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Abstract.
Background: The locus coeruleus (LC), a brainstem nucleus comprising noradrenergic neurons, is one of the earliest regions
affected by Alzheimer’s disease (AD). Amyloid-� (A�) pathology in the cortex in AD is thought to exacerbate the age-related
loss of LC neurons, which may lead to cortical tau pathology. However, mechanisms underlying LC neurodegeneration remain
elusive.
Objective: Here, we aimed to examine how noradrenergic neurons are affected by cortical A� pathology in
AppNL−G−F/NL−G−F knock-in mice.
Methods: The density of noradrenergic axons in LC-innervated regions and the LC neuron number were analyzed by an
immunohistochemical method. To explore the potential mechanisms for LC degeneration, we also examined the occurrence
of tau pathology in LC neurons, the association of reactive gliosis with LC neurons, and impaired trophic support in the
brains of AppNL−G−F/NL−G−F mice.
Results: We observed a significant reduction in the density of noradrenergic axons from the LC in aged AppNL−G−F/NL−G−F

mice without neuron loss or tau pathology, which was not limited to areas near A� plaques. However, none of the factors
known to be related to the maintenance of LC neurons (i.e., somatostatin/somatostatin receptor 2, brain-derived neurotrophic
factor, nerve growth factor, and neurotrophin-3) were significantly reduced in AppNL−G−F/NL−G−F mice.
Conclusion: This study demonstrates that cortical A� pathology induces noradrenergic neurodegeneration, and further
elucidation of the underlying mechanisms will reveal effective therapeutics to halt AD progression.
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INTRODUCTION

The locus coeruleus (LC) is the major source of
noradrenaline (NA) in the brain, and LC neurons
innervate several brain regions that participate in a
variety of brain functions, including cognition, sleep,
emotion, and stress responses [1–4]. Malfunction in
the LC–NA system is implicated in several neurode-
generative diseases, including Alzheimer’s disease
(AD) [3, 5–10]. Degeneration of LC noradrenergic
neurons is one of the earliest and most prominent fea-
tures of AD brains, with a loss of up to 70% of these
neurons in some cases [11–17] and significant reduc-
tions in NA levels [14, 18–20]. The degeneration of
LC neurons correlates with the severity of dementia
[16, 21–23] and the progression of Braak stages in
the brains of AD patients [24, 25]. Thus, neurode-
generation in the LC–NA system likely contributes
to cognitive symptoms as well as agitation, aggres-
sion, and sleep disturbances that occur in preclinical
and early-stage AD [26].

LC noradrenergic neurons have long, thin unmyeli-
nated axons that project throughout the cortex
[27–29], where they are vulnerable to toxic insults
and to tau pathology during normal aging [30–32].
In AD, the amyloid-� (A�) plaques that accumulate
in the cortex induce severe neuroinflammation [33,
34] that damages noradrenergic axons and may exac-
erbate tau pathology and neuronal death in the LC [3,
7, 9, 10]. Indeed, the neurons in the LC that project
to the cortex show severe neuron loss and tau pathol-
ogy, whereas the neurons in the caudal region of the
LC that innervate the cerebellum and spinal cord are
relatively spared [15, 35, 36].

To gain insight into the mechanisms by which
A� pathology induces neurodegeneration in LC
noradrenergic neurons, we evaluated the brains of
wild-type (WT) (C57BL/6J) and App knock-in mice,
a model of A� amyloidosis without amyloid-� pro-
tein precursor (A�PP) overexpression, at 24 months
of age when these mice have sufficiently undergone
the aging process. AppNL−G−F/NL−G−F mice
harbor three familial AD (FAD) mutations (Swedish
[NL], Arctic [G], and Beyreuther/Iberian [F]) and
exhibit cognitive deficits and severe neuroinflam-
mation accompanied by progressive A� pathology
in the brain parenchyma, whereas AppNL/NL mice
carrying only the Swedish mutation overproduce
human A� but have no apparent A� pathology up
to 24 months [37–41]. In this study, we found that
AppNL−G−F/NL−G−F mice, but not AppNL/NL

mice, undergo degeneration of noradrenergic

afferents without prominent LC neuron loss, provid-
ing further evidence that formation of A� pathology
in the brain parenchyma induces noradrenergic
axonal degeneration. We also assessed the potential
mechanisms underlying this event.

MATERIALS AND METHODS

Animals

The App-KI (AppNL−G−F/NL−G−F and
AppNL/NL) mice on a C57BL/6J genetic back-
ground [37] were obtained from RIKEN Center for
Brain Science (Wako, Japan) and maintained at the
Institute for Animal Experimentation in National
Center for Geriatrics and Gerontology as described
previously [38, 39]. After weaning, all mice were
housed socially in same-sex groups and only male
mice were used for the experiments. The mice
were kept in a controlled environment (constant
temperature 22 ± 1◦C, humidity 50–60%, lights
on 07:00–19:00), with food and water available ad
libitum. All animal experimental procedures were
performed according to the NIH Guide for the Care
and Use of Laboratory Animals and other national
regulations and policies with the approval of the
Animal Care and Use Committee at National Center
for Geriatrics and Gerontology, Japan (Approval
number: 2–45).

Immunohistochemistry

Immunohistochemical staining was performed in
male mice of the three genotypes (n = 3–5/genotype)
for free-floating sections. At 12 and 24 months
of age, mice were anesthetized by intraperitoneal
administration of a combination of medetomidine
(0.3 mg/kg), midazolam (4 mg/kg), and butorphanol
(5 mg/kg) and then perfused intracardially with
ice-cold saline followed by 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (PB), as previ-
ously described [39]. The whole brains were collected
and immersed in the same fixative solution at 4◦C
overnight. For cryoprotection, the fixed brains were
transferred into 20% and then 30% sucrose in 0.1 M
PB at 4◦C until the tissues sank. After frozen rapidly
in cold isopentane, the brains were sliced coronally
into 25 �m sections using a cryostat (Leica CM3050;
Leica Microsystems, Germany) and stored in a cry-
oprotectant solution (30% glycerol and 30% ethylene
glycol in PBS) at –20◦C until immunostaining. Two
to six non-adjacent coronal sections (∼100 �m apart)
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were selected at the level of prefrontal cortex (+2.10
to +1.70 mm from bregma), neocortex and hippocam-
pus (–1.58 to –2.70 mm from bregma), entorhinal
cortex (–4.24 to –4.60 mm from bregma), and LC
(–5.34 to –5.68 mm from bregma) according to the
mouse brain atlas [42]. After washing with PBS con-
taining 0.1% Triton X-100 (PBS-T), the sections were
blocked in a buffer containing 5% normal goat or don-
key serum, 0.5% bovine serum albumin (BSA), and
0.3% Triton X-100 in PBS for 1 h, and then incubated
overnight at 4◦C with primary antibodies (Supple-
mentary Table 1) in a dilution buffer containing 3%
normal goat or donkey serum, 0.5% BSA and 0.3%
Triton X-100 in PBS. After three washes with PBS-T
were given, the sections were then incubated for 2–3 h
with appropriate fluorescent secondary antibodies
(Supplementary Table 1) in the dilution buffer. After
three washes with PBS-T, the sections were incu-
bated with DAPI (2 �g/ml) for 5 min and mounted
in Aqua-Poly/Mount (Polysciences Inc., USA). For
A� staining, the sections stained with fluorescent sec-
ondary antibodies were incubated in 1-fluoro-2,5-bis
(3-carboxy-4-hydroxystyryl) benzene (FSB) solution
(10 �g/ml in 50% EtOH) (F308; Dojindo, Japan) for
30 min and briefly washed with saturated lithium car-
bonate followed by 50% EtOH prior to mounting.
Unstained sections and control sections without pri-
mary antibodies were processed to assess age-related
autofluorescence and non-specific staining.

Image analysis and quantification

Immunofluorescence images of the sections were
captured using either a LSM780 or LSM700 con-
focal laser-scanning microscope with a 10× or a
20× objective (Carl Zeiss, Germany). Laser and
detector settings were maintained constant for each
immunostaining. Image capturing and analyses was
done independently by two experimenters blinded to
mouse genotype in order to increase reproducibility.
All image processing and analyses were performed
with Fiji software.

Measurement of norepinephrine transporter
(NET)-positive fiber length

For measuring length of NET-positive projecting
fibers in cortical and hippocampal regions, we cap-
tured images using a LSM780 confocal microscopy
with a 20× objective, and 10 �m Z-stacks (0.85 �m
interval between images) were reconstructed with
a maximum intensity projection. For capturing the
images from cortical regions, we set a capturing frame

including layer II–IV using DAPI counterstaining as
a guide in a consistent manner from section to sec-
tion. The NET-positive fibers were segmented using
an automated threshold algorithm (Otsu’s method)
with adjustment of contrast and unsharp masking to
sharpen and enhance the edge features. The result-
ing binary image was then skeletonized, and total
skeleton length within the image was measured using
Summarize Skeleton plugin. All images were pro-
cessed with the same procedures. At least two Z-stack
sets of images were reconstituted bilaterally per sec-
tion and averaged over 4 sections in each mouse.

Counting of dopamine β-hydroxylase
(DBH)-positive cell in the LC

For counting number of DBH-positive neurons in
the LC, we captured images using a LSM780 confo-
cal microscopy with a 10× objective to capture the
entire region of the LC, and 25 �m Z-stacks (2.88 �m
interval between images) were reconstructed with
a maximum intensity projection. For unbiased esti-
mation of LC neuron number, the total number
of DBH-positive cells was quantified using evenly
spaced counting frames (50 × 50 �m; 25 �m frame
interval) within each image. The average number of
counting frames per mouse was 19.78 ± 0.85. For
each mouse, one or two Z-stack sets of images were
reconstituted per section and averaged over 4–6 sec-
tions. We chose the coronal sections including the LC
perikarya evenly through rostral to caudal portions
(–5.34 to –5.68 mm from bregma).

Measurement of immunoreactivity for
somatostatin receptor 2 (SSTR2) and
somatostatin (SST) in the LC

For acquisition of SSTR2 immunofluorescence
in the LC, we captured images using a LSM700
confocal microscopy with a 10× objective to cap-
ture the entire tyrosine hydroxylase (TH)-positive
area, and 25 �m Z-stacks (3.45 �m interval between
images) was reconstituted with a maximum intensity
projection. Two Z-stack sets of images were recon-
stituted per section and averaged over 2 sections
in each mouse. For acquisition of SST immunoflu-
orescence, we separately captured images using a
LSM700 confocal microscopy with a 20× objec-
tive in one LC region (TH-positive) to clearly obtain
punctate structures of SST immunofluorescence, and
15 �m Z-stacks (0.96 �m interval between images)
were reconstructed with a maximum intensity pro-
jection. According to the size of TH-positive area
in the stacked image, two to four Z-stack sets of
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images were reconstituted per section and averaged
over two sections. A region of interest (ROI) was
manually drawn for showing the LC region using TH
counterstaining as a guide. After background subtrac-
tion, immunoreactivity for SSTR2 and SST in the
LC was defined as numbers of signal-positive pix-
els within a defined ROI (# of positive pixels/mm2),
which were determined from binarized images of
immunofluorescence by thresholding with an auto-
mated threshold method (Otsu’s method). Pixels with
sufficient fluorescence were assigned with a value of
1 and other pixels with subthreshold intensity were
assigned with a value of 0. The same procedures were
applied across all other images, and all binarized
images were visually inspected to ensure adequate
detection. The immunoreactivity for each signal (#
of positive pixels/mm2) was expressed as a relative
ratio to WT mice.

Measurement of cortical immunoreactivity for
neurotrophic factors in the neocortex

For acquisition of immunofluorescence for brain-
derived neurotrophic factor (BDNF), nerve growth
factor (NGF), and neurotophin-3 (NT-3) in the
neocortex, we captured images using a LSM700 con-
focal microscopy with a 20× objective, and 10 �m
Z-stacks (0.96 �m interval between images) were
reconstructed with a maximum intensity projection.
For capturing the images from the neocortex, we
set a capturing frame including layer II–IV using
DAPI counterstaining as a guide in a consistent man-
ner. Age-related autofluorescence was imaged in the
blank red (594 wavelength) channel and reduced by
subtraction from the green (488 wavelength) channel
image. Immunoreactivity for BDNF, NGF, and NT-3
in the neocortex was defined as numbers of signal-
positive pixels within an entire image (# of positive
pixels/mm2), which were determined from binarized
images of immunofluorescence by thresholding with
an automated threshold method (Otsu’s method for
BDNF and IsoData method for NGF and NT-3). Pix-
els with sufficient fluorescence were assigned with a
value of 1 and other pixels with subthreshold intensity
were assigned with a value of 0. The same proce-
dures were applied across all other images, and all
binarized images were visually inspected to ensure
adequate detection. The immunoreactivity for each
signal (# of positive pixels/mm2) was expressed as a
relative ratio to WT mice. Four Z-stack sets of images
were reconstituted per section and averaged over two
sections in each mouse.

RNA extraction and quantitative real time PCR
(qRT-PCR) analysis

For qRT-PCR analysis, frontal cortex from male
mice of the 3 genotypes (n = 5–6/genotype) at 24
months of age were used. The mice were anesthetized
by intraperitoneal administration of a combination
of medetomidine (0.3 mg/kg), midazolam (4 mg/kg),
and butorphanol (5 mg/kg), and perfused intracar-
dially with ice-cold saline. Frontal cortex regions
of brains were dissected and were flash frozen
in liquid nitrogen. Total RNA was isolated using
RNeasy Plus Mini Kit (Qiagen, USA) according to
the manufacturer’s protocol and reverse-transcribed
using PrimeScript RT-PCR kit (TaKaRa Bio, Japan).
qRT-PCR was performed using Thunderbird SYBR
qPCR Mix (Toyobo, Japan) on a CFX96 real time
PCR detection system (Bio-Rad Laboratories, USA).
Expression of genes of interest was standardized
relative to Actb (�-actin). Relative expression val-
ues were determined by the ��CT method. Primer
sequences used in this study were listed in Supple-
mentary Table 2.

Statistical analysis

As described previously [38, 39], one-way
ANOVA followed by the Tukey’s post hoc tests was
used for the comparisons of multiple means with
genotypes as one independent variable. All statistical
analyses were conducted using JMP software (ver-
sion 11, SAS Institute Inc., USA). Data are presented
as mean ± SEM. All alpha levels were set at 0.05.

RESULTS

Widespread loss of noradrenergic axons in
cortical and hippocampal regions in aged
AppNL−G−F/NL−G−F mice

To determine how A� amyloidosis affects
the noradrenergic system, we utilized
AppNL−G−F/NL−G−F mice, which develop mas-
sive A� plaques and reactive gliosis in the brain
parenchyma. We stained brain sections from 24-
month-old AppNL−G−F/NL−G−F , AppNL/NL and
WT control mice with an antibody against norepi-
nephrine transporter (NET), a marker of noradren-
ergic axon terminals. In the neocortex and CA1
subfield of the hippocampus in 24-month-old
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AppNL−G−F/NL−G−F mice, the density of NET-
positive fibers was significantly reduced compared
with that in WT mice (Fig. 1A), and the remaining
noradrenergic axons showed structural abnormalities
consistent with axonal dystrophy (Fig. 1A, insets).
Specifically, compared to AppNL/NL and WT mice,
there was a significant decrease in the density of
NET-positive fibers in both brain regions (Fig. 1B,
C). By contrast, compared to WT control, the density
of NET-positive fibers was not altered in AppNL/NL

mice (Fig. 1A–C), which do not develop A� pathol-
ogy despite elevated production of A� and other
�-site cleavage products of A�PP. To ask whether
noradrenergic afferents start to degenerate at an ear-
lier time point, we analyzed the NET-positive fiber
density in 12-month-old AppNL−G−F/NL−G−F mice
(Fig. 1A). We found that the density of NET-positive
fibers in the neocortex was similar between 12-
month-old and 24-month-old AppNL−G−F/NL−G−F

mice (Fig. 1B), while that in the CA1 subfield of the
hippocampus was more preserved in 12-month-old
than 24-month-old, and was equivalent to 24-month-
old AppNL/NL and WT mice (Fig. 1C). These results
suggest that A� pathology induces widespread loss
of noradrenergic afferents in AppNL−G−F/NL−G−F

mice.
Since LC noradrenergic neurons send extensive

projections throughout the brain, we further exam-
ined the density of NET-positive fibers in other
LC-innervated regions known to be affected in AD
(Fig. 1D). The reduced NET-positive fiber den-
sity was also observed in the prefrontal cortex
(Fig. 1E) and entorhinal cortex (Fig. 1F) in 24-
month-old AppNL−G−F/NL−G−F mice compared
with AppNL/NL and WT mice.

Prominent neuron loss is not observed in the LC
in aged AppNL−G−F/NL−G−F mice

To determine if the reduction in noradrenergic
afferents in the cortex and hippocampus reflects neu-
ron loss in the LC, we immunostained brain sections
containing the LC perikarya from WT, AppNL/NL,
andAppNL−G−F/NL−G−F mice by using an antibody
against dopamine �-hydroxylase (DBH), a marker for
noradrenergic neurons (Fig. 2A). Quantitative analy-
sis revealed similar numbers of DBH-positive cells in
the LC regions among all genotypes (Fig. 2B). These
results indicate that the loss of noradrenergic afferents
in AppNL−G−F/NL−G−F mice occurs in the absence
of LC neuron loss.

Phospho-tau pathology is not associated with the
LC–NA system in AppNL−G−F/NL−G−F mice

Since one of the first signs of AD-related pathology
in human brains is the accumulation of hyper-
phosphorylated tau in LC noradrenergic neurons,
we examined whether the dystrophic NET-positive
fibers that we observed in AppNL−G−F/NL−G−F

mouse brains (Fig. 1A, inset) were associated with
an accumulation of AD-related phospho-tau. An
antibody which recognizes tau phosphorylated at
AD-related Ser202 and Thr205 (AT8 antibody)
detects punctate structures surrounding A� plaques
in AppNL−G−F/NL−G−F mice [43], and these AT8-
positive phospho-tau signals did not colocalize with
the dystrophic NET-positive fibers in the neocor-
tex or hippocampus in AppNL−G−F/NL−G−F mice
(Fig. 3A). Also, no phosphorylated tau was detected
within the cell bodies of noradrenergic neurons in the
LC (Fig. 3B). These results suggest that loss of nora-
drenergic afferents and axonal degeneration occur in
the absence of prominent tau pathology in LC nora-
drenergic neurons in AppNL−G−F/NL−G−F mice.

Loss of noradrenergic afferents is not limited to
areas with Aβ plaques or reactive gliosis in
AppNL−G−F/NL−G−F mice

Neuroinflammation is a common feature of brains
of AD patients. As AppNL−G−F/NL−G−F mice
develop massive reactive gliosis (microgliosis and
astrocytosis) around A� plaques, we examined
whether the observed loss of noradrenergic axons
and the aberrant clusters occurred in proximity to
A� plaques and regions of reactive gliosis. Immuno-
histochemical analyses revealed that regions with a
low density of NET-positive fibers were not limited
to areas near A� plaques or ionized calcium binding
adaptor molecule 1 (Iba1)-positive microglia or glial
fibrillary acidic protein (GFAP)-positive astrocytes
in the neocortex (Fig. 4A) or hippocampus (Fig. 4B)
of 24-month-old AppNL−G−F/NL−G−F mice. We
also performed the same analysis in 12-month-old
AppNL−G−F/NL−G−F mice and found that regions
with reduced NET-positive fibers were not limited
to areas near A� plaques or activated glial cells in
the neocortex (Fig. 4A) and hippocampus (Fig. 4B).
Interestingly, however, we noticed that areas with
aberrant NET-positive fiber clusters were often asso-
ciated with A� plaques surrounded by Iba1-positive
microglia in the neocortex (Fig. 4A, white arrows,
high-magnification views in insets) and hippocampus
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Fig. 1. Loss of noradrenergic afferents is observed in cortical and hippocampal regions in 12- and 24-month-old AppNL−G−F/NL−G−F mice.
A) Representative images of the neocortex and hippocampal CA1 subfield from frozen coronal brain sections immunostained with anti-NET
(indicated by green) were shown (blue indicated DAPI staining). B, C) Total length of NET-positive fiber was measured and expressed as
fiber length per area (�m/ � m2) in the neocortex (B) and hippocampal CA1 subfield (C). D) Representative images of the prefrontal and
entorhinal cortices from frozen coronal brain sections immunostained with anti-NET (indicated by green) were shown (blue indicated DAPI
staining). E, F) Total length of NET-positive fiber was measured and expressed as fiber length per area (�m/ � m2) in the prefrontal cortex
(E) and entorhinal cortex (F). Scale bars represent 50 �m. In the inset image, scale bar represents 10 �m. n = 4–5/group. ∗∗∗p < 0.001 versus
WT (B6J); †††p<0.001 versus AppNL/NL; §§p < 0.01 versus 12-month-old AppNL−G−F/NL−G−F . n.s., not significant.
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Fig. 2. No prominent neuron loss is detected in the LC in 24-month-old AppNL−G−F/NL−G−F mice. A) Representative images of the LC
from frozen coronal brain sections immunostained with anti-DBH (indicated by green) were shown (blue indicated DAPI staining). B)
Number of DBH-positive cells was measured and expressed as cell number per area (/mm2). Scale bar represents 100 �m. n = 5/genotype.
n.s., not significant.

(Fig. 4B, white arrows, high-magnification views
in insets), which is more evident in 12-month-old
AppNL−G−F/NL−G−F mice. These data suggest a
potential role of neuroinflammation in the format-
ion of aberrant NET-positive fiber clusters in
AppNL−G−F/NL−G−F mice brains.

Loss of glutamatergic synapses near Aβ plaques
in AppNL−G−F/NL−G−F mice

Since cortical regions in AD brains exhibit
reductions in vesicular glutamate transporter 1
(VGLUT1)-positive glutamatergic terminals [44],
we examined the spatial relationship between the
loss of glutamatergic terminals and A� plaques
in cortical and hippocampal regions in our aged
AppNL−G−F/NL−G−F mice. Immunohistochemi-
cal analysis revealed that immunoreactivity for
VGLUT1-positive punctate structures was lost at the
site of A� plaques, while larger aberrant (bulbous-
like) shapes positive for VGLUT1, an evidence of
dystrophic neurites, appeared around A� plaques
in the neocortex (Fig. 5A, white arrows, higher-
magnification images in the inset) and hippocampus
(Fig. 5B, white arrows, higher-magnification images
in the inset). In contrast, VGLUT1-positive gluta-
matergic terminals were spared in the areas distant

from A� plaques in AppNL−G−F/NL−G−F mice
(Fig. 5A, B), which were different from the
widespread reduction of NET-positive fibers (Fig. 4).
Immunostaining with an antibody against post-
synaptic density protein 95 (PSD-95) similarly
revealed reduced immunoreactivity at the site of
A� plaques with large aberrant structures sur-
rounding plaques in the neocortex (Fig. 5A, white
arrows, higher-magnification images in the inset)
and hippocampus (Fig. 5B, white arrows, higher-
magnification images in the inset). These results
indicate that, unlike noradrenergic afferents, gluta-
matergic terminals and synapses were lost in the
vicinity of A� plaques in AppNL−G−F/NL−G−F

mice.

No prominent reduction of somatostatin or
somatostatin receptor 2 in the LC in
AppNL−G−F/NL−G−F mice

Somatostatin (SST) is known to control activity
and growth of noradrenergic neurons through acti-
vation of somatostatin receptors (SSTRs) including
SSTR2a, which is highly expressed in LC neurons.
Levels of SSTR2a in the LC [45] as well as of
SST in the cortex [46] are decreased in AD, and
interestingly, LC noradrenergic axons degenerate in
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Fig. 3. Phospho-tau pathology is not associated with the LC-NA system. A) Representative images of the neocortex and hippocampal CA1
subfield from frozen coronal brain sections immunostained with anti-phospho tau (AT8) (indicated by magenta) and anti-NET (indicated
by green) antibodies were shown. Scale bars represent 20 �m. B) Representative images of the LC from frozen coronal brain sections
immunostained with anti-phospho tau (AT8) (indicated by magenta) and anti-DBH (indicated by green) antibodies were shown (blue
indicated DAPI staining). Scale bar represents 50 �m. n = 3/genotype.

cortices of Sstr2 knockout mice [45]. Thus, impaired
SST/SSTR signaling may cause an excitatory imbal-
ance and/or disrupt trophic support in the LC, leading
to subsequent axonal degeneration in AD. To test
this possibility, we performed immunohistochemical

analyses of LC neurons in aged mice with antibod-
ies against SSTR2 and tyrosine hydroxylase (TH), a
marker for noradrenergic neurons in the LC (Fig. 6A).
We detected similar levels of SSTR2 expression in LC
neurons of AppNL−G−F/NL−G−F , AppNL/NL, and
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Fig. 4. Noradrenergic axonal degeneration is not limited to the vicinity of A� plaques and reactive gliosis. A, B) Representative images of
the neocortex (A) and hippocampal CA1 subfield (B) from frozen coronal brain sections immunostained with anti-NET (indicated by green
in A and B), anti-Iba1 (indicated by magenta in upper panels of A and B) and anti-GFAP (indicated by magenta in lower panels of A and
B) antibodies were shown. FSB was used for detecting A� plaques (indicated by blue in A and B). White arrows point to representative
examples of aberrant NET-positive fiber cluster. Insets show higher-magnification views in the corresponding dashed yellow squares. Scale
bars represent 50 �m. In the inset images, scale bars represent 10 �m. n = 3/group.

WT mice (Fig. 6B). Furthermore, immunostaining
for SST revealed no differences between the mouse
groups in the LC areas containing SST-positive vari-

cosities (Fig. 6C, D). These results suggest that
somatostatinergic signaling in the LC is not dramat-
ically altered in AppNL−G−F/NL−G−F mice.
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Fig. 5. Loss of glutamatergic synapses is associated with the vicinity of A� plaques. A, B) Representative images of the neocortex (A) and
hippocampal CA1 subfield (B) from frozen coronal brain sections immunostained with anti-VGLUT1 and anti-PSD-95 antibodies (indicated
by green in A and B) were shown. FSB was used for detecting A� plaques (indicated by blue in A and B). White arrows point to representative
examples of A� plaque. Insets show higher-magnification views in the corresponding dashed yellow squares. Scale bars represent 50 �m.
In the inset images, scale bars represent 20 �m. n = 3/genotype.
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Fig. 6. No prominent reduction of somatostatin and somatostatin receptor 2 are detected in the LC. A) Representative images of the LC from
frozen coronal brain sections immunostained with anti-SSTR2 (indicated by gray for single color images or green for multicolor images) and
anti-TH (indicated by magenta for multicolor images) antibodies were shown. Scale bar represents 100 �m. B) SSTR2 immunoreactivity in
the TH-positive LC region (indicated by yellow dotted lines) was evaluated and expressed as a relative ratio to WT (B6J). C) Representative
images of the LC from frozen coronal brain sections immunostained with anti-SST (indicated by gray for single color images or green for
multicolor images) and anti-TH (indicated by magenta for multicolor images) antibodies were shown. Scale bar represents 50 �m. D) SST
immunoreactivity in the TH-positive LC region (indicated by yellow dotted lines) was evaluated and expressed as a relative ratio to WT
(B6J). n = 3–5/genotype. n.s., not significant.
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No prominent reduction in neurotrophic factors
implicated in the development and/or
maintenance of noradrenergic neurons in
AppNL−G−F/NL−G−F mice

The neurotrophic factors, including BDNF, NGF,
NT-3, and glial cell line-derived neurotrophic factor
(GDNF), are crucial for the development, survival,
and maintenance of noradrenergic neurons [5]. We
thus examined whether the expression of BDNF and
other trophic factors is altered in the neocortices of
AppNL−G−F/NL−G−F mice. Quantitative RT-PCR
(qRT-PCR) analysis revealed that mRNA levels of
Bdnf, Ngf and Ntf3 were not altered in the cortex of
AppNL−G−F/NL−G−F mice compared with WT or
AppNL/NL mice, while Bdnf mRNA level was sig-
nificantly lower in AppNL/NL mice compared to WT
mice (Fig. 7A). In contrast, the mRNA expression
level of Gdnf was too low to detect by our qRT-PCR
analysis. We next performed immunohistochemical
analyses and found that the expression pattern of
BDNF was similar between AppNL−G−F/NL−G−F ,
AppNL/NL, and WT mouse brains (Fig. 7B), with no
significant difference in the BDNF immunoreactiv-
ity (Fig. 7C). Similar expression patterns among the
mouse groups were also observed for NGF (Fig. 7D)
and NT-3 (Fig. 7E). Immunostaining without primary
antibodies under the same settings of image capturing
did not show any signals from brain sections, sug-
gesting that observed signals represent expression of
these neurotrophic factors (Fig. 7B). Taken together,
these results suggest that the expression of trophic
factors implicated in the maintenance of the LC is not
significantly altered in AppNL−G−F/NL−G−F mice.

DISCUSSION

Neuron loss in the LC in AD was hypothesized
to result from retrograde degeneration of the cortical
projections [29, 47]. LC neurons projecting to cortical
regions are selectively affected in AD, whereas neu-
rons without cortical projections show no pathology
[35, 36, 48]. Accordingly, the reductions in noradren-
ergic afferents and NA content in forebrain LC target
regions observed in early-stage AD [6, 10, 20] are fol-
lowed by neuron loss in the LC at mid-to-advanced
Braak stages [9, 30, 49]. Our findings are consistent
with these reports, as AppNL−G−F/NL−G−F mice
had significantly reduced densities of noradrenergic
axons in the cortex without neuron loss in the LC
(Figs. 1 and 2).

The degeneration of LC neurons in human brains
has been associated with the accumulation of hyper-
phosphorylated tau [50–52]. In the pathogenesis of
AD, the accumulation of A� pathology in cortical
areas is thought to drive tau pathology and neuron
loss in the LC; however, the underlying mechanisms
remain unknown. A recent study demonstrated that
aberrant TH-positive noradrenergic and dopaminer-
gic terminals were negative for phospho-tau in the
cortices of AD brains [45]. Consistent with this, we
found no tau pathology in areas with noradrenergic
axonal degeneration in AppNL−G−F/NL−G−F mice
(Fig. 3). These results suggest that axonal degen-
eration of LC neuron is initiated by A� pathology,
which may exacerbate tau pathology independently
formed in the LC and further damage LC neurons in
AD pathogenesis.

Several studies have reported degeneration of the
LC–NA system in transgenic mouse models. In
APPswe/PS1�E9 mice overexpressing FAD-related
mutant APPswe and PS1�E9, progressive A� pathol-
ogy in the forebrain correlates with the progressive
loss of TH-positive catecholaminergic axons, fol-
lowed by atrophy of cell bodies and loss of
TH-positive neurons in the LC in the absence of
prominent tau pathology [53–55]. A� pathology in
these mice is modestly reduced by the administration
of anti-A� antibodies, which also ameliorates the loss
of TH-positive catecholaminergic axons, suggesting
a causal link between A� pathology and cate-
cholaminergic axonal degeneration [56]. In Tg2576
mice overexpressing FAD-related APPswe, the vol-
ume of the LC and the number of DBH-positive
neurons are reduced as A� pathology progresses
[57], while PDAPP mice overexpressing FAD-related
APPV717F exhibit selective shrinkage only in the
portion of the LC that projects to the cortex and
hippocampus [58]. By contrast, neuronal hypertro-
phy in the LC was observed in immunohistochemical
analyses of 6-month-old 5 × FAD mice, which over-
express A�PP with the Swedish (K670N, M671L),
Florida (I716V), and London (V717I) FAD muta-
tions along with human presenilin 1 (PS1) harboring
two FAD mutations, M146L and L286V [59]. In
contrast, APP23 mice overexpressing FAD-related
APPswe exhibited no prominent loss of TH-positive
LC neurons at 12 months of age [60]. Interestingly, a
very recent study using AppNL−G−F/NL−G−F mice
showed that a loss of TH-positive LC neurons at
9-month-old [61]; however, we did not detect a loss
of DBH-positive neurons in these mice up to 24
months of age (Fig. 2). The reason for the incon-
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Fig. 7. No prominent reduction in neurotrophic factors for noradrenergic neurons are detected in the neocortex. A) mRNA levels of Bdnf,
Ngf, and Ntf3 in the cortex were analyzed by qRT-PCR. n = 5–6/genotype. ∗p < 0.05 versus WT (B6J). B) Representative images of the
neocortex from frozen coronal brain sections immunostained with anti-BDNF, anti-NGF, and anti-NT-3 antibodies (all indicated by green)
were shown. Sections stained with secondary anti-rabbit IgG antibody (indicated by green) was served as a negative control (blue indicated
DAPI staining). C–E) Immunoreactivity of BDNF (C), NGF (D), and NT-3 (E) were evaluated and expressed as a relative ratio to WT (B6J).
Scale bars represents 50 �m. n = 3–5/genotype. n.s., not significant.
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sistent results between the studies may be related to
the differences in calculation method for the number
of LC neurons, experimental design for immunohis-
tochemistry and laboratory-specific environmental
conditions. Supporting this, Mehla et al. reported sig-
nificant decline in spatial learning and memory in
AppNL−G−F/NL−G−F mice at 6 months of age [61],
while we and others did not detect prominent learn-
ing and memory deficits at the same age [38, 62, 63].
Despite the differences in degenerative phenotypes
between mouse models and research groups, none of
the models develop overt tau pathology in the LC,
further supporting the notion that damage to LC neu-
rons induced by A� pathology is independent of tau
accumulation.

Axonopathy has been reported in different trans-
genic mouse models of A� amyloidosis, which often
overexpress human A�PP [64–68]. However, sev-
eral studies have demonstrated that unphysiologically
overexpressed A�PP proteins impair axonal trans-
port by interacting with kinesin [69] through c-Jun
amino-terminal kinase interacting proteins [70] and
cause axonopathy [69, 71, 72]. These reports suggest
that axonopathy observed in A�PP transgenic mice
might be, at least in part, due to unphysiologically
overexpressed A�PP proteins. In contrast, this study
utilized AppNL−G−F/NL−G−F mice, which express
physiological levels of A�PP under the innate pro-
moter [37, 41], and demonstrated that A� pathology
was required to induce noradrenergic axonal degen-
eration in mice brains. These results provide further
evidence that AppNL−G−F/NL−G−F mice are use-
ful models to investigate critical neurodegenerative
processes at an early stage of AD.

It is not clear how A� pathology induces neu-
rodegeneration of LC neurons in AD. Chronic
neuroinflammation is induced by A� pathology and
activated microglia and reactive astrocytes have
been suggested to promote neurodegeneration by
engulfing neuronal or synaptic structures in AD
[73–75]. Our histochemical analyses did not detect
clear evidence that reactive gliosis played causative
roles in reductions of NET-positive fibers. How-
ever, dystrophic noradrenergic fiber clusters were
often associated with A� plaques surrounded by
activated microglia (Fig. 4), suggesting a potential
involvement of neuroinflammation in noradrener-
gic axonal degeneration in AppNL−G−F/NL−G−F

mice. Elevated levels of inflammatory cytokines via
microglial activation in the brain of APPswe/PS1�E9

mice were accompanied by the loss of LC–NA
neuronal somas and axon terminals [76]. Since

AppNL−G−F/NL−G−F mice also display massive
microgliosis and elevated cytokine response in the
cortex [77, 78], further investigation is required to
delineate a role of neuroinflammation in noradrener-
gic neurodegeneration caused by A� pathology.

Several brain regions send SST-positive projec-
tions to the LC [79–81], and reduced SST signaling
in AD brains [46, 82] may disrupt inhibitory regu-
lation of [83–85] and/or trophic effects on [86–88]
noradrenergic neurons. Supporting this possibility,
Sstr2 knock out results in the degeneration of LC
noradrenergic axons in mouse cortex [45]. In addi-
tion, LC neuron development and survival depend on
a variety of trophic factors [89–94] that can be ret-
rogradely transported from target regions [95]. For
example, BDNF is involved in several aspects of LC
neuronal development and maturation [96–98], and
a reduced level of BDNF promotes the degeneration
of LC axons in 5×FAD mice [99]. However, nei-
ther SST innervation/SSTR2 levels in the LC (Fig. 6)
nor cortical expression of trophic factors, includ-
ing BDNF, NGF, and NT-3 (Fig. 7), were altered in
AppNL−G−F/NL−G−F mice. These data suggest that
cortical A� pathology induces noradrenergic axonal
degeneration through an as-yet-unknown factor(s).
Further studies are needed to elucidate the underlying
mechanism(s), which will reveal how A� pathology
initiates AD pathogenesis.

In conclusion, this study demonstrates that cortical
A� pathology in LC target regions induces noradren-
ergic axonal degeneration. AppNL−G−F/NL−G−F

mice used in this study harbor three FAD muta-
tions to produce massive A� pathology in the brain
parenchyma [37, 41], which is thought to play a cen-
tral role in the pathogenesis of not only familial but
also sporadic cases of AD. Given the critical roles of
LC neurons in cognitive and physiological processes,
as well as in AD pathogenesis, approaches to prevent
axonal damage of LC noradrenergic neurons may be
an effective way to prevent the onset and slow the
progression of AD.
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