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Clinical evidence suggests that aberrant tau accumulation in the locus coeruleus and noradrenergic dysfunction may be a critical

early step in Alzheimer’s disease progression. Yet, an accurate preclinical model of these phenotypes that includes early pretangle

tau accrual in the locus coeruleus, loss of locus coeruleus innervation and deficits locus coeruleus/norepinephrine modulated

behaviours, does not exist, hampering the identification of underlying mechanisms and the development of locus coeruleus-

based therapies. Here, a transgenic rat (TgF344-AD) expressing disease-causing mutant amyloid precursor protein (APPsw) and

presenilin-1 (PS1�E9) was characterized for histological and behavioural signs of locus coeruleus dysfunction reminiscent of mild

cognitive impairment/early Alzheimer’s disease. In TgF344-AD rats, hyperphosphorylated tau was detected in the locus coeruleus

prior to accrual in the medial entorhinal cortex or hippocampus, and tau pathology in the locus coeruleus was negatively

correlated with noradrenergic innervation in the medial entorhinal cortex. Likewise, TgF344-AD rats displayed progressive loss

of hippocampal norepinephrine levels and locus coeruleus fibres in the medial entorhinal cortex and dentate gyrus, with no frank

noradrenergic cell body loss. Cultured mouse locus coeruleus neurons expressing hyperphosphorylation-prone mutant human tau

had shorter neurites than control neurons, but similar cell viability, suggesting a causal link between pretangle tau accrual and

altered locus coeruleus fibre morphology. TgF344-AD rats had impaired reversal learning in the Morris water maze compared to

their wild-type littermates, which was rescued by chemogenetic locus coeruleus activation via designer receptors exclusively

activated by designer drugs (DREADDs). Our results indicate that TgF344-AD rats uniquely meet several key criteria for a suitable

model of locus coeruleus pathology and dysfunction early in Alzheimer’s disease progression, and suggest that a substantial

window of opportunity for locus coeruleus/ norepinephrine-based therapeutics exists.
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Introduction
Alzheimer’s disease, which is characterized by amyloid-b
plaques and tau neurofibrillary tangles, is the most preva-

lent form of dementia in the USA (Alzheimer’s Association,

2016). Current therapies for Alzheimer’s disease provide

marginal symptomatic relief and do not retard disease pro-

gression. Although research efforts have enhanced under-

standing of disease mechanisms, efforts to treat Alzheimer’s

disease have failed, potentially because of irreversible

neuron loss that occurs once cognitive impairment arises.

As such, current research is focused on early detection and

therapeutic intervention.

It has been appreciated for some time that the locus coer-

uleus, the major noradrenergic nucleus in the brain, degen-

erates in Alzheimer’s disease (Tomlinson et al., 1981;

Haglund et al., 2006; Weinshenker, 2008). At the time of

clinical diagnosis (i.e. mild cognitive impairment/early

Alzheimer’s disease) significant loss of forebrain norepin-

ephrine and locus coeruleus fibres is evident, followed by

frank cell body degeneration in mid- to advanced stage

disease (Braak and Del Tredici, 2012; Mather and

Harley, 2016). Cell loss in the locus coeruleus is a better

predictor of cognitive symptoms than degeneration in other

brain regions affected by Alzheimer’s disease, including the

medial entorhinal cortex (mEC), hippocampus, and nucleus

basalis of Meynert (Wilson et al., 2013; Kelly et al., 2017).

More recent studies indicate that hyperphosphorylated tau

in the locus coeruleus is among the first detectable

Alzheimer’s disease pathologies in post-mortem human

brains, appearing before tau pathology in the mEC and

often decades prior to cognitive symptoms (Braak et al.,

2011; Andres-Benito et al., 2017; Ehrenberg et al., 2017).

The locus coeruleus is the major source of norepinephrine

in the forebrain and is critical for attention, arousal and

specific aspects of learning and memory (Sara, 2009;

Aston-Jones and Cohen, 2014). High locus coeruleus

neuron density protects against cognitive decline during

ageing, while tangle burden in the locus coeruleus is corre-

lated with cognitive decline (Wilson et al., 2013; Kelly

et al., 2017). In addition, norepinephrine has potent anti-

inflammatory properties and promotes amyloid-b clearance

(Chalermpalanupap et al., 2013; Heneka et al., 2015;

Feinstein et al., 2016). Thus, it is not surprising that lesion-

ing the locus coeruleus or genetically reducing norepineph-

rine levels exacerbates Alzheimer’s disease-like pathology,

neuroinflammation, and/or cognitive impairment in amyl-

oid-based transgenic mouse models (Heneka et al., 2002;

Heneka, 2006; Jardanhazi-Kurutz et al., 2010; Kalinin

et al., 2012; Hammerschmidt et al., 2013; Kummer et al.,

2014). While this work demonstrates that inducing locus

coeruleus degeneration worsens Alzheimer’s disease path-

ology, it recapitulates the frank degeneration of locus coer-

uleus neurons that is not observed until mid-stage

Alzheimer’s disease (�Braak stage III–IV), a time when

pharmaceutical interventions have failed (Kelly et al.,

2017; Theofilas et al., 2017). Moreover, amyloid precursor

protein (APP) transgenic mice do not recapitulate the tau

pathology observed in humans, potentially because en-

dogenous mouse tau is resistant to aggregation

(Morrissette et al., 2009; Woerman et al., 2016). Mice ubi-

quitously expressing mutant human tau do develop path-

ology, but not ‘endogenous’ pretangle tau or neurofibrillary

tangles, and they are considered models of tauopathy

rather than Alzheimer’s disease (Morrissette et al., 2009).

An animal model that recapitulates early locus coeruleus

tau pathology and dysfunction, prior to cell body degener-

ation, may provide valuable insights into early disease

mechanisms and potential locus coeruleus-based therapies.

Compared to mice, rat tau is more similar to human tau,

and perhaps as a result, amyloid-based transgenic rats dis-

play unique phenotypes such as conversion of endogenous

rat tau into hyperphosphorylated forms (Cohen et al.,

2013; Do Carmo and Cuello, 2013). The TgF344-AD rat

expresses disease-causing mutant human APP (APPsw) and

presenilin 1 (PS1�E9), and displays canonical amyloid pla-

ques as well as core components of Alzheimer’s disease that

are often missing in transgenic mice, including age-depend-

ent cognitive impairment, amyloid-b oligomers, gliosis and

apoptotic neuronal loss in the forebrain (Cohen et al.,

2013). Notably, TgF344-AD rats do not express a human

tau transgene but display age-dependent endogenous hyper-

phosphorylated tau in the hippocampus and medial pre-

frontal cortex (mPFC). Based on these features, we

reasoned that the TgF344-AD rat model might be a good

candidate to accurately recapitulate locus coeruleus path-

ology and dysfunction in mild cognitive impairment/early

Alzheimer’s disease, and established that such a model

would need to encompass the following features: (i) age-

dependent hyperphosphorylated tau accumulation in the

locus coeruleus prior to other brain regions; (ii) no locus

coeruleus cell body loss; (iii) norepinephrine and/or nora-

drenergic fibre deficiency in locus coeruleus target regions;

and (iv) impairment in locus coeruleus/norepinephrine-

modulated behaviours. Moreover, if increasing locus coer-

uleus/norepinephrine activity restores memory, this would

add basic science backing to the mounting clinical evidence

suggesting that adrenergic-based therapies could be effect-

ive early in Alzheimer’s disease. Stimulatory designer recep-

tors exclusively activated by designer drugs (DREADDs)

can be expressed in locus coeruleus neurons via viral vec-

tors harbouring the PRSx8 locus coeruleus-specific promo-

tor. This system allows for long-lasting locus coeruleus

neuron activation following administration of the

DREADD ligand, clozapine N-oxide (CNO) (Vazey and

Aston-Jones, 2014; Fortress et al., 2015). In this study,

we characterized locus coeruleus pathology and dysfunc-

tion in the TgF344-AD rat, compared it to the pathology

in the hippocampus and mEC, and then investigated

whether increasing locus coeruleus activity with

DREADDs could reverse cognitive impairment in these

animals.
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Materials and methods

Animals

TgF344-AD rats heterozygous for an APPsw/PS1�E9 trans-
gene and wild-type littermates were housed and maintained
in the animal facility at Emory University. All procedures
were performed under IACUC compliance. No sex differences
in Alzheimer’s disease-like pathology or behaviour have been
reported for these rats, and thus roughly equal numbers of
males and females were used for all studies (Cohen et al.,
2013). Rats were pair-housed on a 12-h light/dark cycle and
given ad libitum access to food and chow except during be-
havioural testing.

Tissue preparation

At 6 or 16 months, rats were anaesthetized with ketamine
[100 mg/kg; intraperitoneally (i.p.); Henry Schein] and xyla-
zine (20 mg/kg i.p., Patterson Veterinary Supply) and perfused
with ice cold potassium phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde. Brains were removed and
paraffin-embedded (6 months: wild-type n = 3 male, 2 female
and TgF344-AD n = 3 male, 2 female; 16 months: wild-type
n = 3 male, 2 female and TgF344-AD n = 3 male, 2 female) or
immersed in 30% sucrose (6 months: wild-type n = 2 male, 4
female and TgF344-AD n = 2 male, 4 female; 16 months: wild-
type n = 6 male, 2 female and TgF344-AD n = 6 male, 2
female) and sectioned at the level of the locus coeruleus
(�8.8 to 10.5 mm from bregma), mEC (�7.0 to �8.0 mm),
dorsal hippocampus (�1.8 to �3.6 mm), paraventricular nu-
cleus of the thalamus (PVT) (�1.8 to �3.6 mm) and mPFC
(4.2 to 2.2 mm).

Immunohistochemistry

Paraffin-embedded tissue

Slides containing locus coeruleus, mEC and hippocampus sec-
tions were deparaffinized and immunostained using CP13
Ser205 phospho-antibody (1:2000, gifted from Peter Davies),
PHF-1 Ser396/Ser404 phospho-antibody (1:1000, gifted from
Peter Davies), or MC1 conformational antibody against amino
acids 7–9 and 313–322 (1:1000, gifted from Peter Davies) and
biotinylated goat anti-mouse secondary antibody (1:500;
Vector Labs), followed by avidin-biotin complex (ABC;
Vector Labs) and 3,3’-diaminobenzidine (Sigma-Aldrich) as
previously described (Turnbull and Coulson, 2017). All tau
stains were processed with positive controls (hippocampus
from patients with Alzheimer’s disease, hippocampus of
P301S tau transgenic mice) and technical negative controls
(no primary antibody) to ensure specificity of staining. A
second set of mEC slides was stained for amyloid-b or the
norepinephrine transporter (NET) with 10 min pretreatment
in 80% formic acid, followed by 10 min incubation in a
0.3 N sodium hydroxide, 0.9% hydrogen peroxide solution,
a block in 10% normal donkey serum with 0.05% Tween-
20 and overnight incubation with the 4G8 antibody (1:1000,
Convance) or a mouse anti-NET antibody (1:1000, NET05-2;
MAb Technologies). The next day, slides were incubated with
donkey anti-mouse Alexa Fluor� 488 (1:600; A-21202, Life

Technologies) and coverslipped. Another set of locus coeruleus
containing slides was stained with rabbit anti-GFAP (1:1000;
019-19741, Wako Pure Chemical Industries) or ThioS and
mouse anti-tyrosine hydroxylase (TH; 1:1000; 22941,
Immunostar) primary antibodies and donkey anti-rabbit
Alexa Fluor� 568 (1:600; A10048, Life Technologies) and
donkey anti-mouse Alexa Fluor� 488 (1:600; A-21202, Life
Technologies) secondary antibodies, and counterstained with
Neurotrace 640/660 (N21438, Life Technologies).

Free-floating tissue

Sections from locus coeruleus, dorsal hippocampus, mPFC,
and PVT were stained as previously described with rabbit
anti-Iba-1 (1:1000) and mouse anti-TH or anti-dopamine b-
hydroxylase (DBH; 1:1000; MAB308, Millipore), respectively.
Sections were incubated with the corresponding donkey anti-
rabbit A568 or anti-mouse A488 secondary antibodies. Locus
coeruleus tissue from DREADD-expressing rats (see ‘Morris
water maze’ section for details) was stained with rabbit anti-
TH (1:5000; 40101-0, PelFreeze) or rabbit anti-c-Fos (1:1000,
sc-52, Santa Cruz Biotech) and mouse anti-haemagglutinin
(HA; 1:1000; MMS-101P, Biolegend) primary antibodies and
incubated with the aforementioned fluorescent secondary
antibodies.

A separate set of sections was used for locus coeruleus
stereology studies. Every third locus coeruleus (�10.5 to
�8.8 mm from bregma) section was incubated for 30 min in
1% hydrogen peroxide in PBS, blocked for 30 min in 5%
normal goat serum in PBS and then incubated overnight in
rabbit anti-TH primary antibody (1:10 000) in 2% normal
goat serum, PBS-Tris solution at 4�C. Next, sections were
incubated for 60 min in biotinylated goat anti-rabbit secondary
(1:600; BA-1000, Vector Labs), followed by ABC solution for
60 min and then 3,3’-diaminobenzidine.

Image analysis

For each rat, two to three brain sections were analysed and
averaged together to determine group means. All image ana-
lysis was performed with ImageJ software for background sub-
traction, threshold application (Otsu method) and
quantification (CP13 + , TH + , Iba1 + , GFAP + and c-Fos + )
based on size and shape criteria for neurons (75–100 mm2;
circularity 0.3–1.0), glia (50–1000 mm2, circularity 0.15–10)
and nuclei (30–70mm2, circularity 0.5–1.0), as well as overlap
with TH + or HA + cells where appropriate. Line scan analysis
was performed to determine DBH + /NET + fibre density in
mEC, hippocampus, mPFC, and PVT as previously described
(Sathyanesan et al., 2012). Experimenter was blind to geno-
type during image collection and analysis.

Unbiased stereology

Stereology was performed using MBF StereoInvestigator soft-
ware and a Zeiss microscope utilizing the optical fractionator
probe and systematic analysis of randomly placed counting
frames (size, 75 � 50 mm) on a counting grid (size of
100 � 100 mm) and sampled (20 mm optical dissector with
2 mm upper and lower guard zones) to obtain unbiased
counts of TH + neurons. The nucleator probe (six rays) was
used to measure cell size. Experimenter was blind to genotype,
and all locus coeruleus counts had a Gundersen coefficient
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(m = 1) of 50.10 to ensure accuracy and consistency
(Gundersen et al., 1999).

Tissue catecholamine analysis

At 6 months (wild-type n = 3 male, 3 female; TgF344-AD
n = 4 male, 2 female) and 16 months (wild-type n = 4 male,
4 female; TgF344-AD n = 3 male, 5 female), rats were eutha-
nized with carbon dioxide and brains were rapidly removed.
The hippocampus and mPFC were dissected out and frozen on
dry ice. Samples were thawed, weighed, homogenized in 0.1 N
perchloric acid (10� v/wt) and centrifuged (16 000g) for
30 min at 4�C. The supernatant was centrifuged through
0.45 mm filters (Fischer Scientific, 10-800-195) at 4000g for
10 min at 4�C. Monoamines were examined by high perform-
ance liquid chromatography (HPLC) with electrochemical de-
tection as described previously (Song et al., 2012). For HPLC,
an ESA 5600A CoulArray detection system, equipped with an
ESA Model 584 pump and an ESA 542 refrigerated autosam-
pler was used. Separations were performed using an
MD-150 � 3.2 mm C18 column at 30�C. The mobile phase
consisted of 8% acetonitrile, 75 mM NaH2PO4, 1.7 mM 1-
octanesulfonic acid sodium and 0.025% trimethylamine at
pH 2.9. 20 ml of sample was injected, and the samples were
eluted isocratically at 0.4 ml/min and detected using a 6210
electrochemical cell (ESA) equipped with 5020 guard cell.
Guard cell potential was set at 475 mV, while 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)
consisting of norepinephrine and 4-hydroxy-3-methoxyphenyl-
glycol (MHPG). Compounds were quantified by comparing
peak areas to those of standards on the dominant sensor.

Primary neuron culture

Locus coeruleus neuron cultures were derived from post-natal
Day 1 TH-GFP and TH-GFP/P301S tau transgenic mouse
pups. Pups were decapitated and the locus coeruleus was dis-
sected under a fluorescence microscope (MZ FLIII, Leica) in
ice-cold Hank’s balanced buffer with 1% penicillin/strepto-
mycin (pen/strep; Lonza) and HEPES (Cellgro). Tissue was
incubated for 30 min in 37�C plating media (33.3 mM glu-
cose, 10% horse serum, 1% pen/strep in minimal essential
medium, 11095-080, ThermoFisher Scientific) containing
papain (1 mg/ml, P4762, Sigma-Aldrich), Dispase I (0.5 U/ml,
07923, StemCell Technologies) and DNase I (20mg/ml, DN25,
Sigma-Aldrich). Tissue was washed in plating media and disso-
ciated by gentle trituration. Cells were plated on coverslips
coated with poly-D-lysine and laminin (08-774-384,
ThermoFisher Scientific) and incubated for 30 min at 37�C
before wells were flooded with plating media. After 2 h, half
of the media was replaced with Neurobasal� media (21103-
049, ThermoFisher Scientific) supplemented with 1% pen/
strep, B-27 (17504-044, ThermoFisher Scientific) and 2 mM L-
glutamine (25-005-CI, Cellgro). The following day and every 3
days thereafter, half of the media was exchanged with media
containing aphidicolin (1.0mg/ml, A-1026; A.G Scientific). On
in vitro Day 11, cells were fixed and stained for TH (1:1000)
and human tau (1:500, HT7; MN1000, Abcam). Three images
(�10) were taken from each coverslip and average neurite

length was calculated using the NeuriteTracer plugin for
ImageJ.

Stereotaxic injection of
PRSx8-hM3Dq-HA virus

At 13.5 months of age, TgF344-AD (n = 6 male, 7 female) and
wild-type (n = 7 male, 9 female) rats were anesthetized with
isoflurane, pretreated with meloxicam (1 mg/kg; i.p.) and
given bilateral stereotaxic injections (1.3 ml/side) of an adeno-
associated virus (AAV) 2/9 containing a HA-hM3Dq plasmid
(1.12 � 1013 genome copies/ml; initially provided by E. Vazey
and G. Aston-Jones and subsequently purchased from the
University of Pennsylvania Viral Vector Core) under the con-
trol of the locus coeruleus-specific PRSx8 promoter aimed at
the locus coeruleus (AP: �9.3 mm, ML: �1.3 mm; DV:
�7.4 mm from bregma) (Vazey and Aston-Jones, 2014).
Morris water maze testing began 6–8 weeks after virus injec-
tion surgery to allow sufficient time for robust viral expression.
Although all rats received bilateral locus coeruleus injections,
unilateral DREADD expression was observed in 80% of the
animals, most likely due to difficulties targeting a deep brain-
stem nucleus of such small dimensions. The majority (5/6) of
bilateral DREADD-expressing rats were treated with vehicle,
and data from bilateral and unilateral expressing rats were
pooled. Unilateral DREADD-induced stimulation of the locus
coeruleus is sufficient for widespread brain activation patterns
and behavioural effects; similar cortical activity and emergence
from anaesthesia were reported in rats with unilateral or bi-
lateral DREADD expression in the locus coeruleus (Vazey and
Aston-Jones, 2014).

Morris water maze

The Morris water maze was performed in a cylindrical tank
(183 cm � 91 cm) filled with opaque water obscuring a plat-
form (water �2 cm above platform height) located in the
centre of a quadrant. Extra-maze visual cues were posted
around the tank. An overhead camera and Topscan software
(Cleversys, Reston, VA) were used to track movements includ-
ing calculations of latency, distance travelled and average swim
speed. Rats (6 month: wild-type n = 2 male, 4 female and
TgF344-AD n = 2 male, 4 female; 16 month: wild-type n = 6
male and TgF344-AD n = 6 male) were handled for 3 days
prior to the Morris water maze task. During each acquisition
trial day, rats had four consecutive tests (60 s each) to find the
hidden platform. If the platform was not found, rats were
guided to the platform, removed after 10 s and placed in a
holding cage with a 10 min intertrial interval. The entry quad-
rant was balanced within trials and across days. On Day 7, the
platform was removed and rats were given a single 60 s ex-
tinction trial. The following day, the platform was placed in
the diagonal quadrant and rats were given two reversal trials
per day for 2 days. The location of the platform during acqui-
sition and reversal was balanced across cohorts. At 16 month
of age, 8 weeks after viral injection, the DREADD-expressing
cohort was tested in the Morris water maze as described
above, except that rats were pretreated with CNO (3 mg/kg
i.p., NIDA Drug Supply Program; wild-type n = 7, TgF344-
AD n = 6) or vehicle (5% DMSO in saline; wild-type n = 9,
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TgF344-AD n = 7) 15 min prior to testing each day, and rever-
sal learning testing was extended from 2 to 4 days.

Several days after completion of the Morris water maze,
DREADD-expressing rats were injected with the same treat-
ments they received in the Morris water maze (vehicle or
CNO; 3 mg/kg i.p.) and perfused 105 min later to assess
DREADD-induced c-Fos activation.

Data analysis

Data are reported as mean � standard error, and the threshold
for statistical significance was set at � = 0.05. Statistical ana-
lysis was performed with SPSS, and graphs were generated by
Graphpad Prism (La Jolla, CA) software. A two-way ANOVA
was used to examine the effect of age and genotype for all
immunohistochemistry and norepinephrine tissue level experi-
ments, with Tukey’s post hoc tests where appropriate.
Stereology and locus coeruleus neuron culture values were
compared using unpaired t-tests. For Morris water maze ex-
periments, acquisition and reversal trials were analysed via
separate repeated measures two-way ANOVAs. A three-way
repeated measures ANOVA was used to examine acquisition
and reversal trials in the DREADD Morris water maze cohort.

Results

TgF344-AD rats accumulate
hyperphosphorylated tau in the locus
coeruleus before the medial
entorhinal cortex or hippocampus

Hyperphosphorylated tau accumulation in the locus coeruleus

is the first sign of Alzheimer’s disease-like pathology in

humans, but has not been reported in amyloid-based trans-

genic rodent models of the disease (Braak et al., 2011;

Ehrenberg et al., 2017). We found that 6-month- and

16-month-old TgF344-AD rats had hyperphosphorylated

tau accumulation (CP13+ cells) in the locus coeruleus, while

wild-type littermates had little to no staining [F(1,12) = 31.36,

P = 0.0001] (Fig. 1A and C). Moreover, there was a signifi-

cant genotype � age interaction [F(1,12) = 6.056, P = 0.03]. A

post hoc analysis showed that 16-month-old TgF344-AD rats

had a significant, 2-fold increase in hyperphosphorylated tau+

cells compared to 6-month-old transgenic animals. No signifi-

cant staining was observed with any of the other tau antibo-

dies (PHF-1, MC1) or stain (ThioS) examined, suggesting that

tau filaments or fibrils have not formed in the locus coeruleus

of the TgF344-AD rats by 16 months (data not shown).

Similarly, the locus coeruleus was devoid of any amyloid-b
staining by the 4G8 antibody at 16 months (data not shown).

The emergence of pretangle tau pathology follows a

stereotyped pattern in Alzheimer’s disease and is first de-

tectable in the locus coeruleus (Braak 0), followed by the

entorhinal cortex (Braak I) and the hippocampus (Braak II).

As discussed above, TgF344-AD rats show hyperpho-

sphorylated tau accumulation in the locus coeruleus at

6 months of age. However, tau pathology was not detected

in the mEC or hippocampus until 16 months (Fig. 1B). A two-

way ANOVA revealed a genotype � age interaction [mEC:

F(1,11) = 8.49, P = 0.01; hippocampus: F(1,11) = 11.9,

P = 0.005], and post hoc analysis showed significantly

more CP13+ cells in the 16 month TgF344-AD rats than

wild-type littermates or 6 month TgF344-AD rats (Fig. 1D

and E). TgF344-AD rats showed age-dependent accumulation

of amyloid-b plaques in the mEC [t(9) = 4.38, P = 0.002]

and hippocampus [t(9) = 3.92, P = 0.004] starting at 6

months, while no plaques were detected in wild-type rats

regardless of age (Fig. 1F–H).

Because neuroinflammation is a hallmark of Alzheimer’s

disease and occurs in the hippocampus of TgF344-AD rats,

we examined whether gliosis occurred in concert with

hyperphosphorylated tau in the locus coeruleus. Overall,

TgF344-AD rats showed elevated activated microglia

(Iba1 + cells) in the locus coeruleus compared to wild-type

rats [F(1,19) = 15.88, P = 0.0008] (Fig. 2A and C), with the

greatest genotype differences seen at 6 months. There was

also an age-dependent reduction in activated microglia

[F(1,19) = 21.21, P = 0.0002] with a borderline significant

genotype � age interaction [F(1,19) = 4.28, P = 0.05].

Similar levels of astrocytes (GFAP + cells) were found in

the locus coeruleus of wild-type and TgF344-AD rats

[genotype: F(1,12) = 0.22, P = 0.64], with greater staining

at 16 months [F(1,12) = 5.62, P = 0.03] (Fig. 2B and D).

There was no genotype � age interaction for astrocyte

number [F(1,12) = 0.004, P = 0.95].

Progressive noradrenergic fibre loss
without locus coeruleus neuron death
in TgF344-AD rats

Tau and neuroinflammation can be toxic to neurons, and

the locus coeruleus degenerates in Alzheimer’s disease. Thus,

we examined whether locus coeruleus degeneration accom-

panied the pretangle tau and Iba-1 staining in TgF344-AD

rats. At 16 months, unbiased stereology revealed no geno-

type differences in locus coeruleus neuron number [wild-

type: 3502 � 315; TgF344-AD: 3449 � 282; t(8) = 0.07,

P = 0.90], and locus coeruleus neuron volume was nearly

identical between wild-type (1510 � 128mm3) and

TgF344-AD rats (1490 � 195mm3) [t(8) = 0.06, P = 0.96].

We next examined locus coeruleus fibre density in the

mEC, the next brain region to show tau pathology after

the locus coeruleus in Alzheimer’s disease. NET + fibres

were significantly reduced in TgF344-AD rats compared to

wild-type [F(1,15) = 4.98, P = 0.04] without a significant

effect of age [F(1,15) = 1.73, P = 0.21] or a genotype � age

interaction [F(1,15) = 0.14, P = 0.72] (Fig. 3A). Notably,

hyperphosphorylated tau accumulation in locus coeruleus

neurons was negatively correlated with locus coeruleus

fibre density in the mEC [Pearson’s r = �0.55, P = 0.33],

suggesting that pretangle tau in the locus coeruleus may

adversely impact neuron health and/or axonal stability

(Fig. 3B).
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We extended these findings to investigate additional locus

coeruleus-innervated regions affected in Alzheimer’s disease.

DBH + fibre density in the dentate gyrus revealed a signifi-

cant genotype � age interaction [F(1,22) = 5.78, P = 0.025],

and post hoc analysis showed that 16-month-old TgF344-

AD rats had substantially reduced DBH + fibre density

compared to 6-month-old TgF344-AD and 16-month-old

wild-type rats (Fig. 3C and D). There were no significant

interactions for any other subregion of the hippocampus

[CA1: F(1,22) = 0.28, P = 0.060; CA3: F(1,22) = 0.21,

P = 0.65; CA2: F(1,22) = 0.51, P = 0.48] nor was there a

main effect of genotype [dentate gyrus: F(1,22) = 3.49,

Figure 1 Pretangle tau immunoreactivity is detected in the locus coeruleus before the entorhinal cortex or hippocampus in

TgF344-AD rats. Representative image (�1, inset �40) of hyperphosphorylated tau (CP13) of 6 month (n = 5/genotype) and 16 month (n = 5/

genotype) wild-type and TgF344-AD rats in the locus coeruleus (A) and mEC and hippocampus (B). Quantification of CP13 + cells in the locus

coeruleus (C), mEC (D) and hippocampus (E) of wild-type (white bars) and TgF344-AD (green bars) rats. Representative images of amyloid-b
accumulation (4G8; red) and Nissl (blue) in the mEC (F) and hippocampus (G) of 6-month and 16-month-old wild-type and TgF344-AD rats.

Quantification of 4G8 plague burden in the mEC (striped green bars) and hippocampus (solid green bars) of TgF344-AD rats (H). *P5 0.05.
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P = 0.08; CA1, F(1,22) = 0.35, P = 0.56; CA3: F(1,22) =

0.29, P = 0.59; CA2: F(1,22) = 1.67, P = 0.21] (Fig. 3D), al-

though TgF344-AD DBH + fibre density tended to be lower

in all subregions at 16 months. In agreement with the litera-

ture (Ishida et al., 2001), age-dependent reductions in

DBH + fibres were observed in the dentate gyrus

[F(1,22) = 195.0, P5 0.0001], CA1 [F(1,22) = 6.192,

P = 0.02] and CA3 regions [F(1,22) = 18.63, P = 0.0003],

but not CA2 [F(1,22) = 0.01, P = 0.91] (Fig. 3D).

Similar to the mPFC norepinephrine levels, the prelimbic

(PrL) and infralimbic (IL) cortices had similar DBH + fibre

density across genotypes [PrL: F(1,19) = 2.36, P = 0.14; IL:

F(1,19) = 0.29, P = 0.60] and age groups [PrL: F(1,19) =

0.001, P = 0.97; IL: F(1,19) = 0.42, P = 0.53] without a

Figure 3 Region-specific progressive loss of locus coeruleus innervation and norepinephrine levels in TgF344-AD rats.

Quantification of NET + fibre density in the mEC of 6 month (n = 4/genotype) and 16 month (n = 5/genotype) wild-type (open bars) and TgF344-

AD rats (green bars) (A). Correlation between CP13 accumulation in locus coeruleus (LC) neurons and locus coeruleus innervation in the mEC

in wild-type (open triangles) and TgF344-AD (green circles) (B). Representative images (�40) of DBH+ fibre (green) and Nissl (blue) staining in

the dentate gyrus in wild-type and TgF344-AD rats (C). Quantification of DBH+ fibre density in subregions of the hippocampus [dentate gyrus

(DG), CA1, CA2, CA3] (D) and mPFC (IL = infralimbic: PrL = prelimbic) (E) of 6 month (n = 6/genotype) and 16 month (n = 7–8/genotype) wild-

type and TgF344-AD rats. Norepinephrine (NE) and MHPG levels in hippocampus (F) and mPFC (G) tissue in 6 month (n = 6/genotype) and

16 month (n = 6/genotype) wild-type and TgF344-AD rats. *P5 0.05.

Figure 2 TgF344-AD rats show age-dependent alterations in glial cells in the locus coeruleus. Representative images of microglia

(Iba1 + ; magenta) (A) and activated astrocytes (GFAP + ; magenta) (B) in the locus coeruleus (TH + ; green) of 6 month (n = 5–6/genotype) and

16 month (6/genotype) wild-type and TgF344-AD rats. Quantification of Iba1 + (C) and GFAP + cells (D) in the locus coeruleus of wild-type (open

bars) and TgF344-AD (green bars) rats. *P5 0.05.
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significant genotype � age interaction [PrL: F(1,21) = 0.15,

P = 0.70; IL: F(1,19) = 0.001, P = 0.92] (Fig. 3E). To exam-

ine whether other brain noradrenergic systems were also

degenerating in TgF344-AD rats, DBH + fibre density was

examined in the PVT, which receives innervation primarily

from the A5 noradrenergic cell group rather than the locus

coeruleus (Byrum and Guyenet, 1987). There was no effect

of genotype [F(1,19) = 0.13, P = 0.73], age [F(1,19) = 0.64,

P = 0.44] or genotype � age interaction [F(1,19) = 0.19,

P = 0.89] (data not shown).

As an additional indication of locus coeruleus function,

we examined tissue levels of norepinephrine and its metab-

olite MHPG in the in the hippocampus and mPFC using

HPLC. At 6 months of age, there was a trend towards

reduced norepinephrine and norepinephrine turnover (as

measured by MHPG) in the hippocampus of TgF344-AD

rats (Fig. 3F). By 16 months, TgF344-AD rats had a 48%

decrease in hippocampal norepinephrine levels compared to

wild-type littermates [F(1,22) = 26.52, P50.0001] (Fig.

3F). There was a significant age-dependent decrease in

tissue norepinephrine levels [F(1,22) = 11.38, P = 0.003],

resulting in a 40% reduction between 6-month- and 16-

month-old TgF344-AD rats, but no genotype � age inter-

action [F(1,22) = 1.63, P = 0.22]. Overall, TgF344-AD rats

also had significantly less hippocampal MHPG compared

to wild-type rats [F(1,22) = 4.33, P = 0.049], but no age-

dependent decline [F(1,22) = 0.004, P = 0.95] or geno-

type � age interaction [F(1,22) = 0.98, P = 0.33] (Fig. 3F).

In the mPFC, norepinephrine levels were similar across

genotypes [F(1,24) = 1.25, P = 0.27] and age groups

[F(1,24) = 0.02, P = 0.90] without a genotype � age inter-

action [F(1,24) = 0.65, P = 0.43] (Fig. 3G). In the mPFC,

MHPG levels showed a marked age-dependent

[F(1,24) = 31.53, P50.0001] reduction regardless of geno-

type [F(1,24) = 1.22, P = 0.28], with no genotype � age

interaction [F(1,24) = 2.06, P = 0.16] (Fig. 3G). Thus, simi-

lar to clinical mild cognitive impairment/early Alzheimer’s

disease, TgF344-AD rats displayed locus coeruleus axon/

terminal degeneration and dysfunction in the absence of

cell body loss (Chan-Palay and Asan, 1989; Booze et al.,

1993; Kori et al., 2016; Theofilas et al., 2017). These nor-

adrenergic deficits were preferentially found in the mEC

and hippocampus.

Aggregate-prone mutant tau
expression reduces locus coeruleus
neurite length in vitro

Tau is a microtubule-stabilizing protein, and its hyper-

phosphorylation leads to axonal instability, suggesting

that pretangle tau accumulation in the locus coeruleus

may contribute to the loss of locus coeruleus innervation

(Khan and Bloom, 2016). To determine whether the pres-

ence of aberrant tau is sufficient to impair locus coeruleus

neuron structure, we examined locus coeruleus neuron

morphology and survival in primary cultures derived

from TH-GFP mice with or without P301S tau (Fig. 4A).

P301S tau transgenic mice develop CP13 + hyperpho-

sphorylated tau pathology that is very similar to what we

observed in the TgF344-AD rats (Allen et al., 2002; Xu

et al., 2014). Locus coeruleus neurite length was reduced

by 69% in cultures derived from TH-GFP/P301S mice com-

pared to TH-GFP alone [t(12) = 3.94,P = 0.029] (Fig. 4B

and C), but there was no difference in locus coeruleus

neuron survival [t(12) = 0.48, P = 0.63] (Fig. 4D). These

data are consistent with the idea that aberrant tau contrib-

utes to the loss of locus coeruleus axons/terminals in

TgF344-AD rats and in prodromal Alzheimer’s disease.

Spatial reversal learning is impaired
in TgF344-AD rats

Locus coeruleus activity and adrenergic receptor signalling

in the hippocampus contribute to spatial learning, and

16-month-old TgF344-AD rats have modest deficits

Figure 4 Expression of mutant tau reduces locus coeru-

leus neurite length in vitro. Representative images (�40) of

human tau (HT7; red) in cultured locus coeruleus (TH + ; green)

neurons from TH-GFP and TH-GFP/P301S mice (A). Representative

images (�20) of mature (DIV 11) locus coeruleus neurons (TH + ;

white) in cultures from TH-GFP (n = 5) and TH-GFP/P301S (n = 8)

mice (B). Quantification of locus coeruleus neurite length (C) and

cell survival (D) in TH-GFP (open bars) and TH-GFP/P301S (filled

bars) cultures. *P5 0.05.
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during initial learning and more severe abnormalities

during reversal learning in the Barnes maze (Cohen et al.,

2013; Hagena et al., 2016). We examined spatial memory

deficits using the Morris water maze, a hippocampus-de-

pendent task that is modulated by noradrenergic transmis-

sion. During acquisition trials, both age groups were able

to learn the task, as indicated by decreased latency to find

the hidden platform across trials [6 months:

F(5,50) = 21.12, P5 0 0.0001; 16 months: F(5,50) =

16.50, P50.0001] (Fig. 5A). A significant genotype � trial

interaction for latency at 6 months [F(5,50) = 2.66,

P = 0.033] and 16 months revealed a modest deficit in

TgF344-AD rats [F(5,50) = 2.7, P = 0.031]. Post hoc ana-

lysis indicated that the TgF344-AD rats took longer to find

the platform on Day 1 in 6-month-old rats (Fig. 5A) and

on Day 5 in 16-month-old rats (Fig. 5C). There was a

genotype effect on latency at 6 months [F(1,10) = 7.06,

P = 0.02], with a trend at 16 months [F(1,10) = 3.26,

P = 0.10] Differences in latency were not due to swim

speed, which was similar across genotypes at both ages [6

months: F(1,10) = 2.75, P = 0.13; 16 months: F(1,10) =

0.68, P = 0.43] (Fig. 5B and D).

During reversal trials, TgF344-AD rats took longer to find

the new platform location than did wild-type rats in the 6

month [F(1,10) = 21.64, P5 0.0009] (Fig. 5A) and 16

month [F(1,10) = 6.25, P = 0.03] (Fig. 5C) cohorts, while

swim speeds were similar between genotypes [6 months:

F(1,10) = 3.86, P = 0.08; 16 months: F(1,10) = 0.02,

P = 0.89] (Fig. 5B and D). There were no genotype � trial

interactions in 6-month-old [latency: F(1,10) = 0.001,

P = 0.98; P = 0.90; speed: F(1,10) = 0.71, P = 0.42] or

16-month-old rats [latency: F(1,10) = 0.001, P = 0.93;

speed: F(1,10) = 0.87, P = 0.37]. There was no correlation

between DBH + fibre density in the hippocampus and per-

formance in acquisition or reversal trials in the Morris water

maze in 16-month-old rats [Pearson’s r = 0.15, P = 0.56].

DREADD-induced locus coeruleus
activation restores reversal learning
to TgF344-AD rats in the Morris
water maze

DREADDs have been used to selectively activate locus

coeruleus neurons and modulate rodent behaviour (Vazey

and Aston-Jones, 2014; Fortress et al., 2015), and we

wished to examine their ability to rescue cognitive impair-

ment in TgF344-AD rats. An AAV containing the excita-

tory hM3Dq DREADD with an HA tag under control of

the PRSx8 promoter was delivered stereotaxically into the

locus coeruleus of 13.5-month-old wild-type and TgF344-

AD rats, which resulted in robust locus coeruleus-specific

DREADD expression (Fig. 6A). To assess the capability of

locus coeruleus activation to rescue learning and memory

deficits, 16-month-old wild-type and TgF344-AD rats ex-

pressing hM3Dq in the locus coeruleus were injected with

Figure 5 Spatial reversal learning is impaired in TgF344-AD rats. Latency to the platform during acquisition and reversal trials of the

Morris water maze in 6 month (n = 6/genotype) (A) and 16 month (n = 6/genotype) (C) wild-type (black triangles) and TgF344-AD (green circles)

rats. Swim speed during Morris water maze trials in 6 month (B) and 16 month (D) rats. *P5 0.05.
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vehicle or CNO (3 mg/kg i.p.) 30 min prior to each Morris

water maze trial. During acquisition, all groups signifi-

cantly decreased latency over days [F(5,125) = 49.65,

P5 0.0001] (Fig. 6B). There was a significant geno-

type � drug � trial interaction [F(3,25) = 6.63, P = 0.002],

and post hoc analysis showed that CNO-pretreated

TgF344-AD rats were initially slower to find the platform

compared to CNO-pretreated wild-type and vehicle-pre-

treated TgF344-AD rats. In addition, vehicle-pretreated

TgF344-AD rats were initially slower to find the platform

than their wild-type counterparts. However, by Trial 5,

latencies were indistinguishable between groups, indicating

similar acquisition learning. There were no differences in

swim speed [genotype: F(1,27) = 0.14, P = 0.71; treatment:

F(1,27) = 2.45, P = 0.13; interaction: F(3,24) = 0.87,

P = 0.47] (Fig. 6C).

We next examined the effects of locus coeruleus activa-

tion on reversal learning. Latency to the platform showed a

significant genotype � drug � trial effect [F(3,25) = 4.65,

P = 0.01]. Similar to our data with surgically-naı̈ve rats,

post hoc analysis showed that TgF344-AD rats pretreated

with vehicle took longer to find the platform than wild-type

counterparts on reversal trials 3 and 4 (Fig. 6B). CNO had

no effect on the performance of wild-type rats, but restored

normal reversal learning in TgF344-AD rats (Fig. 6B).

CNO-pretreated TgF344-AD rats found the platform

faster than vehicle-pretreated TgF344-AD on Day 3 with

a trend for Day 4 (P = 0.08), and their latency was not

different than wild-type rats, regardless of pretreatment.

Swim speed was similar across groups [F(3,25) = 1.99,

P = 0.14] (Fig. 6C).

To confirm that DREADDs were able to activate locus

coeruleus neurons, rats were injected with vehicle or CNO

(3 mg/kg i.p.) several days after completing the Morris

water maze, and euthanized 105 min later. Brain slices con-

taining the locus coeruleus were examined for the expres-

sion of the DREADD and the immediate early gene c-Fos, a

marker of neuronal activity. CNO significantly increased c-

Fos + nuclei in the locus coeruleus [F(1,18) = 12.26,

P = 0.003] to a similar degree in both genotypes (Fig. 6D

and E), indicating successful and equivalent locus coeruleus

activation in wild-type and TgF344-AD rats.

Discussion
Clinical evidence suggests that aberrant tau accumulation

in the locus coeruleus and noradrenergic dysfunction may

be a critical early step in Alzheimer’s disease progression

(Chalermpalanupap et al., 2013; Mather and Harley,

2016). Yet, an accurate preclinical model of these

phenotypes does not exist, hampering the identification of

underlying mechanisms and the development of locus coer-

uleus-based therapies. Current models are unsuitable be-

cause amyloid-based mouse models do not manifest tau

pathology in the locus coeruleus, and neurotoxic lesions

of the locus coeruleus produce catastrophic loss of cell

Figure 6 DREADD-induced locus coeruleus activation re-

stores reversal learning in TgF344-AD rats. Representative

image (�10, inset �40) of PRSx8-HA-hM3Dq DREADD (HA tag;

green) expression in locus coeruleus neurons (TH + ; magenta) (A).

Latency to the platform during acquisition and reversal trials of the

Morris water maze following vehicle (VEH) or CNO (3 mg/kg i.p.)

pretreatment in wild-type (n = 7–9/treatment group) and TgF344-

AD (n = 6–7/treatment group) rats (B). Swim speed during Morris

water maze trials (C). Representative images (�10) of c-Fos (ma-

genta) in the locus coeruleus (TH + ; green) of DREADD-expressing

rats following vehicle (VEH) or CNO (3 mg/kg i.p.) administration

(D). Quantification of c-Fos + nuclei in the locus coeruleus of

DREADD-expressing wild-type (open bars) and TgF344-AD (green

bars) rats following vehicle or CNO administration (E). *P5 0.05

for TgF344-AD CNO versus wild-type vehicle and TgF344-AD ve-

hicle, ^P5 0.05 for TgF344-AD vehicle versus wild-type vehicle.
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bodies not observed in humans until late in the disease

(Theofilas et al., 2017; Kelly et al., 2017). Based on our

present findings, the TgF344-AD rat uniquely meets the

criteria for a suitable model of early locus coeruleus dys-

function in Alzheimer’s disease (Fig. 7). Namely, these ani-

mals displayed endogenous hyperphosphorylated tau in the

locus coeruleus prior to tau pathology in the mEC or

hippocampus. This locus coeruleus pathology was corre-

lated with decreased locus coeruleus innervation in the

mEC. Additionally, TgF344-AD rats had reduced locus

coeruleus fibre density in the dentate gyrus and norepineph-

rine levels in the hippocampus. These changes occurred

without frank locus coeruleus neuron degeneration, which

would be more reminiscent of mid- to late-stage

Alzheimer’s disease. Locus coeruleus deficits were accompa-

nied by impaired reversal learning in the Morris water

maze, a hippocampus-dependent task that is influenced by

the locus coeruleus/norepinephrine system. Importantly,

DREADD-induced locus coeruleus activation restored

normal reversal learning to aged TgF344-AD rats, indicat-

ing that enhancing locus coeruleus tone can improve

cognition, even in the context of an ailing locus coeruleus

and forebrain amyloid-b and tau pathology.

Hyperphosphorylated tau accrual in the locus coeruleus

is one of the first detectable signs of Alzheimer’s disease

neuropathology in the brain, appearing decades prior to

cognitive impairment (Braak and Del Tredici, 2012).

Similarly, age-dependent hyperphosphorylated tau immu-

noreactivity was found in the locus coeruleus of TgF344-

AD rats, which do not express human tau transgenes,

making these rats the only Alzheimer’s disease model en-

compassing endogenous tauopathy in the locus coeruleus.

The most robust staining in the locus coeruleus was

observed with the CP13 antibody, a marker of nascent

tau hyperphosphorylation (Augustinack et al., 2002).

Little staining was observed with the PHF-1 or MC1 anti-

bodies or ThioS stain, which detect more advanced stages

of tau hyperphosphorylation or protein aggregation, re-

spectively (Augustinack et al., 2002). Although TgF344-

AD rats accumulated aberrant tau in the locus coeruleus,

this did not coincide with locus coeruleus neuron loss.

Likewise, pretangle tau can be detected in the locus coer-

uleus of Alzheimer’s disease patients years before the typ-

ical onset of cell body degeneration (Theofilas et al., 2017;

Ehrenberg et al., 2017).

Hyperphosphorylated tau in TgF344-AD rats approxi-

mates Braak staging and was observed in the locus coeru-

leus before tau pathology in the mEC or hippocampus

(Braak et al., 2011; Cohen et al., 2013; Ehrenberg et al.,
2017). Importantly, these results replicate previous work

showing emergence of tau pathology in the hippocampus

and PFC of TgF344-AD rats at 16 month of age (Cohen

et al., 2013). Wild-type rats also showed low levels of

CP13 staining in the locus coeruleus, mEC and hippocam-

pus, which might indicate small amounts of hyper-

phosphorylated tau but more likely reflects non-specific

staining, which is common with phosphorylation-depend-

ent tau antibodies (Petry et al., 2014). Combined, these

results suggest that tau hyperphosphorylation emerges

and progresses in the locus coeruleus of TgF344-AD rats

prior to other brain regions, similar to prodromal

Alzheimer’s disease.

Previous work has shown robust amyloid-b deposition in

the hippocampus and PFC in the TgF344-AD rats at

16 months of age (Cohen et al., 2013). Despite a ubiqui-

tous prion promoter driving the APP/PS1 transgene, amyl-

oid-b pathology was excluded from the locus coeruleus of

TgF344-AD rats, which aligns with Braak’s failure to detect

amyloid-b in the locus coeruleus (Braak et al., 2011).

Contrary to the initial description of TgF344-AD rats, we

observed low levels of amyloid-b in the mEC and hippo-

campus at 6 months, indicating that pretangle tau is not the

only Alzheimer’s disease-like pathology present relatively

early in these animals. Additional research is necessary to

investigate the exact timing and pattern of aberrant tau and

amyloid-b emergence in TgF344-AD rats.

Although there was no overt locus coeruleus neuron loss

in the TgF344-AD rats, locus coeruleus dysfunction was

Figure 7 Overview of tau and amyloid-b pathology in the

TgF344-AD rats. At 6 months, the locus coeruleus is the only

brain region of TgF344-AD rats that shows pretangle tau accumu-

lation (orange neurons), while the mEC and hippocampus (HP)

contain low levels of amyloid-b (Ab) deposition (red circles). Tau

and amyloid-b pathologies are detectable across the brain (with the

exception of amyloid-b in the locus coeruleus) at 16 months.

Reductions in locus coeruleus innervation (blue line) begin in the

mEC at 6 months of age. At 16 months, decreased locus coeruleus

innervation and norepinephrine (NE) levels (blue colour) are evi-

dent in the hippocampus but not PFC of TgF344-AD rats.
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evident. In the mEC, TgF344-AD rats had slight drop in

locus coeruleus innervation compared to wild-type rats, yet

more striking was the negative correlation between pretan-

gle tau accumulation in the locus coeruleus and locus coer-

uleus fibre density. This result is consistent with the

reduced norepinephrine levels observed in the entorhinal

cortex of rabbits with aluminum-induced neurofibrillary

tangles (Beal et al., 1989). Notably, norepinephrine hyper-

polarizes entorhinal cortex neurons, and thus decreased

locus coeruleus innervation may lead to disinhibition and

hyperexcitability in the dentate gyrus, a feature of early

Alzheimer’s disease (Xiao et al, 2009; Yassa et al., 2010).

Abnormally low levels of forebrain norepinephrine have

been reported in Alzheimer’s disease (Chalermpalanupap

et al., 2013). Modest reductions in norepinephrine and

MPHG, a norepinephrine metabolite, were observed in

the hippocampus of 6-month-old TgF344-AD rats com-

pared to wild-type littermates, and these differences

became stark at 16 months. In the older cohort, the

reduced norepinephrine levels coincided with diminished

locus coeruleus fibre density in the dentate gyrus.

Compared to other hippocampus subregions, the dentate

gyrus has the greatest density of locus coeruleus fibres

and is most sensitive to age-dependent synapse loss; thus

it makes intuitive sense that the largest reductions were

observed here (Small et al., 2004; Amaral et al., 2007).

In addition, tau pathology in the dentate gyrus is negatively

correlated with onset and severity of clinical dementia in

patients with Alzheimer’s disease (Seifan et al., 2015).

Likewise, decreased density and morphological changes in

locus coeruleus fibres and alterations in adrenergic recep-

tors are found in patients with Alzheimer’s disease (Chan-

Palay and Asan, 1989; Booze et al., 1993; Szot, 2006).

Surprisingly, reductions in noradrenergic fibre density and

norepinephrine levels were not observed in the mPFC, indi-

cating that dysfunction was not universal across brain re-

gions innervated by the locus coeruleus. The locus

coeruleus sends collateralized projections, with a single

neuron branching widely throughout the brain, suggesting

that selective fibre loss may be due, in part, to regional

differences in the terminal field environment (Schwarz

et al., 2015; Kebschull et al., 2016).

In humans with Alzheimer’s disease, tau pathology in the

locus coeruleus and noradrenergic dysfunction are asso-

ciated, but it is not known whether the accumulation of

aberrant tau ‘causes’ the observed reductions in locus coer-

uleus fibres and norepinephrine levels in the forebrain. To

determine the functional consequences of pathogenic tau,

we examined the survival and morphology of cultured

locus coeruleus neurons from transgenic mice expressing

P301S tau, a mutant form of human tau that is prone to

hyperphosphorylation and aggregation and produces

CP13 + pathology that is very similar to what we observed

in the TgF344-AD rats (Allen et al., 2002; Xu et al., 2014).

We found that locus coeruleus neurons from P301S tau

mice had shorter neurites than neurons from control litter-

mates, indicating that aberrant tau is capable of damaging

locus coeruleus neurons. Future studies will be required to

identify the cellular mechanisms underlying tau-induced

locus coeruleus neurite dysmorphology, but we note that

hyperphosphorylated tau has reduced affinity for microtu-

bules, which can result in microtubule instability and nega-

tively impact outgrowth (Khan and Bloom, 2016).

Likewise, retinal cultures from P301S mice show reduced

axonal outgrowth in response to neurogenerative stimuli

compared to wild-type mice, suggesting outgrowth may

be affect by tau (Gasparini et al., 2011). No effect was

observed on locus coeruleus survival, and TgF344-AD

rats displayed no locus coeruleus cell body loss up to 16

months of age. These results are reminiscent of human

Alzheimer’s disease, where hyperphosphorylated tau per-

sists in locus coeruleus neurons for years before frank de-

generation occurs (Andres-Benito et al., 2017; Ehrenberg

et al., 2017). If aberrant tau is responsible for locus coer-

uleus neuron death in Alzheimer’s disease, its actions are

slow and/or require additional insults.

Forebrain neuroinflammation is a hallmark of many neu-

rodegenerative diseases; however, few studies have investi-

gated inflammation in the locus coeruleus (Heneka et al.,

2015). In rats, human tau increases the expression of in-

flammatory cytokines in the locus coeruleus, and chronic

administration of lipopolysaccharide increases microglial

infiltration and degeneration (Bardou et al., 2014; Mravec

et al., 2016). Pretangle tau, microglia and locus coeruleus

degeneration are found in patients with more advanced

Alzheimer’s disease, after Braak stage III (Andres-Benito

et al., 2017; Ehrenberg et al., 2017; Kelly et al., 2017).

We detected increased microglia in the locus coeruleus

region of 6-month-old TgF344-AD rats compared to

wild-type animals, a time that coincides with the appear-

ance of pretangle tau in the locus coeruleus and the begin-

ning signs of noradrenergic dysfunction in the

hippocampus. It is not clear whether the presence of hyper-

phosphorylated tau triggers the neuroinflammation, or

whether an initial inflammatory environment promotes

the aberrant tau accumulation. Unexpectedly, Iba-1 +

microglia decreased with age in the rat locus coeruleus,

regardless of genotype. While the exact cause for this

age-dependent drop is unknown, normal ageing reduces

microglia process length, resulting in reduced and non-uni-

form coverage within the cortex (Baron et al., 2014). Thus,

it is possible that the change in Iba-1 staining in the locus

coeruleus reflects decreased microglial process coverage. In

addition, there are regional differences in microglia density

and sensitivity to age-dependent changes throughout the

brain (Hart et al., 2012), which may explain the differences

between the hippocampus (Cohen et al., 2013), which

shows increases in Iba-1 staining with age, and locus coer-

uleus of the TgF344-AD rats. Stereologic and morphologic

analysis is necessary to further examine and characterize

microglia within the locus coeruleus. Nevertheless,

TgF344-AD rats display age-dependent histological and

neurochemical evidence of diminished locus coeruleus func-

tion that closely mimics the status of the locus coeruleus in
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mild cognitive impairment/early Alzheimer’s disease, pro-

viding an ideal platform to test noradrenergic therapies

that target the long clinical window that exists while the

locus coeruleus is impaired but before it is devastated.

Contextual and spatial learning are corrupted in

Alzheimer’s disease, and modulated by locus coeruleus ac-

tivity and norepinephrine transmission (Hagena et al.,

2016). Notably, spatial reversal learning depends on long

term depression within the hippocampus, and locus coeru-

leus electrical stimulation can induce long term depression

in the dentate gyrus (Hansen and Manahan-Vaughan,

2015b). We found that deficits in spatial reversal learning

were evident in TgF344-AD rats at 6 months and worsened

over time in concordance with locus coeruleus dysfunction.

By contrast, TgF344-AD rats showed only modest deficits

during acquisition training. Poor Morris water maze acqui-

sition is observed following manipulations that eliminate

locus coeruleus/norepinephrine function, while compara-

tively minor disruptions of locus coeruleus/norepinephrine

function have no effect on acquisition of this task but do

impair reversal learning (Heneka, 2006; Khakpour-

Taleghani et al., 2009; Jardanhazi-Kurutz et al., 2010;

Fentress et al., 2013; Hammerschmidt et al., 2013;

Kummer et al., 2014; Coradazzi et al., 2016). Factors be-

sides noradrenergic deficits may be contributing to cogni-

tive impairment in this model. amyloid-b deposition, tau

pathology, apoptotic neuron loss and gliosis are present

in the hippocampus of 16-month-old TgF344-AD animals,

and intra-hippocampal infusion of amyloid-b impairs rever-

sal learning but not acquisition in rats (Cohen et al., 2013;

Scuderi et al., 2014).

Previous studies have shown that locus coeruleus lesions

exacerbate cognitive deficits in APP transgenic mouse

models of Alzheimer’s disease, while enhancement of nor-

epinephrine transmission via increasing norepinephrine syn-

thesis or inhibiting reuptake can ameliorate these deficits

(Jardanhazi-Kurutz et al., 2010; Kalinin et al., 2012;

Hammerschmidt et al., 2013; Kummer et al., 2014; Totah

et al., 2015). Locus coeruleus stimulation or pharmaco-

logical increases in norepinephrine levels enhance perform-

ance in spatial learning and reversal learning in a spatial

set-shifting paradigm, respectively (Hansen and Manahan-

Vaughan, 2015a; Totah et al., 2015). We took a chemoge-

netic approach to determining whether locus coeruleus ac-

tivation could enhance cognition in our model, which has

several advantages. First, to our knowledge, the TgF344-AD

rat is the only model of Alzheimer’s disease that displays

endogenous tau pathology in the locus coeruleus and ac-

companying locus coeruleus dysfunction reminiscent of

mild cognitive impairment/early Alzheimer’s disease. This

is an important point, since any therapy directed at a clin-

ical population would, by definition, occur in the context of

impaired locus coeruleus function. Second, while conven-

tional pharmacological approaches (e.g. systemic adminis-

tration of a norepinephrine reuptake blocker or adrenergic

receptor agonist) alter all central and peripheral norepineph-

rine signalling and may produce unwanted cardiovascular

and other side effects, viral delivery of DREADDs allows

the specific manipulation of locus coeruleus-derived nor-

epinephrine transmission. We found that DREADD-induced

locus coeruleus activation restored normal reversal learning

in the Morris water maze in 16-month-old TgF344-AD rats.

Based on the importance of the hippocampus for reversal

learning and the noradrenergic deficits there in the TgF344-

AD rats, we suspect that increased norepinephrine transmis-

sion in this brain region was responsible for the improved

cognition. However, the locus coeruleus also sends broad

projections to the forebrain, so it is possible that alternative

circuits are mediating this effect, and future experiments

using site-specific infusions of CNO will be necessary to

delineate the critical neuroanatomical substrates.

Although DREADD-induced locus coeruleus activation

clearly improved reversal learning, it also increased latency

during early acquisition trials in the TgF344-AD rats.

Locus coeruleus neurons fire in two distinct modes: tonic

activity, which is associated with behavioural flexibility,

distractibility, and anxiety; and phasic activity, which is

associated with goal-directed behaviour and increased

task performance (Sara, 2009). The hM3Dq DREADD ap-

pears to selectively increase tonic locus coeruleus firing

(Vazey and Aston-Jones, 2014), which may improve rever-

sal learning via enhanced behavioural flexibility, but

slightly impair acquisition due to distractibility and anxiety

(McCall et al., 2015). Future experiments using optoge-

netics, which can drive either tonic or phasic locus coeru-

leus firing, will be useful for distinguishing these

possibilities. DREADD activation had no effect during ac-

quisition or reversal trials in wild-type rats, presumably

because these animals have intact locus coeruleus systems

that are already functioning optimally. Similarly,

DREADD-induced locus coeruleus activation restored

working memory in a transgenic mouse model of Down

syndrome that displays locus coeruleus degeneration, but

had no effect in wild-type controls (Fortress et al., 2015).

The present results suggest that locus coeruleus/norepin-

ephrine-based therapeutics may provide cognitive enhance-

ment in mild cognitive impairment/early Alzheimer’s disease.

Currently, there are several FDA-approved noradrenergic

drugs for treatment of other neurological/neuropsychiatric

disorders that are safe in the elderly, thus paving the way

for accelerated clinical implementation (Chalermpalanupap

et al., 2013). Of note, atomoxetine, a selective norepineph-

rine transporter inhibitor prescribed for attention deficit and

hyperactivity disorder, enhances norepinephrine transmis-

sion and cognitive performance in humans (Ince Tasdelen

et al., 2015). Although atomoxetine was an ineffective treat-

ment for individuals with mid- to late-stage Alzheimer’s dis-

ease (Mohs et al., 2009), it is likely that frank locus

coeruleus and hippocampus degeneration had already

occurred in these patients, robbing atomoxetine of viable

noradrenergic synapses to modulate. The drug is currently

in a phase II clinical trial for individuals with mild cognitive

impairment (NCT01522404). In addition, the synthetic nor-

epinephrine precursor L-3,4-dihydroxyphenylerine (L-DOPS;
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droxidopa) has been used as an adjunct therapy for

Parkinson’s disease, a disorder where locus coeruleus neuron

degeneration also occurs, and an atomoxetine + L-DOPS

cocktail rescued learning and memory deficits in the 5xFAD

transgenic mouse model (Kalinin et al., 2012; Hale et al.,

2017). Thus, droxidopa may also have medicinal potential

in Alzheimer’s disease.

Conclusion
As Alzheimer’s disease research turns towards earlier detec-

tion and intervention, it is critical to have accurate preclin-

ical models in order to probe disease mechanisms and test

the efficacy of novel therapeutics. The TgF344-AD rat

uniquely recapitulates many aspects of locus coeruleus dys-

function observed in early Alzheimer’s disease, especially

pertaining to pretangle tau accumulation, local neuroin-

flammation, and reductions in hippocampal noradrenergic

fibres and norepinephrine levels. Hyperphosphorylated tau

in the locus coeruleus is the first detectable Alzheimer’s

disease-like pathology in the brain, but locus coeruleus neu-

rons do not die until mid-stage disease, indicating that a

considerable window for intervention exists. Our finding

that DREADD-induced locus coeruleus activation rescues

cognitive deficits in TgF344-AD rats at a time when the

locus coeruleus is already compromised and other

Alzheimer’s disease-like neuropathology has infiltrated the

forebrain bodes well for locus coeruleus/norepinephrine-

based therapeutics.
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