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Locus Coeruleus Ablation Exacerbates Cognitive Deficits,
Neuropathology, and Lethality in P301S Tau Transgenic Mice
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The brainstem locus coeruleus (LC) supplies norepinephrine to the forebrain and degenerates in Alzheimer’s disease (AD). Loss of LC
neurons is correlated with increased severity of other AD hallmarks, including �-amyloid (A�) plaques, tau neurofibrillary tangles, and
cognitive deficits, suggesting that it contributes to the disease progression. Lesions of the LC in amyloid-based transgenic mouse models
of AD exacerbate A� pathology, neuroinflammation, and cognitive deficits, but it is unknown how the loss of LC neurons affects
tau-mediated pathology or behavioral abnormalities. Here we investigate the impact of LC degeneration in a mouse model of tauopathy
by lesioning the LC of male and female P301S tau transgenic mice with the neurotoxin N-(2-chloroethyl)-N-ethyl-bromobenzylamine
(DSP-4) starting at 2 months of age. By 6 months, deficits in hippocampal-dependent spatial (Morris water maze) and associative
(contextual fear conditioning) memory were observed in lesioned P301S mice while performance remained intact in all other genotype
and treatment groups, indicating that tau and LC degeneration act synergistically to impair cognition. By 10 months, the hippocampal
neuroinflammation and neurodegeneration typically observed in unlesioned P301S mice were exacerbated by DSP-4, and mortality was
also accelerated. These DSP-4-induced changes were accompanied by only a mild aggravation of tau pathology, suggesting that increased
tau burden cannot fully account for the effects of LC degeneration. Combined, these experiments demonstrate that loss of LC noradren-
ergic neurons exacerbates multiple phenotypes caused by pathogenic tau, and provides complementary data to highlight the dual role LC
degeneration has on both tau and A� pathologies in AD.
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Introduction
Alzheimer’s disease (AD) is a debilitating neurodegenerative dis-
order and one of the leading causes of dementia and death in the

United States, yet there is still no clear mechanism that explains
its initiation or progression. Because symptoms do not emerge
for years or even decades after pathology starts accumulating, it is
crucial to ascertain where and when the disease begins to effec-
tively diagnose and treat it. Degeneration of the noradrenergic
brainstem locus coeruleus (LC) is an early and ubiquitous feature
of AD that correlates well with many of its other elements, such as
�-amyloid (A�) plaques, tau neurofibrillary tangles, and cognitive
impairment (Iversen et al., 1983; Mann, 1983; Bondareff et al., 1987;
Chan-Palay and Asan, 1989; Haglund et al., 2006; Grudzien et al.,
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Significance Statement

Elucidating the mechanisms underlying AD is crucial to developing effective diagnostics and therapeutics. The degeneration of the
LC and loss of noradrenergic transmission have been recognized as ubiquitous events in AD pathology, and previous studies
demonstrated that LC lesions exacerbate pathology and cognitive deficits in amyloid-based mouse models. Here, we reveal a
complementary role of LC degeneration on tau-mediated aspects of the disease by using selective lesions of the LC and the
noradrenergic system to demonstrate an exacerbation of cognitive deficits, neuroinflammation, neurodegeneration in a trans-
genic mouse model of tauopathy. Our data support an integral role for the LC in modulating the severity of both canonical
AD-associated pathologies, as well as the detrimental consequences of LC degeneration during disease progression.
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2007). Norepinephrine (NE) is important for many AD-relevant
behaviors and cognitive functions (e.g., arousal, attention, affective
behaviors, learning, and memory) in addition to having anti-in-
flammatory and neuroprotective properties (Szabadi, 2013; Fein-
stein et al., 2016; Mather and Harley, 2016). Thus, as the sole source
of NE to critical AD-associated brain regions, such as the hippocam-
pus and frontal cortex, damage to the LC likely contributes to disease
progression and severity (Mann, 1983; Zweig et al., 1989; Jalbert et
al., 2008; Weinshenker, 2008; Gannon et al., 2015).

LC cell loss in AD patients is reported to range from 40% to
80% (German et al., 1992; Lyness et al., 2003). By contrast, only a
handful of transgenic animal models of AD report endogenous
LC degeneration or dysfunction; and even then, the damage is
modest (Liu et al., 2008; Guérin et al., 2009; Liu et al., 2013).
Although this limits the validity of the models, it also provides a
unique opportunity to induce LC damage/dysfunction and in-
vestigate its impact within the context of AD-like neuropathology
and cognitive deficits. These approaches have been used exten-
sively to understand the role of the LC in A� models of AD.
Several groups have lesioned the LC in various amyloid precursor
protein (APP) transgenic mice (e.g., APP23, F717F APP, APP/
PS1) using the selective LC neurotoxin, N-(2-chloroethyl)-N-
ethyl-bromo-benzylamine (DSP-4), and reported exacerbation
of A� plaque deposition, neuroinflammation, and cognitive and
behavioral deficits (Heneka et al., 2006; Kalinin et al., 2007; Rey et
al., 2012). APP/PS1 mice crossed with either NE-deficient dopa-
mine �-hydroxylase knock-out (Dbh�/�) mice or Ear2 knock-
out mice that have impaired specification of LC neurons show a
profound synergistic exacerbation of the cognitive impairments
observed in the single mutants (Hammerschmidt et al., 2013;
Kummer et al., 2014). In both instances, these impairments could
be at least partially rescued by pharmacological restoration of NE.

Combined, these findings emphasize the importance of the
LC/NE system in gating A�-associated neuropathology and cog-
nitive deficits. However, because there is currently no informa-
tion regarding the consequences of LC degeneration on tau, the
overall repercussions of noradrenergic dysfunction in AD remain
murky. Here we examined the impact of DSP-4 LC lesions on
tau-mediated neuropathology and behavioral abnormalities in
P301S tau transgenic mice. Although neither this mutation nor
any known tau mutation causes AD in humans, we selected this
model of tauopathy for three reasons. First, P301S tau is prone to
hyperphosphorylation and induces the formation of aberrant tau
species reminiscent of those found in AD (Bugiani et al., 1999;
Yasuda et al., 2000; Lossos et al., 2003; Yoshiyama et al., 2007).
Second, P301S tau confers neuroinflammation, neurodegenera-
tion, and cognitive impairment in both mice and humans (Bu-
giani et al., 1999; Bugiani, 2000; Yasuda et al., 2000; Lossos et al.,
2003; Takeuchi et al., 2011). Finally, a similar mutation (P301L)
has been used in combination with AD-causing APP and pre-
senilin-1 (PS1) mutations to generate one of the more compre-
hensive AD mouse models to date, encompassing both A� and
tau pathologies (Oddo et al., 2003). Understanding how LC de-
generation and the subsequent loss of NE impacts tau, in addition
to A�, will provide a more comprehensive view of the contribu-
tion of this pathology AD.

Materials and Methods
Animals. Male and female P301S transgenic mice (B6N.Cg-Tg(Prnp-
MAPT*P301S)PS19Vle/J, The Jackson Laboratory, #024841), which ex-
press the 4N1R isoform of human microtubule-associated protein tau
with the frontotemporal dementia-causing P301S mutation under the
mouse prion promoter, were used. P301S mice were purchased and

maintained as hemizygotes on a C57BL/6 background. Nontransgenic
wild-type (WT) littermates were used as controls. P301S mice are re-
ported to develop extensive astrogliosis and microgliosis beginning at 3
months, followed by progressive accumulation of neurofibrillary tangles
beginning at 6 months (Yoshiyama et al., 2007; Takeuchi et al., 2011).
From 9 to 12 months, neuronal loss is observed in the hippocampus and
entorhinal cortex (Yoshiyama et al., 2007). These mice also manifest
cognitive and behavioral impairments concomitantly with the establish-
ment of their neuropathology (Yoshiyama et al., 2007; Takeuchi et al.,
2011). Mice were group housed (maximum of 5 animals per cage) during
the entire experiment, except for a 24 h separation during circadian
rhythm testing when they were singly housed. All experiments were con-
ducted at Emory University in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by
the Emory Institutional Animal Care and Use Committee.

DSP-4 lesions. There were four groups of animals within each age
group (4, 6, and 10 months): vehicle-treated P301S, DSP-4-treated
P301S, vehicle-treated WT, and DSP-4-treated WT. At �2 months of
age, mice began their treatment regimen with two initial doses of DSP-4
(50 mg/kg, i.p.) or vehicle (0.9% NaCl) administered on day 1 and day 7.
Animals then received a monthly booster (vehicle or 50 mg/kg DSP-4),
with the final dose ending 1 month before behavioral testing which began
at 4, 6, and 10 months of age. This dosing paradigm was based on previ-
ous studies performing similar lesions in amyloid transgenic mouse
models of AD (Heneka et al., 2006; Jardanhazi-Kurutz et al., 2010). Be-
havioral testing spanned 4 weeks; thus, mice were 5, 7, and 11 months old
at the time of death for histology (see Fig. 1A).

Circadian rhythm/locomotor activity. Mice were placed in locomotor
recording chambers (transparent Plexiglas cages placed into a rack with 7
infrared photobeams spaced 5 cm apart; San Diego Instruments), with
bedding, food, and water at 9:30 A.M., and ambulations (consecutive
beam breaks) were automatically recorded for 24 h in 10 min bins.

Open field. The circular open field arena (1 m in diameter) was white
with gray walls (35 cm high) and was brightly illuminated. The arena was
divided into two zones: an inner circle (60 cm in diameter) and the
surrounding outside (width 20 cm). Each animal was placed in the center
at the start of the trial and given 10 min to freely explore the arena. An
automated tracking system (TopScan, CleverSys) recorded the distance
traveled, velocity, and duration of time spent in the inside and outside
zones. The arena was cleaned in between trials with Quatracide (Phar-
macal Research Laboratories). The percentage of time spent in the inner
circle versus the outer circle, as well as the latency to escape to the outer
ring, were used as measures of anxiety-like behavior.

Morris water maze. The Morris water maze was conducted in a circular
tank (52 inches in diameter) filled with water, made opaque with white
paint, at 23°C. In the northwestern quadrant of the tank, a hidden circu-
lar platform (30 cm diameter) was present 1 cm below the water surface.
The tank was brightly lit and flanked by white walls on the north and east
sides, and white curtains on the west and south sides of the tank, all with
external cues for spatial references. Over 5 days, mice were trained to find
the platform when released into the tank from randomized start points
over 4 trials each day (south, north, east, west). Each trial lasted a maxi-
mum of 60 s. If a mouse did not successfully find the platform in time, it
was manually guided to it and allowed to sit on the platform for 10 s. An
automated tracking system was used to record the latency and distance to
the platform as well as speed (TopScan, CleverSys). On the sixth day, a
probe trial was conducted where the platform was removed and mice
were released from the south start point and allowed to swim for 60 s. The
automated tracking system recorded the duration and distance the mice
spent in each quadrant of the maze, as well as the number of times they
crossed over the previous location of the platform.

Fear conditioning. Fear conditioning training and contextual and cued
fear testing were conducted over 3 consecutive days. The chamber (7
inches width � 7 inches length � 12 inches height, H10-11M-TC, Coul-
bourn Instruments) was equipped with a house light, an electric grid
shock floor (H10-11M-TC, Coulbourn Instruments) that could be re-
moved and replaced with a nonshock wire mesh floor (H10-11-M-TC,
Coulbourn Instruments), a ceiling-mounted camera providing a top-
down view of the chamber, and a speaker. Chambers were cleaned in
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between animals with Quatricide. The acquisition trial on day 1 lasted 7
min and began with a 3 min acclimatization period, followed by 3 tone-
shock pairings during which the tone was present for 20 s and was co-
terminated with a 3 s, 0.5 mA foot shock. Mouse behavior was recorded
for 60 s following tone-shock presentation before the next round. Con-
textual fear testing on day 2 was performed in the same chamber as day 1
and lasted 8 min without any presentation of tone or shock. Cued fear
testing on day 3 was conducted in a different chamber than days 1 and 2,
with a square mesh floor instead of the previous shock grid floor. The
cued fear testing trial lasted 9 min, with the tone starting after 3 min
and continuing until the end of the trial. Trials were programmed and
run using the FreezeFrame software (Coulbourn Instruments) to au-
tomatically record freezing behavior during each trial.

Physical phenotypes and survival. Neurodegenerative-associated phys-
ical phenotypes (kyphosis and hindlimb clasping) were measured before
death for histology and scored according to previously established pro-
tocol (Guyenet et al., 2010). Kyphosis is a dorsal curvature of the spine
caused by loss of muscle tone in spinal muscles. To perform the kyphosis
test, mice were removed from the cage, observed while walking on a flat
surface, and scored per the rating scale outlined in the protocol. To
perform the hindlimb test, mice were firmly grasped by the base of the tail
and lifted for 10 s. Scoring was performed per the rating scale outlined in
the protocol. Mouse deaths not associated with obvious environmental
hazards (e.g., cage flood) were recorded and plotted on a Kaplan–Meier
survival graph.

Perfusion and brain dissection. Mice were anesthetized with a mixture
of ketamine (100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.). To prevent
tau hyperphosphorylation due to anesthesia-induced hypothermia
(Planel et al., 2007; Bretteville et al., 2012; Carrettiero et al., 2015), mice
were kept on top of a heating pad until fully anesthetized. Mice were
transcardially perfused with cold 0.1 M PBS until their livers were cleared
of blood. Brains were removed and split sagitally into two hemispheres
using an acrylic mouse brain mold (Ted Pella, #15050). One hemisphere
was drop-fixed overnight in 4% PFA in PBS for immunohistochemistry.
The other hemisphere was microdissected on ice, and the olfactory
bulb, prefrontal cortex, hippocampus, brainstem, and remaining cor-
tex were individually frozen and stored at �80°C before biochemical
processing.

Immunohistochemistry. Mouse brain hemispheres were dehydrated in
ethanol, embedded into paraffin blocks, sliced with a microtome at 8 �m,
and mounted onto slides. Slides were processed by deparaffinization in
xylene and rehydration through an ethanol series. Slides to be processed
with DAB immunohistochemistry were incubated with 3% hydrogen
peroxide in methanol for 20 min before rehydrating in distilled water.
Antigen retrieval was performed by incubating slides in a 10 mM sodium
citrate solution, pH 6.0, with 0.5% Tween 20 for 10 min at 90°C. Slides
were allowed to cool to 50°C before washing in distilled water and trans-
ferring to PBS. Nonspecific binding of proteins was blocked by incubat-
ing in a solution containing 3% BSA and 0.1% Triton X-100 in PBS for 30
min at room temperature before washing with PBS before antibody in-
cubation in a humidified chamber overnight, also at room temperature.
Primary antibodies included mouse anti-norepinephrine transporter
(NET) (1:1000, Mab Technologies, #NET05-2), rabbit anti-ionized
calcium-binding adapter molecule 1 (Iba1) (1:1000, Wako, #019–19741),
rat anti-glial fibrillary acidic protein (GFAP) (1:1000, Invitrogen, #130300),
mouse anti-Ser202, Thr205 (AT8) (1:500, ThermoScientific, MN1020),
mouse anti-Ser396,404 (PHF1) (1:500, courtesy of Peter Davies, Albert Ein-
stein College of Medicine), and mouse anti-NeuN (1:100, Millipore,
MAB377). Slides were washed multiple times with PBS and incubated
with either biotinylated or fluorescently labeled secondary antibodies for
2 h at room temperature. Immunofluorescent slides were treated for 5
min with Hoechst dye (12 �g/ml, Sigma-Aldrich, B1155) before the final
PBS wash and coverslipping with Fluoromont Aqueous Mounting Me-
dium (Sigma-Aldrich, F4680). Biotinylated slides were washed in PBS,
incubated for 2 h with ABC solution (Vectastain Elite ABC HRP Kit,
Vector Laboratories, PK-6100) at room temperature, washed again in
PBS, and developed using SIGMAFAST DAB (Sigma-Aldrich, D4293)
for 10 min. Slides were washed in PBS again before dehydrating with an
ethanol and xylene gradient and coverslipping with Permount mounting

medium (Fisher Scientific, SP15–100). For DAB-stained slides, serial
slides were counterstained with cresyl violet (0.5%, Sigma-Aldrich,
C5042). For AT8 and PHF1 figures, slides were chosen so that the same
cresyl violet images could be used as counterstains for both figures. All
slides were air dried before viewing with a microscope (DM6000B,
Leica). The Allen p56 Mouse Brain Atlas version 1 (2008) was used to
identify brain regions of interest (ROIs). One section per mouse contain-
ing the hippocampus (at bregma ��1.995 mm) was analyzed per anti-
body (NET, Iba1, GFAP, NeuN, AT8, and PHF1). One section per mouse
containing the LC (at bregma ��5.555 mm) was also analyzed for NET
immunoreactivity (IR). IR was calculated as percentage area of total ROI
region (either hippocampus or LC) within ImageJ. Images were blinded,
and a threshold for IR was determined across all images for each anti-
body. A standard ROI was drawn for each ROI (LC, CA3, CA1, and DG)
using neuronal counterstain images as a guide. The total area of the ROI
as well as area of IR within the ROI were calculated using the “Measure”
feature of ImageJ and used to determine the percentage area of immu-
noreactivity (area of IR within ROI divided by total area of ROI and
multiplied by 100).

HPLC. Frozen microdissected tissue was sonicated with 10 s of 1 s
pulses in 10� (volume/weight) 25 mM Tris buffer, pH 7.4, and split into
equal volumes for use in multiple biochemical tests. An equal volume of
0.2 N perchloric acid solution was added to the volume of sonicated
tissue (for a final perchloric acid concentration of 0.1 N), followed by
gentle tapping to mix and centrifugation at 13,000 rpm at 4°C for 15 min.
Supernatant was collected and filtered through a 0.45 �m filter on a
tabletop centrifuge at 13,000 rpm at 4°C for 10 min. Samples were run
using an ESA 5600A CoulArray detection system, equipped with an ESA
Model 582 pump and an ESA 542 refrigerated autosampler. Separations
were performed at room temperature using an MD-150 � 3.2 mm C18
column. The mobile phase consisted of 1.7 mM 1-octanesulfonic acid
sodium, 75 mM NaH2PO4, 0.025% triethylamine, and 9% acetonitrile,
pH 3.01; 20 �l of sample was injected. The samples were eluted isocrati-
cally at 0.4 ml/min and detected using a 6210 electrochemical cell
equipped with 5020 guard cell. Guard cell potential was set at 600 mV,
whereas analytical cell potentials were �175, 100, 350, and 425 mV. The
analytes were identified by the matching criteria of retention time and
sensor ratio measures to known standards (Sigma-Aldrich). Compounds
were quantified by comparing peak areas with those of standards on the
dominant sensor.

Experimental design and statistical analysis. Experimental design was
based on previous studies performing similar lesions in transgenic mouse
models of AD (Heneka et al., 2006; Jardanhazi-Kurutz et al., 2010). An-
imal groups were sex-balanced as much as possible, and numbers were as
follows (female/male): 4 months, WT � saline (6/6), WT � DSP-4 (6/6),
P301S � saline (7/5), P301S � DSP-4 (7/5); 6 months, WT � saline
(7/5), WT � DSP-4 (6/6), P301S � saline (5/4), P301S � DSP-4 (6/4); 10
months, WT � saline (6/6), WT � DSP-4 (6/6), P301S � saline (8/4),
P301S � DSP-4 (7/5). Although the experiments were not sufficiently
powered to detect significant sex differences, nothing overt was observed,
and data from males and females in the same genotype/treatment group
were combined. Immunohistochemistry was performed on one atlas-
matched section per brain area per animal per antibody. Animals with
damaged sections were excluded from the analysis for that antibody or
brain region. Each animal was run through all behavioral experiments.
Animals deemed unable to perform any experiment (e.g., swim during
the Morris water maze) were removed from the experiment and excluded
from that analysis.

The majority of data were analyzed via two-way ANOVA with varying
factors depending on the test, followed by post hoc tests where appropri-
ate for multiple comparisons. The exception was mortality data, which
were analyzed using the Mantel–Cox test. Significance was set at p � 0.05,
with two-tailed variants of tests implemented. Multiplicity-adjusted p
value was reported for each comparison. Data are presented as mean �
SEM. Calculations were performed and figures created using Prism ver-
sion 6 for Windows (GraphPad Software).
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Results
DSP-4 induces degeneration of LC cell bodies as well as loss of
LC fibers and NE in the hippocampus
We visualized the effect of DSP-4 on the LC system using IR for
the NET, a reliable marker of noradrenergic neurons that also
shows a marked decrease in AD patients (Gulyas et al., 2010).
DSP-4 (50 mg/kg, i.p.; 2 initial doses, then monthly booster dos-
es; Fig. 1A) induced a substantial lesion of the LC, significantly
reducing NET IR by �50% in both WT and P301S mice in all age
groups (Fig. 1B–E). A two-way ANOVA at each age revealed a
main effect of treatment (4 months, F(1,41) � 78.19, p � 0.0001; 6
months, F(1,28) � 40.13, p � 0.0001; 10 months, F(1,37) � 27.22,

p � 0.0001), but not genotype. Post hoc Sidak’s tests showed
marked loss of NET IR in DSP-4-lesioned animals compared
with saline-treated animals (4 months, WT: t(41) � 6.69, p �
0.0001, P301S: t(41) � 5.79, p � 0.0001; 6 months, WT: t(28) �
4.55, p � 0.0002, P301S: t(28) � 4.40, p � 0.0003; 10 months, WT:
t(37) � 4.42, p � 0.0002, P301S: t(37) � 3.01, p � 0.0093). These
results confirm that the LC lesions were successful, comparable
with LC loss observed in AD, and unaffected by the presence of
mutant human tau.

NET IR in the hippocampus revealed that LC-derived norad-
renergic fibers were also significantly reduced with DSP-4 lesions
(Fig. 2A–D). Two-way ANOVA revealed a main effect of treat-

Figure 1. DSP-4 reduces NET IR in the LC of both WT and P301S mice. WT and P301S mice were administered multiple doses of saline or DSP-4 (50 mg/kg, i.p.) and then assessed for behavior and
pathology at various time points. A, Timeline of experiments. B, Representative immunofluorescence images. C–E, Quantification of the NET IR in the LC as percentage of total LC area. Two-way
ANOVA (treatment � genotype) with Sidak’s post hoc tests. Data are mean � SEM; n � 8 –12 per group. Scale bar, 100 �m. *p � 0.05, compared with saline for that genotype.
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ment at each age (4 months, F(1,43) � 61.96, p � 0.0001; 6
months, F(1,37) � 37.71, p � 0.0001; 10 months, F(1,41) � 34.31,
p � 0.0001), but not genotype. Post hoc Sidak’s tests showed that
DSP-4-treated animals had a 75%–95% reduction in hippocam-
pal NET IR compared with saline (4 months, WT: t(43) � 5.79,
p � 0.0001; P301S: t(43) � 5.34, p � 0.0001; 6 months, WT: t(37) �
4.794, p � 0.0002; P301S: t(37) � 3.93, p � 0.002; 10 months, WT:
t(41) � 4.92, p � 0.0001; P301S: t(41) � 3.42, p � 0.0074).

To confirm the functional loss of the NET-positive fibers on
NE transmission capacity, we measure NE tissue content using
HPLC followed by electrochemical detection (Fig. 2E–G). Two-
way ANOVA revealed a main effect of treatment at 4 and 6 months
(4 months, F(1,40) �50.96, p�0.0001; 6 months, F(1,38) �105.6, p �
0.0001) but not genotype. At 10 months, there was a main effect
of treatment (F(1,42) � 209.6, p � 0.0001), genotype (F(1,42) �
5.84, p � 0.0201), and a treatment � genotype interaction (F(1,42) �
4.88, p � 0.0327). Post hoc Sidak’s tests showed that all DSP-4
groups had lower hippocampal NE levels (60%–92% reduction)
compared with saline-treated groups (4 months, WT: t(40) �

4.30, p � 0.0006; P301S: t(40) � 5.80, p � 0.0001; 6 months, WT:
t(38) � 7.360, p � 0.0001; P301S: t(38) � 7.20, p � 0.0001; 10
months, WT: t(42) � 12.41, p � 0.0001; P301S: t(42) � 8.29, p �
0.0001). At 10 months, saline-treated P301S mice also had �25%
less hippocampal NE compared with saline-treated WT mice
(t(42) � 3.44, p � 0.0079). Combined, these data indicate that (1) the
presence of the P301S transgene did not affect the integrity of the
noradrenergic system until 10 months, (2) DSP-4 treatment success-
fully lesioned LC cell bodies and projections, and (3) the extent of
the lesions was comparable between genotypes.

Neither P301S tau nor LC lesions alter circadian or
novelty-induced locomotor activity
To determine whether LC lesions impacted behavior, we exam-
ined mice in a series of tests to assess locomotor activity, anxiety,
and cognitive performance. We first assessed 24 h circadian ac-
tivity because AD patients can suffer from sleep disturbances
(Bliwise, 2004), and circadian activity can be used as a proxy for
sleep–wake cycles in mice (Richardson et al., 1985; Eckel-Mahan

Figure 2. DSP-4 reduces NET IR and tissue NE content in the hippocampus. A, Representative immunofluorescence images. B–D, Quantification of NET IR in the hippocampus following saline or
DSP-4 treatment in WT and P301S mice. E–G, Tissue NE concentrations in the hippocampus following saline or DSP-4 treatment in WT and P301S transgenic mice. Two-way ANOVA (treatment �
genotype) with Sidak’s post hoc tests. Data are mean � SEM; n � 8 –12 per group. Scale bar, 200 �m. *p � 0.05, compared with saline for that genotype. Hoechst, neuronal counterstain.
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and Sassone-Corsi, 2015; Musiek et al., 2015; Ray and Reddy,
2016). In addition, we wanted to account for any motor impairment
that could impact performance in other tests and confound assess-
ment of cognition.

Initially, high levels of ambulations were observed in all
groups as they explored the novel test environment, which di-
minished over the next few hours as they habituated and assumed
typical low light cycle activity (Fig. 3). There was a predictable

increase in ambulations after the initiation of the dark cycle as the
mice became active again, which extended a few hours into the
beginning of the next light cycle before diminishing again. No
significant differences in circadian activity were seen across the
groups at any age, although there was a trend toward hypoactivity
during the first few hours in the chamber at all ages and dark cycle
hyperactivity at 10 months in both lesioned and unlesioned
P301S mice compared with their WT counterparts.

Figure 3. Neither LC degeneration nor P301S impacts circadian locomotor activity. Data are mean � SEM ambulations over 24 h in WT and P301S mice treated with saline or DSP-4; n � 7–12
per group. A, 4 months; B, 6 months; C, 10 months.
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Neither P301S tau nor LC lesions alter anxiety-like behaviors
in the open field task
Another phenotype consistent with NE dysfunction seen in Alz-
heimer’s patients is anxiety (Seignourel et al., 2008; Li et al., 2014;
Zhao et al., 2016); and like alterations in locomotor activity, an
anxious phenotype could confound cognitive performance. We
tested mice in an open field paradigm to probe for anxiety-like
behaviors. There were no significant genotype or treatment dif-
ferences at any age for either the percentage time spent in the
center versus the outer ring (Fig. 4A–C) or the latency to escape
from the center to the outer ring (Fig. 4D–F).

LC lesions exacerbate spatial learning and memory deficits in
P301S mice
Salient features of AD patients include a tendency to get lost and
trouble remembering even familiar places (Lithfous et al., 2013;
Allison et al., 2016), largely due to the accumulation of pathology
and neurodegeneration in the hippocampus (Leung et al., 2010;
Nedelska et al., 2012). To probe for spatial learning and memory
deficits, we tested mice in the Morris water maze, a hippocampal-
dependent task. Mice were trained with 4 trials daily over 5 con-
secutive days using surrounding spatial cues to learn the location
of a hidden platform in a tank of water, and latency to find the

platform and swim speed were recorded. On the sixth day, mice
were returned to the maze without the platform for a probe trial,
and the amount of time spent swimming in the previous quad-
rant location of the platform was recorded.

At 4 months, all groups showed learning over the 5 training
days with significantly lower latencies to reach the platform com-
pared with day 1 (Fig. 5A), but P301S mice with LC lesions learned
more slowly. Two-way repeated-measures ANOVA revealed a main
effect of time (F(4,215) � 29.02, p � 0.0001) and group (F(3,215) �
7.40, p � 0.0001). Post hoc Dunnett’s tests showed that unle-
sioned WT (t(215) � 2.84, p � 0.0177) and P301S mice (t(215) �
3.71, p � 0.0010) had significantly lower latencies to find the
platform starting from day 2 of training compared with day 1,
with continued improvement in latencies over the rest of the
training period. Lesioned WT mice showed significant learning
by day 3 (t(215) � 3.30, p � 0.0043), also with similar improve-
ments on later days. By contrast, DSP-4-treated P301S mice did
not show significant learning until the final training day (t(215) �
2.99, p � 0.0112). At 6 months, there were main effects again of
time (F(4,144) � 27.61, p � 0.0001) and group (F(3,36) � 6.77, p �
0.001) (Fig. 5B). Compared with day 1, saline-treated WT mice
showed significant learning by day 2 (t(144) � 3.41, p � 0.0031),
and DSP-4-treated WT mice (t(144) � 3.05, p � 0.0099) and

Figure 4. Neither LC degeneration nor P301S impacts anxiety-like behavior in the open field test. Data are mean � SEM (A–C) percentage time spent in center of the arena and (D–F ) latency
to leave the center of the arena in WT and P301S mice treated with saline or DSP-4; n � 7–12 per group.
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unlesioned P301S mice (t(144) � 2.86, p � 0.0173) by day 3, with
similar improvements over the remaining training days. How-
ever, P301S mice with LC lesions never learned significantly com-
pared with day 1. At 10 months, there was a main effect of training
day (F(4,120) � 10.46, p � 0.0001) (Fig. 5C). Unlesioned and lesioned
WT mice still demonstrated learning (day 3, t(120) � 3.56, p �
0.0132, and day 2, t(120) � 4.17, p � 0.0076, respectively), but neither
group of P301S mice showed significant learning over the training
period. There were no significant differences in swim speed across
the groups at any age (Fig. 5D–F).

At 4 months, all groups performed similarly in the probe trial
and spent 	25% of their time (i.e., greater than chance) swim-
ming in the quadrant previously containing the platform (Fig.
5G), but at 6 months, the lesioned transgenics were impaired
(Fig. 5H). A two-way ANOVA revealed a main effect of genotype
(F(1,37) � 10.53, p � 0.0025) and treatment (F(1,37) � 4.134, p �
0.0492). Post hoc Sidak’s tests showed that DSP-4-treated P301S
animals spent significantly less time in the correct quadrant com-

pared with unlesioned WT mice (t(37) � 3.67, p � 0.0046),
whereas all other groups were not significantly different from
each other. Similar results were observed at 10 months (Fig. 5I).
There was a main effect of genotype (F(1,33) � 21.94, p � 0.0001),
and again P301S mice with LC lesions were the only group sig-
nificantly different from controls (t(33) � 4.39, p � 0.0007).
Combined, these results indicate a synergistic impairment of
both initial learning and memory recall between the presence of
aberrant tau and LC degeneration.

LC lesions weaken contextual, but not cued, fear memory in
P301S mice
We assessed the impact of LC lesions and P301S tau in a fear
conditioning paradigm for two reasons. First, although contex-
tual fear conditioning is hippocampal-dependent, similar to the
Morris water maze, it is a measure of associative learning rather
than spatial learning. Second, cued fear conditioning relies on
associative learning but does not require an intact hippocampus.

Figure 5. LC degeneration exacerbates spatial learning and memory in P301S mice in the Morris water maze. Data are mean � SEM (A–C) latency to find the platform and (D–F ) swim speed
during 5 d of initial training in WT and P301S mice treated with saline or DSP-4. N � 8 –12 per group. Two-way repeated-measures ANOVA (group � training day) with Dunnett’s post hoc tests.
*p � 0.05, compared with day 1 for that group. G–I, Data are mean � SEM percentage time spent swimming during the probe trial in the quadrant that previously contained the platform. Dotted
line indicates the percentage time an animal would spend swimming in the correct quadrant by chance (25%). N � 8 –12 per group. Two-way ANOVA (treatment � genotype) with Sidak’s post
hoc tests. #p � 0.05, compared with WT � saline.
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Thus, we could use these paradigms to assess both the categorical
and neuroanatomical specificity of our Morris water maze re-
sults. Mice were placed individually in the fear conditioning
chambers and exposed to 3 tone-shock pairings on day 1. The
following day, they were returned to the same chamber and con-
textual freezing was recorded. On the last day of the task, they
were returned to the chamber with different contextual cues, and
freezing in response to the tone was assessed.

During training, all mice showed freezing in response to
the tone-shock pairings, with no differences between groups at 4,
6, or 10 months (Fig. 6A–C). For contextual fear memory, a
two-way ANOVA revealed a main effect of group at 4 months
(F(3,318) � 15.31, p � 0.0001), and post hoc Tukey’s tests showed
that LC lesions significantly lowered freezing compared with
their unlesioned counterparts for both WT (t(318) � 3.98, p �
0.0268) and P301S mice (t(318) � 5.84, p � 0.0003) (Fig. 6D). At
6 months, there was again a main effect of group (F(3,255) � 7.579,
p � 0.0001), and post hoc Tukey’s tests revealed that DSP-4-
treated P301S mice had significantly less contextual freezing
compared with all other groups (WT � saline, t(255) � 5.71, p �

0.0004; WT � DSP-4, t(255) � 4.94, p � 0.0032; P301S � saline,
t(255) � 6.15, p � 0.0001) (Fig. 6E). At 10 months, there were no
significant differences between groups (Fig. 6F). However, the 10
month data should be interpreted with caution because, at this
age, many of the P301S mice had reduced overall activity in the
test arena, which was difficult to parse out from bona fide “freez-
ing.” All groups displayed similarly high levels of cued freezing
with the presentation of the tone during the third day of testing
(Fig. 6G–I). These results demonstrate that LC lesions and P301S
tau act synergistically to impair hippocampal-dependent contex-
tual, but not hippocampal-independent cued, associative fear
memory.

LC lesions decrease lifespan of P301S mice but do not alter
physical neurodegenerative phenotypes
Because P301S mice age-related develop motor and postural phe-
notypes, we tested whether LC lesions exacerbated these physical
manifestations of disease. While no gross locomotor deficits were
observed at the beginning of behavioral testing at 10 months (Fig.
7C), many of the transgenic mice from the eldest age group began

Figure 6. LC degeneration impairs contextual, but not cued fear memory in P301S mice. Following 3 tone-shock pairings (A–C), fear behavior was recorded as percentage time spent freezing
(mean � SEM) following reexposure to the shock-associated context (D–F ) or tone (G–I ) in WT and P301S treated with saline or DSP-4. N � 8 –12 per group. Two-way ANOVA (treatment �
genotype) with Tukey’s post hoc tests. *p � 0.05, compared with WT � saline.
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to develop degenerative phenotypes by the end of this period
(�11 months). It is important to note that all behavioral tests,
with the possible exception of fear conditioning (see above), were
completed before the onset of these phenotypes. All mice were

rated using a scale for severity of hindlimb clasping (Fig. 7A–C)
and kyphosis (Fig. 7D–F), both physical phenotypes associated
with neurodegeneration, especially in the spinal cord. A two-way
ANOVA revealed only a main effect of treatment for hindlimb

Figure 7. LC degeneration reduces survival in transgenic mice but does not alter physical neurodegenerative phenotypes. Quantification (mean � SEM) of (A–C) hindlimb clasping and (D–F ) kyphosis.
N � 6 –12 per group. Two-way ANOVA (treatment � genotype) with Tukey’s post hoc tests. *p � 0.05, compared with WT group with same treatment. �p � 0.05, compared with unlesioned group of the
same genotype. G, Survival curve of WT and P301S mice treated with saline or DSP-4. N � 12 per group. Log-rank (Mantel–Cox) test. *p � 0.05, compared with all other groups.
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clasping (F(1,36) � 10.95, p � 0.0021) at 4 months, but only a
main effect of genotype on both hindlimb clasping (F(1,24) � 8.46,
p � 0.0077) and kyphosis (F(1,23) � 12.96, p � 0.0015) at 6
months and 10 months (hindlimb clasping: F(1,38) � 6.95, p �
0.0121; kyphosis: F(1,37) � 55.23, p � 0.0001). In the older
groups, both measures were generally more severe in P301S mice
regardless of treatment.

Because AD is not only a disease of dementia, but also a lead-
ing cause of death (Alzheimer’s Association, 2016), and P301S
mice have a shorter lifespan than WT animals (Yoshiyama et al.,
2007), we also determined whether DSP-4 lesions of the LC im-
pacted the survival of P301S mice (Fig. 7G). No WT mice in the
10 month group (total of 11 for saline-treated and 12 for DSP-4-
treated) died by the end of behavioral testing, and only 1 of 12
saline-treated P301S mice was killed 1 week early (due to pro-
nounced physical degenerative phenotype). By contrast, nearly
half (5 of 12) of the P301S mice with LC lesions were found dead
in their cages before the end of the experiment or had to be killed
prematurely. Log-rank Mantel–Cox analysis showed that the
DSP-4-treated P301S Kaplan–Meier survival curve was signifi-
cantly different from saline-treated P301S mice (p � 0.0401) as
well as both groups of WT animals (both p � 0.0113).

LC lesions increase neuroinflammation in P301S mice
The hippocampus was evaluated for activated microglia (via Iba1
antibody; Fig. 8A) and astrocytes (via GFAP antibody; Fig. 9A) to
assess neuroinflammation. For microglia, there were no effects of
genotype or treatment at 4 months (Fig. 8B). At 6 months, a
two-way ANOVA revealed only a main effect of genotype
(F(1,38) � 10.50, p � 0.0025). Post hoc Tukey’s tests showed that
DSP-4-lesioned P301S mice had a small but significant increase
in hippocampal Iba1 IR compared with both saline (t(38) � 4.24,
p � 0.0239) and DSP-4 (t(38) � 4.27, p � 0.0223) treated WT
mice (Fig. 8C). At 10 months, a two-way ANOVA revealed a main
effect of genotype (F(1,43) � 76.38, p � 0.0001), treatment
(F(1,43) � 11.01, p � 0.0019), and a genotype � treatment inter-
action (F(1,43) � 11.49, p � 0.0015). Post hoc Tukey’s tests showed
that, while both saline-treated (t(43) � 5.58, p � 0.0016) and
DSP-4-treated (t(43) � 11.41, p � 0.0001) P301S mice had ele-
vated levels of Iba1 compared with saline-treated WT, microglial
activation was even greater in lesioned animals (t(43) � 6.45, p �
0.0002) (Fig. 8D).

For astrocytes, no genotype or treatment differences in GFAP
IR were observed at 4 or 6 months (Fig. 9B,C). At 10 months, a
two-way ANOVA revealed main effects of genotype (F(1,39) �
96.29, p � 0.0001), treatment (F(1,39) � 7.81, p � 0.0080), and
genotype � treatment interaction (F(1,39) � 11.59, p � 0.0015).
Post hoc Tukey’s tests showed that both saline (t(39) � 6.64, p �
0.0002) and DSP-4-treated (t(39) � 12.48, p � 0.0001) P301S
mice had elevated levels of GFAP IR compared with saline-
treated WT mice, but astrogliosis was significantly more pro-
nounced in the lesioned animals (t(39) � 6.26, p � 0.0004) (Fig.
9D). LC lesions had minimal impact on inflammation in the WT
mice at all age groups, likely due to the month-long behavioral
testing period after the final DSP-4 injection, before tissue har-
vesting. These data demonstrate an age-dependent increase in
neuroinflammation specifically in P301S mice that was exacer-
bated by LC lesion.

LC lesions promote neurodegeneration in the hippocampus
of P301S mice
To determine the impact of LC loss on neurodegeneration in this
model of tauopathy, we assessed neuronal density in the hip-

pocampus via IR for NeuN, a neuronal marker. No differences
were observed between groups at 4 or 6 months (data not shown).
At 10 months, lesioned P301S mice treated were the only group
that showed significant neuronal loss (Fig. 10A). In the CA1 re-
gion, a two-way ANOVA revealed a main effect of genotype
(F(1,34) � 15.37, p � 0.0004) and a genotype � treatment inter-
action (F(1,34) � 8.38, p � 0.0066). Post hoc Sidak’s tests showed
significant neuronal loss with DSP-4 compared with saline only
in P301S mice (t(34) � 2.52, p � 0.0327) (Fig. 10B). In the CA3
region, a two-way ANOVA revealed a main effect of genotype
(F(1,34) � 20.54, p � 0.0001), treatment (F(1,34) � 6.07, p �
0.0190), and a genotype � treatment interaction (F(1,34) � 4.51,
p � 0.0411), and again post hoc Sidak’s tests showed significant
neuronal loss only in DSP-4-treated P301S mice (t(34) � 3.34, p �
0.0041) (Fig. 10C). These results demonstrate that only a combi-
nation of P301S tau and LC degeneration results in hippocampal
neuronal death up to 10 months of age.

LC lesions augment hippocampal tau burden in P301S mice
The extensive neuropathological and cognitive phenotypes of
P301S mice are well established and have been attributed to the
progressive accumulation of pathological tau throughout the
brain (Yoshiyama et al., 2007; Takeuchi et al., 2011). To deter-
mine whether the exacerbation of phenotypes observed following
LC lesions in the P301S mice was mediated by an increase in
aberrant tau, we assessed whether lesioned animals displayed ag-
gravated hippocampal tau pathology.

The P301S mutation makes tau prone to hyperphosphoryla-
tion, and the P301S mouse develops extensive pretangle tau
pathology that can be visualized via a variety of phosphorylation-
dependent antibodies (Yoshiyama et al., 2007). The AT8 anti-
body detects phosphorylated serine and threonine residues at the
202 and 205 codons of tau, respectively, is commonly used as a
marker of hyperphosphorylated tau in rodents and humans, and
recognizes aberrant tau species in AD (Goedert et al., 1995). We
used AT8 IR to assess the abundance of hyperphosphorylated tau
in the hippocampus.

There was no AT8 IR above background in any WT mouse
(lesioned or unlesioned) at any age (data not shown), consistent
with previous reports that WT mouse tau is resistant to hyper-
phosphorylation (Clavaguera et al., 2009). In P301S mice, we saw
weak AT8 IR beginning at 4 months, primarily in CA3 mossy
fiber neurites (Fig. 11A). By 6 and 10 months, we observed more
AT8 IR in the CA3 region, as well as in the CA1 and dentate gyrus
(DG), including both cell body and neurite staining (Fig. 11A).
Two-way ANOVA of the CA3 region revealed a main effect of age
(F(2,54) � 9.03, p � 0.0004) but not treatment (Fig. 11B). The CA1
region revealed a similar pattern with a main effect of age (F(2,54) �
15.77, p � 0.0001) but not treatment (Fig. 11D). However, in the
DG region, there was a significant effect of age (F(2,54) � 11,82,
p � 0.0001) and an age � treatment interaction (F(2,54) � 3.845,
p � 0.0275). Post hoc Sidak’s tests showed that lesioned P301S
mice had significantly higher AT8 IR in the DG than unlesioned
mice at 6 months (t(54) � 2.96, p � 0.0138) (Fig. 11C). There were
no significant differences at the two other ages.

We next evaluated the hippocampus with another antibody
(PHF1) that recognizes later-stage phosphorylation of serine res-
idues at the 396 and 404 sites, indicative of conformational
changes toward paired helical filaments. No PHF1 IR was
observed in 4-month-old mice (data not shown), but it was de-
tectable at 6 months and evident at 10 months (Fig. 12A). At 6
months, there was no significant difference in PHF1 IR in the
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Figure 8. LC degeneration increases activated microglia in the hippocampus of P301S mice. A, Representative immunofluorescence images. B–D, Quantification of Iba1 IR in the hippocampus
of WT and P301S mice following saline or DSP-4 treatment. Data are mean � SEM; n � 8 –12 per group. Scale bar, 200 �m. Two-way ANOVA (treatment � genotype) with Tukey’s post hoc
tests. #p � 0.05, compared with WT � saline. *p � 0.05, compared with P301S � saline. Iba1, microglia gene; Hoechst, neuronal counterstain.
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Figure 9. LC degeneration increases activated astrocytes in the hippocampus of P301S mice. A, Representative immunofluorescence images. B–D, Quantification of GFAP IR in the hippocampus
of WT and P301S mice following saline or DSP-4 treatment. Two-way ANOVA (treatment � genotype) with Tukey’s post hoc tests. Data are mean � SEM; n � 8 –12 per group. Scale bar, 200 �m.
#p � 0.05, compared with WT � saline. *p � 0.05, compared with P301S � saline. Hoechst, neuronal counterstain.
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CA1 or DG region (Fig. 12B,C) between DSP-4-lesioned mice
and controls, but in the CA3 region, a two-way ANOVA revealed
there a main effect of treatment (F(1,31) � 5.47, p � 0.0260), but
not age (Fig. 12D). Post hoc Sidak’s tests showed significantly
increased PHF1 IR in lesioned compared with unlesioned
P301S mice (t(14) � 2.51, p � 0.0248). There were no differ-
ences in PHF1 IR at 10 months. Combined, these results indi-
cate only a mild aggravation tau pathology by DSP-4 that is
unlikely to completely explain the considerable worsening
of cognitive impairment, neurodegeneration, and lethality
caused by LC lesion.

Discussion
Extensive LC degeneration is nearly universal in AD (Bondareff et
al., 1987; Chan-Palay and Asan, 1989; Lyness et al., 2003; Zarow
et al., 2003; Haglund et al., 2006) and is among the earliest pa-
thologies (Forno, 1966; Mann et al., 1980; Haglund et al., 2006),
with LC abnormalities detectable years before neurocognitive
signs (Grudzien et al., 2007; Braak and Del Tredici, 2011a, b;
Braak et al., 2011; Andrés-Benito et al., 2017; Kelly et al., 2017;
Theofilas et al., 2017). Importantly, several studies have revealed
significant correlations between LC cell death/decreased cortical
NE levels with severity and duration of dementia in AD (Yates et

al., 1983; German et al., 1992), and LC integrity appears to encode
cognitive reserve (Wilson et al., 2013). Thus, understanding the
role of LC degeneration in AD pathogenesis could provide im-
portant insights for the underlying mechanisms of the disease,
early detection, and new therapeutic avenues.

Experimental lesions of the LC exacerbate amyloid-mediated
neuropathology and cognitive deficits in APP transgenic mice.
Our study provides the first longitudinal analysis of how LC de-
generation impacts tau-mediated impairment of learning and
memory, neuropathology, and death. We demonstrate that LC
lesions and associated depletion of hippocampal NE worsens
hippocampal-based spatial and associative learning and mem-
ory impairment, increases neuroinflammation and neurode-
generation, and leads to earlier death in a mouse model of
tauopathy. These data emphasize the important role of the LC
for both primary AD-associated neuropathologies: A� and
tau.

The LC lesions appear to have the greatest impact on the cog-
nitive deficits previously described for P301S mice (Yoshiyama et
al., 2007; Davis et al., 2012; Iba et al., 2013). Although there were
no effects of the transgene or DSP-4 alone in the Morris water
maze at 6 months, the combination impaired both initial learn-

Figure 10. LC lesions promote neurodegeneration in the hippocampus of 10 month P301S mice. Representative images (A) and quantification of NeuN IR in the (B) CA1 and (C) CA3 regions of
the hippocampus of WT and P301S mice treated with saline or DSP-4. Two-way ANOVA (treatment � genotype) with Sidak’s post hoc tests. Data are mean � SEM; n � 8 –12 per group. Scale bars:
Top, 200 �m; Bottom, 100 �m. *p � 0.05, compared with P301S � saline.
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ing as well as reference memory recall in the probe trial. By 10
months, P301S mice with intact LCs caught up to their lesioned
counterparts and exhibited similar learning deficits, but the syn-
ergy was still apparent for recall. The interaction between DSP-4
and P301S tau was also reminiscent of APP transgenic mice with
LC lesions; synergistic deficits emerged by 6 months in the le-
sioned transgenics, and the effects of the lesion disappeared by 12
months when the transgenics with intact LC neurons caught up
(Jardanhazi-Kurutz et al., 2010).

To further probe the functional consequences of NE depletion
in the hippocampus of lesioned P301S mice, we used a fear con-
ditioning paradigm that included both hippocampal (contex-
tual) and nonhippocampal (cued) based memory components.
All groups of mice displayed intact cued fear memory at every age
tested, but there were significant differences in contextual fear
memory. At 4 months, both WT and P301S mice with LC lesions
performed significantly worse than their saline-treated counter-
parts. By 6 months, when DSP-4-treated P301S mice showed a
significant deficit in the Morris water maze, there was also a se-
lective and synergistic impairment in contextual fear memory in

this group. At 10 months, all groups had similar levels of freezing
as the other groups, but many of the P301S mice were beginning
to show motor phenotypes and had reduced overall activity in the
fear conditioning arena, which was difficult to parse out from
bona fide “freezing.”

P301S mice display physical neurodegenerative and motor
phenotypes, such as kyphosis and hindlimb clasping, which even-
tually impact gross motor activity, eating, and drinking and lead
to premature death (Takeuchi et al., 2011). DSP-4 lesions did not
enhance these physical phenotypes, possibly because it is an LC-
specific neurotoxin and spares the A5 and A7 noradrenergic cell
groups that supply most of the NE to the spinal cord (Fritschy and
Grzanna, 1989; Grzanna et al., 1989; Lyons et al., 1989). However,
there was a profound deleterious effect of DSP-4 on the survival
of P301S mice; almost half of the lesioned transgenics died by the
end of the study, compared with only 1 of the saline-treated
P301S mice. AD is lethal in humans; and although we did not
determine the exact cause of death in our study, our results sug-
gest that LC degeneration could contribute to AD-associated
mortality.

Figure 11. LC degeneration exacerbates hyperphosphorylated tau pathology in the dentate gyrus of P301S mice. Representative images of AT8 IR in the hippocampus of P301S mice following
saline or DSP-4 treatment (A). Quantification of AT8 IR in CA3 (B), DG (C), and CA1 (D). Two-way ANOVA (treatment � genotype) with Sidak’s post hoc tests. Data are mean � SEM; n � 8 –12 per
group. Scale bar, 200 �m. *p � 0.05. AT8, Phospho-tau (Ser202, Thr205), hyperphosphorylated tau; CV, cresyl violet, neuronal counterstain.
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Because of the conspicuous hippocampal-based learning and
memory deficits produced by the lesions in P301S mice, we fo-
cused our neuropathological investigation to this brain region
and hypothesized that there would be similar exacerbations of
neuropathology. A similar pattern of synergy between LC lesions
and tau accumulation was detected for two of the neuropatho-
logical characteristics of P301S mice: neuroinflammation and
neurodegeneration. There was an increase in activated microglia
and astrocytes in the hippocampus of lesioned P301S mice at 10
months, beyond the elevated levels produced by the tau transgene
alone. The increased inflammation also may have contributed to
the accelerated loss of hippocampal neurons following LC de-
generation in the P301S mice. Because the enhanced neurode-
generation (as measured by loss of NeuN IR) was calculated by
comparison with a baseline from unlesioned mice, it was inter-
nally controlled. However, NeuN antigenicity can be influenced
by many factors, such as phosphorylation; thus, future investiga-
tions with volumetric analysis of whole hippocampus may pro-
vide more information on the extent of the neurodegeneration
seen with this paradigm.

P301S-associated phenotypes are well correlated with the
progressive accumulation of tau pathology within the brain, be-
ginning first with hyperphosphorylated “pretangle” tau that ag-
gregates into more misfolded forms, eventually resulting in the
characteristic insoluble and Gallyas-positive neurofibrillary tan-
gles (Yoshiyama et al., 2007). Because LC lesions increase amy-
loid burden in APP transgenic mice, we expected an equally
robust exacerbation of tau pathology in the P301S animals. In our
study, the CA3 region of the hippocampus appeared most vul-

nerable; AT8-positive neuritic depositions in the mossy fiber
pathway were present at 4 months. By 6 months, all regions
showed intense AT8 pathology that filled neurites as well as cell
bodies, and lesioned mice had elevated AT8 pathology in the DG.
By 10 months, both lesioned and unlesioned P301S mice showed
equivalent high levels of AT8 staining. We considered the possi-
bility that lesioned P301S mice at this age had progressed to more
severe tau pathology and assessed PHF1 IR, which detects a more
advanced form of hyperphosphorylated tau. We found increased
PHF1 pathology specifically in the CA3 region of lesioned mice at
6 months of age, but again these differences disappear by 10
months. While these results are consistent with the regional dis-
tribution of LC efferents to the hippocampus, which most
densely innervate the DG and extend through the mossy fiber
zones to parts of CA3, the exacerbation of tau pathology is mod-
est and unlikely to account for the robust intensification of cog-
nitive and neuropathological phenotypes seen with the lesions
(Pickel et al., 1974; Swanson and Hartman, 1975; Loughlin et al.,
1986; Oleskevich et al., 1989).

There are several ways to consider how LC degeneration
might enhance P301S-induced pathology and cognitive deficits:
(1) the loss of NE itself; (2) the loss of neuroprotective LC-
derived cotransmitters, such as BDNF and galanin; or (3) the
physical process of LC fiber degeneration. While DSP-4 lesions
accelerate both pathology and cognitive deficits in APP trans-
genic mice, genetic disruption of NE production or LC neuron
specification that does not involve bona fide degeneration im-
pacts cognition but not amyloid deposition (Hammerschmidt et
al., 2013; Kummer et al., 2014). Chemogenetic activation of the

Figure 12. LC degeneration exacerbates paired helical tau pathology in CA3 of P301S mice. Representative images of PHF1 IR in hippocampus of P301S mice following saline or DSP-4 treatment
(A). Quantification of PHF1 IR in CA3 (B), DG (C), and CA1 (D). Two-way ANOVA (treatment � genotype) with Sidak’s post hoc tests. Data are mean � SEM; n � 8 –12 per group. Scale bar, 200 �m.
*p � 0.05. PHF1, Phospho-tau (Ser396, Ser404), paired-helical filaments; CV, cresyl violet, neuronal counterstain.

Chalermpalanupap et al. • Locus Coeruleus Ablation J. Neurosci., January 3, 2018 • 38(1):74 –92 • 89



LC rescues hippocampal-dependent learning and memory in a
rat model of AD with both tau and �-amyloid pathology, suggest-
ing that the acute neuromodulatory effects of NE may be more
important than a chronic, neurotrophic influence on pathology
(Rorabaugh et al., 2017). Future experiments using different ap-
proaches to disrupt LC neurons and NE transmission will be
required to tease apart the mechanisms underlying enhancement
of tau-mediated pathology and dementia.

The timing of P301S-induced phenotypes in our study con-
flicts with the original description of these transgenic mice; for
example, cognitive impairment and mortality in our experiments
were significantly delayed by comparison. Other groups have re-
ported differences as well, which may be attributed to genetic
drift and strain background (Taft et al., 2006; Yoshiyama et al.,
2007; Davis et al., 2012; Iba et al., 2013; Kelmenson, 2016). Im-
portantly, the shift in onset of behavioral phenotypes corre-
sponds to the shift in pathology we observed. Thus, while the
exact timing may be different between studies, analogous con-
nections between the emergence of pathology and cognitive def-
icits persist.

The mechanisms underlying the interaction between LC de-
generation and tau remain to be elucidated. However, combined
with the literature, the observations from our study indicate that
the LC can modulate both A� and tau models in the context of
AD and significantly impact neuroinflammation, neurodegen-
eration, and cognitive impairment. Our results suggest that tar-
geting the LC system to prevent degeneration and/or promote
noradrenergic signaling may be an effective therapeutic strategy
to combat the progression of neuropathology and dementia
in AD. Genetic or pharmacological enhancement of NE trans-
mission via increasing synthesis or blocking synaptic reuptake in
APP transgenic mice ameliorates amyloid-related pathology
and/or dementia (Kalinin et al., 2007; Heneka et al., 2010; Chal-
ermpalanupap et al., 2013; Hammerschmidt et al., 2013; Kum-
mer et al., 2014). The potential benefits of these approaches in the
context of tau remain to be investigated.
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