups of animals. OMP-positive areas (mean == SD): control, 1.02 == 0.12mm 2
n = 4 mutant, 0.32 = 0.16 mm?,n = 5; and mutant Dox-administered for 1 week, 0.96 =
0.20mm?, n = 5. VGlu2-positive areas: control, 0.37 = 0.09 mm?, n = 4; mutant, 0.13 +
0.12mm?,n = 7; and mutant Dox-administered for 1 week, 0.38 =+ 0.09 mm?, n = 5. <
0.05.**p < 0.001.

2B). Interestingly, the restored glomeruli appeared less organized
than those in controls, consistent with the nuclear staining and
possibly indicating incomplete circuit restoration or mis-wiring.

Differential restoration of OSN numbers and axonal
convergence after hAPP shut-down

Next, we sought to assess hAPP-induced disruption and subse-
quent recovery of glomerular wiring by specific input from dif-
ferent populations of OSNs. OSNs expressing the same odorant
receptor project their axons to a pair of glomeruli in each OB to
form the glomerular map (Axel, 1995; Mombaerts, 2006), which
provides a clear anatomical indicator for measuring wiring
accuracy within a specific circuit. Whole-mount LacZ staining
of control animals that carry one copy of the P2-IRES-taulacZ
(P2-ETL) reporter allele showed the numerous P2 neurons
that resided in the olfactory epithelium. This preparation also
allowed the visualization of P2 axons as they projected to the
OB to form the medial P2 glomerulus (Fig. 3A). By compari-
son, in the OMP-hAPP mutant animals, far fewer P2 neurons
and axons were detected with no obvious P2 axonal conver-
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Figure3. Partial restoration of P2 neurons after hAPP-induced degeneration. A, Diagram of
experimental time course for different groups of animals. B, Images of whole-mount X-gal
staining of P2 neurons and their axons from four groups of animals: 3-week-old tet0-hAPP
control (first row), 3-week-old OMP-hAPP mutant (second row), mutant fed on Dox chow from
3 to 4 weeks of age (third row), and mutant fed on Dox chow from 3 to 6 weeks of age (fourth
row). Left column, Low-magnification images of P2 neurons and their axonal projections. Tur-
binates 14 were labeled. Boxed regions were shown in higher magnifications on the right.
Middle column, Images of P2 neurons in the olfactory epithelium. Turbinates 1and 2 where P2
neurons were counted were outlined by black dotted lines. Images at the lower left corners
show individual neurons and their axons. Right column, Images of P2 axonal projections on the
medial surface of the 0B. Compared with the control, the mutant animal had far fewer P2
neurons in the epithelium and P2 axons innervating the OB. After 1 week of Dox administration,
more P2 neurons and their axons were observed in the mutant. However, the axons formed
multiple sites of convergence (marked by red arrowheads), instead of a single glomerulus as in
the control. After 3 weeks of Dox administration, even more P2 neurons and axons were ob-
served, whereas the axons still projected to a wide area in the 0B. Scale bars, 400 wm. C,
Quantification of P2 neurons from six groups of animals (mean = SD): 3-week-old control,
360 = 42, n = 5; 3-week-old mutant, 111 = 12, n = 4; mutant Dox-administered from 3 to
4 weeks of age, 199 = 19, n = 4; 6-week-old control, 324 = 23, n = 4; 6-week-old mutant,
101 = 17, n = 6; and mutant Dox-administered from 3 to 6 weeks of age, 235 = 52,n = 5.
*) < 0,05.**p < 0.001.

gence in the OB (Fig. 3A, B). Because the olfactory system is
capable of recovering axonal convergence after disruption
(Gogos et al., 2000; Cummings and Belluscio, 2010; Cheng et
al., 2011a), we next sought to determine whether hAPP-
induced circuit degeneration could be restored. Interestingly,
after just 1 week of Dox administration to the mutant mice
from 3 to 4 weeks of age, we observed significantly more P2
neurons in the olfactory epithelium (p = 0.005), and more P2
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Figure4.  Disruption and recovery of the M71 OSNs. A, Images of whole-mount X-gal stain-
ing of M71 neurons and their axons from four groups of animals: 3-week-old tetO-hAPP control
(first row), 3-week-old OMP-hAPP mutant (second row), mutant fed on Dox chow from 3 to 4
weeks of age (third row), and mutant Dox-administered from 3 to 6 weeks of age (fourth row).
Left column, Images of M71 neurons in the olfactory epithelium. Turbinates 1and 2 where M71
neurons were counted were outlined by black dotted lines. Middle column, Images of M71 axon
projectionsin the OB. Right column, Higher-magnification images of M71 axonal projections on
the medial side of the 0B. Compared with the control, the mutant had far fewer M71 neurons in
the epithelium and fewer M71 axons innervating the OB. After 1 week of Dox administration,
M71 population in the epithelium of the mutant animal did not change, but more M71 axons
were observed in the OB. The axons form multiple sites of convergence, as marked by red
arrowheads, instead of a single glomerulus as in the control. After 3 weeks of Dox administra-
tion, M71 neurons increased in number compared with those in 6-week-old mutant without
Dox administration; and in most cases, their axons converged into a single locus (marked by
black arrowhead). Scale bars, 200 wm. B, Quantification of M71 neurons from six groups of
animals (mean = SD): 3-week-old control, 175 = 31, n = 5; 3-week-old mutant, 65 = 18,
n = 5;mutant Dox-administered from 3 to 4 weeks of age, 69 == 11, n = 5; 6-week-old control,
185 = 27,n = 5; 6-week-old mutant, 35 = 14, n = 5; and mutant Dox-administered from 3
to 6 weeks of age, 64 = 22,n = 7.*p < 0.05.

axons present in the OB, although they failed to converge into
a single glomerulus (Fig. 3A,B).

Despite the partial recovery observed after 1 week of Dox
administration, the P2 population in the mutant animals was still
significantly smaller than in controls (p = 0.002). To determine
whether a longer recovery period could further restore the P2
population, we increased the recovery period to 3 weeks by main-
taining the mutant mice on Dox-containing chow from 3 to 6
weeks of age. Results showed a clear scaling in OSN recovery with
even more P2 neurons present after 3 weeks of Dox administra-
tion and more P2 axons visible in the OB, whereas in mutant
animals that did not receive Dox, the P2 population remained
reduced (Fig. 3B).

We also examined M71-expressing OSNs in the mutant ani-
mals and found a significant decrease in their number (Fig. 4 A, B;
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p = 0.002). However, after 1 week of Dox administration, there
was no significant increase in this population (p = 0.708), but
there were clearly more M71-axons observed in the OB (Fig. 4A,
red arrows), suggesting that existing M71-neurons may be
healthier. Assessment after 3 weeks of Dox administration
showed that M71-OSNs were now significantly increased com-
pared with mutants that did not receive Dox (p = 0.022) but still
did not return to control levels. By comparison, the M71 axons
were able to again converge and form one or two glomeruli in
each half bulb in most cases (12 of 20 half bulbs, Fig. 44, black
arrowhead) with others showing varied degrees of restoration.
Interestingly, when Dox was administered to mutant mice very
early, from 0 to 3 weeks of age, both M71 and P2 OSNs showed
greater recovery in terms of neuron numbers and axonal conver-
gence (data not shown), consistent with the premise that earlier
intervention is more effective.

Odor-induced activity was reduced but progressively restored
with Dox administration

To assess the consequences of hAPP-induced OSN loss on OB
function, animals were crossed with the OMP-SpH reporter line,
which allowed us to perform in vivo functional imaging on both
mutant and control animals. OMP-SpH is a knock-in mouse line
that expresses Synapto-pHluorin (SpH) under the control of the
OMP promoter. Previous studies have shown that SpH is selec-
tively expressed in the presynaptic terminals of mature OSNs and
that changes in fluorescence report synaptic vesicle fusion (Bozza
etal., 2004). Because SpH signals depend on synaptic release from
individual axons, its intensity is partially determined by the de-
gree of axonal convergence, which in turn also reflects the func-
tional organization of the glomerular map. In control animals,
robust SpH signals were observed on the dorsal surface of the OB
when mice were exposed to different odors. By contrast, the
OMP-hAPP mutant mice showed virtually no detectable focal
signals when presented with the same array of odors (Fig. 5A, B),
suggesting widespread loss of olfactory function.

After 1 week of Dox administration to the mutant mice from 3
to 4 weeks of age, modest odor-induced SpH signals were ob-
served. For one of the six odors tested (butanal), there were sig-
nificantly more glomeruli activated in the Dox-treated mutants
compared with the untreated mutants (p = 0.020); however, the
responses to other odors did not show significant recovery (Fig.
5A,B). After 3 weeks of Dox administration, odor-induced sig-
nals were further restored in the mutant animals. There were
significantly more glomeruli activated by four of the six odors
(butanal, ethylbutyrate, carvone, and propanal) compared with
mutant animals without Dox administration (p = 0.031, p =
0.029,p = 0.033, and p = 0.043, respectively), and the numbers of
activated glomeruli for all tested odors were no longer signifi-
cantly different from controls (Fig. 5A,B). Notably, the signal
peaks were still less discernible than those in controls, likely be-
cause of incomplete restoration of some glomeruli. Nonetheless,
because axonal projections from P2 and M71 neurons also
showed a graded recovery, with 3 weeks of Dox administration
providing better anatomical restoration than 1 week, these data
indicate that the functional organization of the glomerular map
correlated directly with the anatomical organization at both
stages of recovery.

Behavior reveals impaired olfactory detection with
differential recovery

To further investigate the functional consequences of hAPP-
induced disruption in the OB circuitry, we performed behavioral
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Figure 5.  Loss of functional glomerular maps and their gradual restoration. 4, Examples of odor-induced SpH signal from four
groups of animals: 3-week-old tet0-hAPP control (first row), 3-week-old OMP-hAPP mutant (second row), mutant fed on Dox
chow from 3 to 4 weeks of age (third row), and mutant Dox-administered from 3 to 6 weeks of age (last row). The ovals represent
the areas where the signal could be clearly observed. Each column of signal was elicited by the odor shown on top. Robust signal
was observed in the control across different odor stimuli, whereas little focal signal was detected in the mutant. After 1 week of Dox
administration, more signal could be observed in the mutant, but it was from fewer glomeruli than that in the control. After 3
weeks of Dox administration, odor-induced SpH signal was further restored in the mutant, although generally it was still less robust
than that in the control. Scale bar, 1 mm. B, Quantification of presumably glomeruli activated by different odors in one bulb
(mean == SD). Top, Data from 3-week-old control and mutant, as well as mutant administered with Dox from 3 to 4 weeks of age.
Butanal: control, 12.9 = 3.6,n = 8; mutant, 1.2 = 1.0, n = 6; and mutant + 1week Dox, 4.8 = 2.3,n = 5. Hexanone: control,
7.0 £ 4.0,n = 7; mutant, 0.5 = 0.6, n = 6; and mutant + 1 week Dox, 1.0 = 1.0, n = 5. Tiglate: control, 7.1 = 3.8,n = 7;
mutant, 0.7 = 1.2,n = 6;and mutant + 1week Dox, 1.4 == 1.7,n = 5. Ethylbutyrate: control, 15.6 = 2.6,n = 7; mutant, 3.0 ==
4.1,n = 5; and mutant + 1 week Dox, 6.0 == 2.9, n = 5. Carvone: control, 4.0 = 2.2, n = 4; mutant, 0.5 = 0.6, n = 4; and
mutant + 1week Dox, 0.8 == 0.8, n = 5. Propanal: control, 13.7 = 3.1,n = 3; mutant, 2.0 == 2.0,n = 4;and mutant + 1 week
Dox, 4.4 = 3.3,n = 5. Bottom, Data from 6-week-old control (n = 6) and mutant (n = 5), as well as mutant administered with
Dox from 3 to 6 weeks of age (n = 5). Butanal: control, 10.8 = 4.3; mutant, 2.6 = 3.1; and mutant + 3 week Dox, 8.6 = 4.0.
Hexanone: control, 4.0 == 3.3; mutant, 0.4 = 0.6;and mutant + 3 week Dox, 2.8 = 2.6. Tiglate: control, 6.7 == 6.4; mutant, 1.6 =
1.8; and mutant + 3 week Dox, 5.0 = 3.9. Ethylbutyrate: control, 12.8 = 3.5; mutant, 1.4 = 1.7; and mutant + 3 week Do,
9.6 = 5.7. Carvone: control, 4.8 = 2.8; mutant, 0.2 = 0.5; and mutant + 3 week Dox, 4.4 == 3.0. Propanal: control, 14 = 4.9;
mutant, 2.0 = 2.4; and mutant + 3 week Dox, 8.4 = 5.0. *p << 0.05. **p < 0.001.
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testing. Olfactory detection of food was
tested through a simple “buried-food” as-
say (Yang and Crawley, 2009). This test
measures the time required for an animal
to locate and retrieve a cookie buried un-
der the mouse bedding. Although both
tetO-hAPP and OMP-tTA control mice
performed similarly in this task, it took
OMP-hAPP mutant animals a signifi-
cantly longer time to find the cookie (Fig.
6A;p=4.4X 10 "°and 5.7 X 10 com-
pared with tetO-hAPP and OMP-tTA,
respectively).

We next examined olfactory detection
threshold using an avoidance assay in
which the simple odorant isovaleric acid
(iVA) is added to the drinking water and
becomes an aversive stimulus associated
with an LiCl injection (Wysocki et al.,
1977; Pourtier and Sicard, 1990; Griff and
Reed, 1995). Conditioned animals are
subsequently presented with a choice
assay of either drinking plain water (no-
odor) or water containing iVA (odor-
water) at decreasing concentrations. The
results are reported as a preference index
for the odor-water of each group of ani-
mals calculated as the amount of the odor-
water consumed divided by the total
amount of liquid consumed (both odor-
water and no-odor water). Data showed
that conditioned control animals pre-
ferred the no-odor water to the odor-
water with iVA at dilutions of 10 2,10 %,
and 10 ~°. However, when iVA was di-
luted to 10 7, the control animals failed
to detect it shown by a preference index
near 50%. By contrast, the preference of
the mutant animals for the odor-water
was significantly higher than that of con-
trols at 10 %, 107, and 10 * iVA dilu-
tions (Fig. 6B; p = 0.006, p = 0.004, and
p = 0.004, respectively), demonstrating
their decreased ability to detect the odor at
all concentrations. Notably, even the mu-
tant animals showed less preference for
the odor-water at 10 > than at 10 ~7 dilu-
tion of iVA (p = 0.008), indicating that
the behavioral dysfunction was most
likely the result of a reduced ability to de-
tect the odor rather than a learning defi-
ciency. Thus, the defects in detection of
both food and monomolecular odors
were clear and consistent with the wide-
spread disruption of the glomerular map
circuitry shown earlier.

To assess the functional restoration of
the olfactory circuitry, we next tested ani-
mals that were fed Dox-containing chow
using these same behavioral assays. We
found that, after just 1 week of Dox ad-
ministration, there was no longer a signif-
icant difference between the performance
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Figure6. Impairmentand recovery of olfactory-based behaviors. Olfactory detection of food
odor and monomolecular odorants were significantly impaired in the mutant animals, and
while detection of food odor recovered with 1 week of Dox administration, detection of mono-
molecular odorants showed more gradual improvement. 4, Olfactory detection of food odor.
The time for the mutant animals to find the cookie buried under mouse bedding was signifi-
cantly longer than that for the controls (both tet0-hAPP and OMP-tTA groups). After 1 week of
Dox administration, the time for the mutant mice to find the cookie was significantly shorter
compared with nonadministered mutant animals and was not significantly different from the
controls. The OMP-tTA control group performed very similarly to the tet0-hAPP control group.
Time to find the cookie (mean = SD): tet0-hAPP control, 58 = 305, n = 8; OMP-tTA control,
65 = 40s,n = 5; OMP-hAPP mutant, 498 == 179, n = 18; control (including both tet0-hAPP
and OMP-tTA groups) + 1 week Dox, 81 = 595, n = 8; and mutant + 1 week Dox, 143 =
1065, n = 13. B, Avoidance assay using a monomolecular odor. The preference shown on the
y-axis is the ratio of iVA solution consumed to the total solution consumed expressed as a
percentage. The mutant animals showed significantly greater preference toward iVA solution
than the controls (including both tet0-hAPP and OMP-tTA groups) at 10 3,10 ~*,and 10 —°
dilutions of iVA. After 1 week of Dox administration, the mutant animals showed significantly
less preference at 10 > dilution of iVA compared with nonadministered mutant (yellow
shaded region), but not at 10 ~%0or 10 —° dilutions. After 3 weeks of Dox administration, the
mutantanimals showed significantly less preferenceat 10 ~>and 10 ~* (yellow shaded region)
butnot 10 ~* dilutions, compared with nonadministered mutant. Top, Preference of animals at
3—4 weeks of age (mean = SD). 1072 dilution: control, 17 = 11%; mutant, 34 =+ 12%;
control + 1 week Dox, 15 = 14%; and mutant + 1 week Dox, 20 = 10%. 10~ dilution:
control, 14 == 16%; mutant, 40 = 17%; control + 1 week Dox, 10 = 8%; and mutant + 1
week Dox, 31 == 16%. 10 dilution: control, 21 = 17%; mutant, 46 = 12%; control + 1week
Dox, 25 = 21%; and mutant + 1 week Dox, 46 = 25%. 70~ dilution: control, 43 = 18%;
mutant, 50 == 14%; control + 1week Dox, 50 == 14%; and mutant + 1week Dox, 54 = 17%.
Control:n = 8; mutant: n = 11; control + Tweek Dox: n = 9;and mutant + 1week Dox:n =
13. Bottom, Preference of animals at 6 weeks of age. 70 dilltion: control, 20 + 4%; mutant, 28 +
10%; control + 3 week Dox, 18 = 12%; and mutant + 3 week Dox, 15 = 9%. 10~ dilution:
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of mutant and control animals in the buried-cookie assay (p =
0.101). The mutant animals also performed similarly to controls
(p = 0.597) and significantly better than the mutant group with-
out Dox administration (p = 0.007) in the avoidance assay at
10 ~? dilution of iVA. However, at lower concentrations of iVA,
their performance was still significantly worse than controls (p =
0.001 and p = 0.036 for 10 ~* and 10 ~* dilutions, respectively),
and was not significantly different from the mutant animals with-
out Dox administration (p = 0.231 and p = 0.987 for 10 * and
10 ~° dilutions, respectively), suggesting that they still had diffi-
culty distinguishing the odor-water from the no-odor water at
these concentrations. Interestingly, after 3 weeks of Dox admin-
istration, the mutant animals showed greater improvement, per-
forming similarly to controls in the avoidance assay at 10 ~*iVA
dilution (p = 0.324) and significantly better than the mutant
mice without Dox administration (p = 0.0003). However, this
improvement was not observed at the 10 > dilution. Thus, after 1
week of recovery, the mutant animals were able to detect the
cookie odor and relatively high concentration of iVA but re-
mained impaired when trying to detect lower iVA concentra-
tions. With an additional 2 weeks of recovery, there was further
improvement in their behavioral performance, indicating that
the restoration of olfactory function assessed through behavior
directly scales with the circuit organization.

Discussion

AD is a widespread neurodegenerative disease with no effective
treatment. Here, we took advantage of the precise organization
and the regeneration ability of the olfactory system to model this
disorder. We examined the organization of the olfactory bulb in
3-week-old mice after hAPP-induced OSN degeneration. We ob-
served rapid and widespread disruption of olfactory circuitry that
was reversible. Using anatomical, functional, and behavioral
analysis, we also showed that the degree of circuit restoration
tracked with the degree of functional recovery.

The pathology of AD is characterized by gross brain atrophy,
the accumulation of extracellular AB plaques, intracellular neu-
rofibrillary tangles, widespread synaptic loss, and neuronal death
(Hardy and Selkoe, 2002). Transgenic mice overexpressing mu-
tant APP have been useful in reproducing many AD-related
phenotypes, including intraneuronal amyloid accumulation, ex-
tracellular plaques, synaptic loss, neuritic dystrophy, vasculopa-
thy, and gliosis (Ashe and Zahs, 2010; Laferla and Green, 2012).
Functionally, these models have also revealed alterations in syn-
aptic current, aberrant network activity, and impairments of
learning and memory (Palop and Mucke, 2010), all of which
imply changes in the underlying circuitry. Unfortunately, these
studies have largely focused on the pathology of cortical and hip-
pocampal regions where wiring accuracy is difficult to assess.

Recently, studies have emerged that take advantage of the link
between early olfactory dysfunction and AD. In the Tg2576 AD
mouse model, network dysfunction has been observed in both
the OB and the piriform cortex, and olfactory behavior starts to
deteriorate at 6—7 months of age (Wesson et al., 2010, 2011).
Other studies used the precise organization of the olfactory cir-

<«

control, 16 == 16%; mutant, 43 == 17%; control + 3 week Dox, 18 = 13%; and mutant + 3
week Dox, 12 == 11%. 10~ dilution: control, 20 = 18%; mutant, 47 == 15%; control + 3 week
Dox, 21 = 8%; and mutant + 3 week Dox, 40 == 17%. 10~ dilution: control, 43 =+ 24%;
mutant, 48 = 19%; control + 3 week Dox, 44 = 10%; and mutant + 3 week Dox, 44 = 19%.
Control: n = 10; mutant: n = 10; control + 3 week Dox: n = 7; and mutant + 3 week Dox:
n=28.*p <<0.05.**p < 0.001.
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cuitry to show that the absence of B-secretase, which cleaves APP
to generate AP, disrupts axonal guidance of OSNs in the OB
(Rajapaksha et al., 2011; Cao et al., 2012a). Similarly, overexpres-
sion of AB is also found to alter axonal targeting of OSNs, and
olfactory dysfunction is observed in 3- to 5-month-old animals
(Cao et al,, 2012b). To better understand the role of hAPP in
neurodegeneration, we selectively expressed it at high levels in
distinct subsets of OSNs (either mature or immature popula-
tions). We found that hAPP expression caused large-scale OSN
apoptosis very rapidly by 3 weeks of age and was initiated primar-
ily through a cell-autonomous mechanism (Cheng et al., 2011b).
In the current study, we further showed that this widespread
neurodegeneration produced broad and severe disruption of the
OB circuitry at both anatomical and functional levels, as well as
impaired olfactory behavior. All of these changes again occurred
as early as 3 weeks of age. Although both olfactory sensory neuron
loss (Talamo et al., 1989) and early olfactory dysfunction have
been observed in AD patients (Bacon et al., 1998; Hawkes, 2003;
Doty, 2009), the relation between the two is still unclear. Our data
here support the notion that OSNs are very sensitive to elevated
hAPP levels and that olfactory sensory neuron loss correlated
directly with deficits in olfactory performance. Together, these
studies emphasize the important link between olfactory dysfunc-
tion and AD, whereas we further present a unique fast-
developing and measurable model to study hAPP-induced
neurodegeneration using olfactory circuitry. Although our re-
sults cannot currently distinguish hAPP-induced neurodegen-
eration from other forms of induced neurotoxicity, we believe
that a better understanding of the APP signaling pathways will
help to reveal the mechanistic basis of hAPP-induced apoptosis
and possibly lead to new therapeutic strategies.

Recovery from injury or disease is a daunting challenge for the
nervous system. During development, injury can induce a re-
routing of neural connections with the resulting efficacy gener-
ally correlating to how well the altered pathways re-create the
original circuit (Finlay et al., 1979; Gramsbergen and Ijkema-
Paassen, 1982; Willson et al., 2007). In the olfactory system, stud-
ies have used direct lesions or genetic ablation to disrupt OSN
function and test restoration (Harding and Wright, 1979; Hurtt
et al., 1988; Yee and Costanzo, 1995; Youngentob et al., 1997;
Schwob et al., 1999; Costanzo, 2000; Gogos et al., 2000; Schwob
and Youngentob, 2001; John and Key, 2003; Iwema et al., 2004;
Youngentob and Schwob, 2006; Cheng et al., 2011a). Findings
have varied with different lesion models reporting different levels
of circuit restoration, but the clear structural framework of the
olfactory system consistently provides a means for comprehen-
sive assessment. This organizational advantage would also prove
beneficial in recovery experiments that use AD models. For ex-
ample, one study reversibly expressed hAPP in CaMKII-positive
neurons that are broadly distributed throughout the brain, and
showed that hyperactivity, a phenotype observed in mutant ani-
mals, was partially reversed by 1 month of transgene suppression
(Jankowsky et al., 2005b). Unfortunately, because of the areas
affected by the mutation, the changes in the underlying circuitry
remain undefined. Thus, we sought to establish a measure of
recovery that included anatomical circuitry, physiological func-
tion, and behavior using the olfactory system to compare them
directly.

Using OMP-hAPP mice, we showed that glomerular anatomy
and function could be readily disrupted and restored by increas-
ing and decreasing hAPP levels in OSNs, respectively. To assess
the behavioral consequences of these circuit changes, we used two
olfactory assays: one relatively simple, a buried-food assay, and
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the other more challenging, using a single monomolecular odor
in an avoidance assay. Our findings clearly showed that, within 1
week of Dox administration, mutant animals returned to control
level performance in the buried-food assay, despite only partial
restoration of glomerular circuitry as determined by anatomical
and functional imaging measures. By comparison, recovery in
the more difficult avoidance assay was gradual, requiring more
time, and still not complete after 3 weeks of Dox administration,
but showed that performance correlated with the degree of circuit
restoration. The basis for the more rapid recovery in the buried-
food assay is unclear, but may be linked to odorant complexity
because food odor is a mixture and thus may activate more glom-
eruli than the monomolecular odorant iVA. Another factor may
be odorant concentration because the buried food test was always
done with a whole cookie, whereas the avoidance assay used a
range of iVA concentrations, with the lowest dilution not even
discernible to control animals. Nonetheless, both assays high-
lighted the strong link between circuitry and function in the ol-
factory system, suggesting that behavioral assessment could serve
as an indirect measure of anatomical organization, providing a
glimpse into the state of circuitry. Importantly, the swift reversal
of both circuit and behavioral deficits further supports a cell-
autonomous initiation of hAPP toxicity (Wirths et al., 2004;
Ghosal et al., 2009; Cheng et al., 2011b) because extracellular
amyloid deposits are shown to persist up to 6 months in vivo after
hAPP expression is turned off (Jankowsky et al., 2005a).

Transgenic mice have proven to be an important tool for
studying the efficacy of potential AD therapies within intact ani-
mals. Many studies have targeted APP metabolism, as a means of
intervention, including both active (Schenk et al., 1999; Janus et
al., 2000; Morgan et al., 2000; Lavie et al., 2004; Jensen et al., 2005)
and passive (Dodart et al., 2002; Kotilinek et al., 2002; Lee et al.,
2006) immunotherapy, use of secretase inhibitors (De Strooper
et al., 2010; Fukumoto et al., 2010; Chang et al., 2011), efforts to
enhance clearance of B-amyloid (Lim et al., 2000; Heneka et al.,
2005; Zelcer et al., 2007; Wesson et al., 2011; Cramer et al., 2012),
and also improvement of autophagic-lysosomal proteolytic
function (Butler et al,, 2011; Majumder et al., 2011; Yang et al.,
2011). Although some evidence does support that a reduction of
amyloid burden can ameliorate learning and memory deficits
(Janus et al., 2000; Morgan et al., 2000; Lavie et al., 2004; Jensen et
al., 2005), it is unclear whether the improvement in performance
correlates with changes in underlying circuitry. Moreover, AD-
like pathology usually requires many months to develop, and
neuronal loss is rarely observed in most cortical or hippocampal-
based models. Here, we propose that our olfactory-based AD
model with its rapid degeneration and recovery could serve in
complement to other models for studies of AD-related processes
in central circuits as well as for screening or testing the efficacy of
potential therapeutics.

Early detection of AD has been proposed to be a critical factor
in combating this devastating disease (Clark et al., 2008). A key
factor that is changing disease diagnosis and therapy develop-
ment is the insight that pathological changes underlying the brain
degeneration and cognitive loss of patients begin at least 10-20
years before dementia onset (Holtzman et al., 2011). The devel-
opment of biomarkers to detect neuropathology associated with
early-stage AD will allow clinicians to successfully identify pa-
tients and initiate disease-modifying treatment much earlier in
the pathological process, which will likely maximize treatment
efficacy. Unfortunately, it is precisely at this stage that the clinical
diagnosis is most difficult. Recently, the possibility of using olfac-
tion as a biomarker for AD has been explored in both patients
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(Shaw et al., 2011; Schofield et al., 2012) and animal models
(Wesson et al., 2010; Kameshima et al., 2012). Our current data
using an AD model that is specifically olfactory-based, indicate
that olfactory behavior can indeed provide effective insight into
the circuit organization of the brain. Thus, we propose that olfac-
tory function can serve as a biomarker to both track neurodegen-
eration and determine the efficacy of potential treatments, while
this unique model provides a comprehensive platform to study
hAPP-induced disruption and repair within a precisely defined in
vivo network.
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