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Cyclooxygenase inhibition targets neurons to
prevent early behavioural decline in
Alzheimer’s disease model mice

Nathaniel S. Woodling,"z’*’# Damien Colas,r”*’Jr Qian Wang,I Paras Minhas,"2

Mabharshi Panchal,' Xibin Liang,' Siddhita D. Mhatre,' Holden Brown,'** Novie Ko,’

Irene Zagol-lkapitte,® Marieke van der Hart,* Taline V. Khroyan,® Bayarsaikhan Chuluun,?
Prachi G. Pr'iyam,I Ginger L. Milne,6 Arash Rassoulpour,4 Olivier Boutaud,6

Amy B. Manning-Bog,” H. Craig Heller’ and Katrin I. Andreasson'

*These authors contributed equally to this work.

Identifying preventive targets for Alzheimer’s disease is a central challenge of modern medicine. Non-steroidal anti-inflammatory
drugs, which inhibit the cyclooxygenase enzymes COX-1 and COX-2, reduce the risk of developing Alzheimer’s disease in nor-
mal ageing populations. This preventive effect coincides with an extended preclinical phase that spans years to decades before
onset of cognitive decline. In the brain, COX-2 is induced in neurons in response to excitatory synaptic activity and in glial cells
in response to inflammation. To identify mechanisms underlying prevention of cognitive decline by anti-inflammatory drugs,
we first identified an early object memory deficit in APPg,,.-PS1 g mice that preceded previously identified spatial memory deficits
in this model. We modelled prevention of this memory deficit with ibuprofen, and found that ibuprofen prevented memory
impairment without producing any measurable changes in amyloid-f accumulation or glial inflammation. Instead, ibuprofen
modulated hippocampal gene expression in pathways involved in neuronal plasticity and increased levels of norepinephrine
and dopamine. The gene most highly downregulated by ibuprofen was neuronal tryptophan 2,3-dioxygenase (Tdo2),
which encodes an enzyme that metabolizes tryptophan to kynurenine. TDO2 expression was increased by neuronal COX-2
activity, and overexpression of hippocampal TDO2 produced behavioural deficits. Moreover, pharmacological TDO2 inhib-
ition prevented behavioural deficits in APPgy.-PS1 g0 mice. Taken together, these data demonstrate broad effects of
cyclooxygenase inhibition on multiple neuronal pathways that counteract the neurotoxic effects of early accumulating amyloid-
B oligomers.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) represent
one of the most widely used classes of medications, and
are prescribed as analgesics and antipyretics. Included in
the NSAID class are aspirin and commonly used non-aspirin
NSAIDs such as ibuprofen, indomethacin, and naproxen.
The primary mechanism of action of NSAIDs is the inhib-
ition of the cyclooxygenase enzymes COX-1 and COX-2
that catalyze the first committed step in the synthesis of
prostaglandins and thromboxane. These eicosanoids regulate
a multitude of physiological processes, including inflamma-
tion, tissue repair, haematopoiesis, vascular and bronchiolar
tone, renal function, parturition, sleep, and fever.

Epidemiological studies have demonstrated that
NSAIDs prevent development of common age-associated
diseases, notably cancer (reviewed in Ulrich et al., 2006)
and Alzheimer’s disease (in t> Veld et al., 2001; Vlad
et al., 2008; Breitner et al., 2011). Moreover, aspirin,
which selectively targets COX-1 and thromboxane in
platelets, is a cornerstone of secondary prevention of car-
diovascular and cerebrovascular disease. Preventive ef-
fects against risk of developing Alzheimer’s disease have
been observed in cognitively normal ageing subjects only,
suggesting that the COX-1/COX-2 pathway has patho-
genic relevance at preclinical stages of Alzheimer’s dis-
ease  development.  Consistent  with  this, the
prostaglandin PGE, is selectively increased in CSF at
the onset of Alzheimer’s disease symptoms, but subse-
quently declines (Montine et al., 1999; Combrinck
et al., 2006). Given that the prevalence of Alzheimer’s
disease doubles every 5 years after the age of 65 and is
expected to triple by 2050 (Hebert et al., 2003), under-
standing the mechanisms by which NSAIDs reduce the
risk of developing Alzheimer’s may offer
important insights into novel preventive strategies.
Moreover, recent neuropathological studies demonstrate
that preclinical development of Alzheimer’s disease spans
years to decades (Braak et al., 2011), offering a broad
window of opportunity in which to intervene therapeut-
ically. Current therapies targeting early mild cognitive
impairment and Alzheimer’s disease do not slow disease
progression and therefore are not disease-modifying, po-
tentially because the loss of neurons and circuitry is al-
ready advanced by the time initial cognitive decline
presents.

disease

Recent advances in MRI of subjects with early cognitive
decline indicate that accumulating amyloid-B peptide
assemblies correlate with abnormal hippocampal neuronal
activity (O’Brien et al., 2010; Bakker et al., 2012). It is well
established that soluble amyloid-B peptide oligomers induce
synaptic dysfunction and injury in model systems (Palop
and Mucke, 2010; Bakker et al., 2012). Additional MRI
studies in Alzheimer’s disease indicate that functionally
connected groups of neurons will degenerate together
(Seeley et al., 2009). Thus preventive strategies that target
neuronal function and protect against amyloid-p oligomer
neurotoxicity may be preventive in Alzheimer’s disease, as
they may delay early hippocampal dysfunction and slow
the spread of injury to functionally connected networks.

Coincidentally, the inducible COX-2 isoform of cycloox-
ygenase is expressed under basal conditions in neurons of
the hippocampal tri-synaptic loop, notably in layers I/ of
entorhinal cortex, the dentate granule cell layer, and CA3-
CA1 neurons (Yamagata et al., 1993; Kaufmann, 1996),
areas that overlap with early sites of pathology in
Alzheimer’s disease (Braak and Braak, 1995; Braak et al.,
2011). In addition, COX-2 is a neuronal immediate early
gene and is highly induced in hippocampus in response to
NMDA-dependent synaptic activity (Yamagata et al., 1993).
PGE, generated by COX-2 regulates hippocampal long-term
potentiation (LTP) under basal conditions (Chen et al.,
2002), and pathological induction of COX-2 activity signifi-
cantly disrupts hippocampal synaptic function (Yang et al.,
2008). In ageing mice, neuronal COX-2 overexpression ac-
celerates age-dependent spatial memory deficits (Andreasson
et al, 2001), a phenotype strongly reminiscent of
Alzheimer’s disease. These findings lead to the hypothesis
that dysregulated neuronal COX-2 activity may disrupt
normal neuronal function, leading to cognitive deficits. In
support of this, COX-2-generated PGE, synergizes with sol-
uble amyloid-B4, oligomers to disrupt hippocampal LTP
(Kotilinek et al., 2008), and increased COX-2 activity wor-
sens memory deficits in APPgy.-PS1Apo (APP-PS1) mice
(Melnikova et al., 2006). Taken together, these findings sug-
gest that neuronal COX-2 may contribute to dysfunction in
the setting of accumulating soluble amyloid-B4, assemblies, a
stage coincident with the timing of NSAID prevention. In
this study, we hypothesized that neuronal COX-2, in add-
ition to or instead of glial inflammatory COX-2, may be an
early target of NSAIDs in preventing onset of cognitive def-
icits in Alzheimer’s disease model mice.
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Materials and methods

Animals

This study was conducted in accordance with NIH guidelines,
and protocols were approved by the Institutional Animal Care
and Use Committee at Stanford University. All mice were
housed in an environment controlled for lighting (12 h light/
dark cycle), temperature, and humidity, with food and water
available ad libitum. APP-PS1gye-PS1Ags (APP-PS1) mice were
originally provided by Dr David Borchelt (Jankowsky et al.,
2001) (Johns Hopkins University, Baltimore, MD) and are
fully backcrossed to a C57BL/6] background. COX-2 trans-
genic mice (Andreasson et al., 2001) are on a C57BL/6 ] back-
ground. Male mice were used for all studies.

Materials

Ibuprofen was purchased from Sigma. PGE, was purchased
from Cayman Chemical. SC-236 (COX-2 inhibitor) was pur-
chased from Tocris Bioscience. Amyloid-B4, was obtained
from rPeptide. To prepare amyloid-B4, in oligomeric form,
HFIP-prepared amyloid-B4, was resuspended in dimethyl
sulphoxide (DMSO; 0.1 mg in 10 ul) followed by 1:10 dilution
in Ham’s F12 culture medium (Mediatech) at 4°C for 24h
before use. This stock solution of 222 puM (molarity based
on original amyloid-B4, monomer concentration) was then
diluted for cell treatment experiments. Other chemicals were
purchased from Sigma unless otherwise noted.

Experimental design for ibuprofen
and 680C91 treatments

APP-PS1 mice and their wild-type littermates were randomly
assigned to treatment groups by alternating the assignment of
their cages to groups. Mouse chow containing ibuprofen
(375 ppm) was formulated in ProLab RMH 3000 rodent
chow by TestDiet (Purina Feed). Mice received ibuprofen-
containing chow or the identical chow formulation without
ibuprofen (control) ad libitum as described in each experiment.
680C91 (Sigma) was made up as a stock solution in DMSO,
diluted in water, and administered by oral gavage at 7.5 mg/
kg/day 6 days per week for 1 month.

Novel object recognition

The novel object recognition (NOR) task is based on the abil-
ity of mice to show preference for novel objects versus familiar
objects when allowed to explore freely (Dere et al., 2007). The
NOR task was performed during the light cycle for mice prior
to ibuprofen treatment and at the endpoint of the studies as
described (Salih et al., 2012). Mice were individually habitu-
ated to an open arena (50cm x 50cm, dim light, 24°C) for
10 min on two consecutive days. On the third day, during the
training session, two identical objects were placed into the
arena and the animals were allowed to explore for 10 min.
During the recognition sessions, after a delay of 1h or 24h,
the animals were placed back into the same arena in which
one of the objects used during training was replaced by a novel
object of similar dimensions but with a different shape/colour.
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The mice were allowed to explore freely for 10 min. Digital
video tracking (using an infrared camera and vplsi™
Viewpoint software) of body movements and nose position
was used to quantify the locomotor activity and the explora-
tory activity around the objects (2-cm zone around the ob-
jects). Exploration behaviour was assessed by establishing the
discrimination index (DI, as a percentage), i.e. the ratio of the
time spent exploring the novel object over the time spent
exploring the two objects. A DI of ~50% is therefore charac-
teristic of training; significantly increased DI is characteristic of
recognition. To evaluate memory, comparisons were made for
each genotype/treatment group between the retrieval sessions
(1h or 24h) and the training sessions (0h). Behavioural ex-
periments were performed by experimenters blinded to the
genotypes and treatment of mice.

EEG

Cortical activity was measured by EEG obtained from a single
bipolar epidural derivation. EEG procedures were adapted
from previous studies (Siemen et al., 2011). Surgical prepar-
ations occurred under deep anaesthesia achieved by a xylazine/
ketamine mix (10 and 3 mg/kg respectively, intraperitoneally)
in 2-month-old mice. EEG electrodes consisted of golden-
plated micro-screws (0.6-mm diameter) implanted transcra-
nialy on the dura (1 mm lateral to bregma, and + 1 mm frontal
or —2mm posterior to bregma). Mice were allowed 2 to 3
weeks recovery prior the beginning of the treatment. EEGs
were recorded in 6-month-old animals 1 week after the end
of the behavioural testing while still under treatments. Mice
were habituated to the recording apparatus (EMBLA™) for
24h and EEGs were recorded in baseline conditions for 6 h.
Mice were housed in individual cages, with light/dark sched-
ule of 12h/12h, food and water ad libitum, at 24°C.
EEG signals were amplified, filtered, and analogue-
to-digital converted at 2000 Hz, subsequently down-sampled
and stored at 200Hz using Somnologica™ software.
Epileptiform events were found in the EEGs of APP-PS1
mice in the form of periodic non-tonic-clonic high amplitude
discharges of <2 ms that can be described as spikes. Spiking
activity (number and duration of events) was quantified over
6 h by visual inspection of EEG recordings by an experimenter
blind to treatments.

y-Ketoaldehyde adduct quantification

Posterior cortex samples were processed and analysed by
liquid-chromatography electrospray-ionization — multi-stage
mass spectrometry (LC-ESI/MS/MS) as previously described
(Boutaud et al., 2005).

Measurement of prostaglandin E2,
6-keto PGFla and PGF2a

PGE, was measured using the R&D Systems Prostaglandin E2
Parameter Assay Kit as detailed in the manufacturer’s instruc-
tions. Each mouse hippocampus was homogenized in 500 ul
of 0.1 M Tris-HCI (pH 7.5) supplemented with indomethacin
at a final concentration of 10 pg/ml. Hippocampi were homo-
genized and centrifuged at 10 000g for 15 mins at 4°C. Clear
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supernatants were further diluted 1:8 in the reaction buffer for
the assay.

For measurement of 6-keto PGFla and PGF2aq, brain sam-
ples were processed and analysed by GC/MS as previously
described (Hoggatt et al., 2013).

Immunostaining, amyloid plaque
quantification, and western blot

Quantification of inflammation and amyloid in free-floating
40 pm sections was carried out using anti-Ibal (1:500;
Wako), anti-CD68 (1:1000; AbD Serotec), or 6E10
(1:1000; Covance) antibodies and corresponding secondary
fluorescent antibodies as previously described (Johansson
et al., 2015). Quantification of dense-core plaques using
Congo Red (Sigma) and 6E10 was performed as previously
described (Liang et al., 2005). For quantification of Ibal
and CD68, every 12th section (40um sections, six per
mouse) through the posterior brain was stained and
imaged. Images were captured from the perirhinal/entorh-
inal cortex area and quantified for the area above threshold
using Volocity 5.1 software (PerkinElmer). For immunobhis-
tochemistry for TDO2, staining was performed using rabbit
anti-human TDO2 antibody (1:100, Novus Biologicals, cat#
NBP2-13424 lot# A91825) and secondary donkey anti-
rabbit CyS5 (1:1000, Jackson Laboratory). Images were
acquired using the z-stack and the tiling function on a
Leica DMS5500 Q  confocal microscope  (Leica
Microsystems). Quantitative western blotting was carried
out as previously described (Johansson et al., 2015) for
TDO?2 using mouse anti-human TDO2 polyclonal (1:1000,
Novus Biologicals, cat# H00006999-BO1P lot# 12150) and
secondary goat anti-mouse HRP-conjugated polyclonal
(1:10 000, Dako). Mouse anti-B-actin (1:10 000, Sigma)
was used for internal loading control. Densitometry quanti-
fication was carried out using Image] (NIH). Staining for
human COX-2 was performed as previously described
(Andreasson et al., 2001).

HPLC for kynurenine and tryptophan

Hippocampal samples were placed in 1 ml ice-cold 0.1 M per-
chloric acid/10 uM ascorbate, sonicated at 12Hz and centri-
fuged at 15000g for 12min. The pellet was dried,
reconstituted in 0.5 N NaOH and used for total protein deter-
mination using the Lowry method. The supernatant fraction
was collected for assay of kynurenine, and tryptophan by high
performance liquid chromatography (HPLC) with electrochem-
(Coulochem 1II detector; Dionex/Thermo
Scientific) adapted from previous studies (Maneglier er al.,
2004; O’Connor et al., 2009). Briefly, separation of trypto-
phan and kynurenine was obtained with a C-18 RP column
(Perkin Elmer Brownlee; 250 x 4.6 mm, 5pum) and a mobile
phase containing 75 mM sodium phosphate, 25 uM EDTA,
TEA, and 6% acetonitrile. A flow rate of 0.9 ml/min was
used and samples were injected at a volume of 50 ul with elu-
tion times of 6.9 and 11.1 min for kynurenine and tryptophan,
respectively.

ical detection
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HPLC-MS/MS analysis of
nheurotransmitter levels

Concentrations of dopamine, norepinephrine, serotonin (5-
HT), and 5-hydroxyindoleacetic acid (5-HIAA), glutamate,
and GABA in mouse hippocampi were quantified using an
integrated HPLC-MS/MS system. Hippocampi were homoge-
nized in SM ice cold perchloric acid in a ratio of one part
tissue to four parts perchloric acid. Tissue was disrupted using
direct ultrasonification (Misonix 3000, Misonix Inc.). The
homogenates were spun down and supernatant was collected
for further dilution prior to sample analysis.

Amyloid-p enzyme-linked
immunosorbent assay

RIPA soluble extracts were isolated by homogenization of
cortex tissue in RIPA buffer (150mM NaCl, 50 mM Tris-
HCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
SmM EDTA, 1mM EGTA, 1mM sodium orthovanadate,
and Complete Protease Inhibitor Cocktail from Roche) and
centrifugation at 100000g to isolate the soluble fraction.
Because conventional enzyme-linked immunosorbent assay
(ELISA) techniques were unable to detect amyloid-B4, or amyl-
oid-B4g levels in this fraction at this early age, we performed
electrochemiluminescence ELISA using a Meso Scale detector
and the anti-amyloid-p capture antibody 21D12 with the de-
tection antibody 3D6 (kindly provided by Tony Wyss-Coray,
Stanford University, Palo Alto, CA). Levels of total amyloid-
B40 and amyloid-B4, peptides were measured by ELISA from
cortical guanidine extracts as previously described (Liang
et al., 2005) using mouse monoclonal antibody 6E10 as a
capture antibody and biotinylated mouse monoclonal antibo-
dies 12F4 (amyloid-B4>) and B10 (amyloid-B4o) as detection
antibodies (antibodies from Covance).

Microarray

RNA from hippocampal samples was isolated using TRIzol®
(Life Technologies) followed by RNeasy® Mini Kit (Qiagen).
RNA samples from five mice per group were analysed. RNA
quality was assessed using a BioAnalyzer (Agilent) and deter-
mined to be sufficient for microarray analysis (RNA integrity
number > 8.5 for all samples). cDNA synthesis, labelling, hy-
bridization, and scanning were performed by the Stanford
Protein and Nucleic Acid (PAN) Facility using GeneChip
Mouse Gene 1.0 ST arrays (Affymetrix). Microarray data
were statistically analysed using Partek software (Partek, St.
Louis, MO) to generate the list of differentially expressed
genes. Raw data are deposited in the Gene Accession
Omnibus (accession number GSE67306).

Primary hippocampal neuronal
culture

Hippocampi were dissected from embryonic Day 17.5 rat em-
bryos, dissociated using trypsin (2mg/ml) and DNase I
(0.6 mg/ml), and plated at a density of 750000 cells per well
in 12-well plates coated with poly-L-lysine. Neurons were
maintained in Neurobasal® medium, B27 (Invitrogen),
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and penicillin—streptomycin (Invitrogen) at 37°C in a humidi-
fied atmosphere containing 5% CO,. Media was refreshed
twice weekly by replacing half the media with fresh media.
After 12-14 days in vitro, cells were stimulated and RNA
was isolated using TRIzol® reagent (Life Technologies).

Quantitative real-time polymerase
chain reaction

RNA isolation, cDNA production and quantitative PCR was
performed as described previously (Shi et al., 2012) using the
standard curve method (in vivo studies) or AACT method
(in wvitro studies) and normalizing to GAPDH or 18S.
Primers (synthesized by Integrated DNA Technologies, and
Thermofisher) are listed in Supplementary Table 1.

LC-MS/MS analysis of kynurenine,
3-hydroxykynurenine, and anthranilic
acid

Brain samples were processed and analysed by LC-MS/MS
using an API 5500 QTRAP detector, run in MRM mode,
and a Turbo Ion Spray interface (AB Sciex). The method is
adapted from the previously described method (Toledo-
Sherman et al., 2015). In brief, brain samples were homoge-
nized in 0.5 M perchloric acid in a ratio of one part brain to
four parts perchloric acid (w/v) using a sonicator (Misonix
3000). Supernatant was collected and put onto the HPLC
column using an automated sample injector (CTC-PAL with
dynamic load and wash function, CTC-analytics AG).
Chromatographic separation was performed on an Atlantis-
T3 analytical column (2.1 x 1500 mm, particle size 3 um,
Waters) coupled to a 1290 infinity binary HPLC pump
(Agilent) using a linear gradient of acetonitrile in water con-
taining 0.1% formic acid. For each respective analyte a deut-
erated version was used as internal standard. Data were
calibrated and quantified using the ratio of the area of the
analyte over SIL (stable isotopically labelled) internal standard
using the Analyst data system (ABsciex, version 1.5.2).

Generation of AAYV and stereotactic
hippocampal injections

Maps of plasmids are shown in Supplementary Fig. 7.
Oligonucleotides encoding P2A containing BsrGI/BglIl ends
(and Afel sites internally) were ligated into pAAV CMV
mCherry cut with BsrGI/BglIl. The Scal/Psil restriction frag-
ment encoding mouse Tdo2 (mTDO2) coding region from
pCMV6 Kan/Neo mTDO2 was cloned into pAAV CMV
mCherry-P2A cut with Afel. Clones with inserts in the correct
orientation were screened by PCR using a forward primer in
mCherry and a reverse primer in mTDO2. Sequencing was
carried out for the mCherry ends, P2A and mTDO2. AAV-
DJ CMV mCherry and AAV-D] CMV mCherry-P2A-mTDO2
were generated, purified by iodixanol gradient and concen-
trated by ultrafiltration by the Stanford Neuroscience Gene
Vector and Virus Core at titres of 6.1 x 108TU/ml and
3.8 x 10°IU/ml, respectively. Stereotactic injections were
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performed in anaesthetized mice, and virus was injected at a
rate of 250-500 nl of virus at 120 nl/min in dentate gyrus and
in CA1 bilaterally, as described (Xu et al., 2012).

Statistical analysis

Data are expressed as mean =+ standard error of the mean
(SEM). Statistical comparisons were made in GraphPad
Prism software (San Diego, CA) using Student’s #-test (for
two groups meeting normal distribution criteria by Shapiro-
Wilk normality test), Mann-Whitney U-test (for two groups
not meeting normal distribution criteria), or ANOVA with
Bonferroni or Tukey multiple comparison tests (for groups
across variables, with multiple comparisons between groups).
Data were subjected to Grubbs’ test to identify the presence or
absence of outlier data points for exclusion from analysis. For
all tests, P < 0.05 was considered significant.

Results

Amyloid-B4, oligomers increase
expression of neuronal COX-2

In glia, inflammatory COX-2 is induced by amyloid-B4,
oligomers as part of a feed-forward loop in which PGE,,
a major prostaglandin product of COX, signals through its
EP2 and EP3 receptors to further induce PTGS2 (COX-2)
transcription (Shi et al., 2012; Johansson, 2013; Johansson
et al., 2015). While hippocampal neurons express COX-2
under basal conditions, it remains unknown whether sol-
uble amyloid-B4, oligomers elevate neuronal COX-2 levels
and initiate a similar feed-forward loop. To test whether
neuronal COX-2 could be a target of amyloid-B4,, we first
examined primary hippocampal neurons in vitro. We found
that treatment with amyloid-B4, oligomers increased neur-
onal PTGS2/COX-2 mRNA expression in a dose-depend-
ent manner (Fig. 1A). Moreover, treatment with a specific
COX-2 inhibitor, SC-236 (100 nM), completely prevented
the effect of amyloid-B4, oligomer treatment on PTGS2/
COX-2 mRNA levels (Fig. 1B and C). Similarly, treatment
with the NSAID ibuprofen (10 pM) prevented the effect of
amyloid-B4;, oligomer treatment on PTGS2/COX-2 mRNA
levels (Supplementary Fig. 1). Taken together, these data
indicate that elevated neuronal COX-2 expression is de-
pendent on COX activity itself, pointing to neuronal
COX-2 activity as a potential target for NSAIDs in the
context of accumulating amyloid-B4, peptide species in
Alzheimer’s disease.

Memory deficits precede measurable
oxidative stress and amyloid-p plaque
deposition in APP-PS| mice

We next examined a time course of phenotypes in the
APPgy-PS1 g9 (APP-PS1) mouse transgenic line (Jankowsky
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Figure | Amyloid-f oligomers induce COX-2 expression in hippocampal neurons in a COX-2 dependent manner. Primary rat
hippocampal neurons were stimulated with amyloid-B.4, oligomers and/or SC-236 for 8 h and expression was assayed by quantitative PCR. (A) COX-
2 mRNA is induced by amyloid-f., oligomers in a dose dependent manner ("P < 0.01 by Tukey’s multiple comparison; n = 8 independent samples per
group). (B) Co-treatment with the COX-2 inhibitor SC-236 (100 nM) prevents amyloid-f4, oligomer (I uM) induced increase in COX-2 expression
("™P < 0.0001 versus control vehicle, P < 0.01 versus amyloid-p vehicle by Bonferroni multiple comparison; n = 8 independent samples per

group). (C) SC-236 (100 nM) prevents amyloid-B4, oligomer (5 1tM) induced increase in COX-2 expression (

P < 0.0001 versus control vehicle,

##p 0,001 versus amyloid-B vehicle by Bonferroni multiple comparison; n = 8 independent samples per group).

et al., 2001) to identify early deficits due to soluble amyloid-
B4 peptide accumulation. We identified a deficit in 24-h
NOR task at 4 months, an age that precedes measurable
amyloid plaque deposition and changes in oxidative stress
(Fig. 2A-C). Notably, this NOR deficit preceded reported
changes in spatial and working memory, which remain
normal in APPg-PS1,ge mice until after 9 months of age
(Savonenko et al, 2005; Melnikova et al, 2006;
Minkeviciene et al., 2008), making this one of the earliest
memory deficits yet identified in APP-PST mice. NOR is a
memory task that relies on the innate preference of mice to
spend more time with a novel rather than a familiar object,
and requires intact function of multiple brain areas including
hippocampal and adjacent perirhinal cortical regions (Dere
et al., 2007). The NOR deficit in APP-PS1 mice was specific
for long-term memory consolidation, as APP-PST mice
showed normal acquisition of object memory with a 1-h
delay between training and testing (Supplementary Fig. 2).
Oxidative stress was measured using a sensitive assay for
highly reactive y-ketoaldehydes that form permanent covalent
adducts with lysines and reflect cumulative oxidative injury to
proteins (Roberts et al, 1999; Salomon, 2005). In the
Alzheimer’s disease brain, levels of y-ketoaldehydes correlate
positively with increasing Alzheimer’s disease pathology, as
measured by Braak stage and neuritic plaque CERAD score
(Zagol-Ikapitte et al., 2005). Increased levels of y-ketoalde-
hyde adducts as well as Congo Red-positive plaques were first
detectable at 5 months in the APP-PS1 line (Fig. 2A and B),
after the onset of NOR deficits. This indicates that early NOR
deficits occur before measurable changes in oxidative stress
and amyloid plaque deposition, and may be reflective of ab-
normal neuronal function from accumulating soluble amyl-
0id-B4, oligomers derived from the human mutant APP
transgene in this model (Jankowsky et al, 2001; Mucke
and Selkoe, 2012).

COX inhibition by ibuprofen prevents
memory decline in APP-PS| mice

To test whether the earliest memory deficits in APP-PS1
mice were dependent on COX activity, we administered
the NSAID ibuprofen (375 ppm in chow) beginning at 3
months of age and assayed NOR at 6 months. Ibuprofen
prevented deficits in the 24-h NOR task in APP-PS1 mice
without changing the performance of wild-type littermates
(Fig. 2D). In addition, ibuprofen reduced abnormal levels
of high-speed locomotor activity seen in APP-PST mice
during the NOR task (Fig. 2E). Importantly, despite this
change in high-speed locomotor activity, neither APP-PS1
genotype nor ibuprofen treatment affected the total time
spent exploring the objects (Fig. 2F). We then investigated
whether ibuprofen altered other neuronal phenotypes in
APP-PS1 mice. Recent studies demonstrate epileptiform dis-
charges on EEG at young ages in mutant APP models, sug-
gesting that early amyloid-B4, peptide assemblies can
promote network dysfunction (Palop et al., 2007;
Minkeviciene et al., 2009; Palop and Mucke, 2010).
However, we observed no effect of ibuprofen on epilepti-
form EEG patterns in APP-PS1 mice (Fig. 2G and H).

To confirm that ibuprofen’s prevention of NOR deficits
was associated with COX inhibition in the brain, we mea-
sured hippocampal levels of PGE,, which we found were
elevated in APP-PS1 hippocampus and reduced to wild-type
levels by 3 months of ibuprofen treatment (Fig. 2I). In add-
ition, we measured levels of the prostanoids 6-keto PGFla
and PGF2«a and found a significant reduction with ibupro-
fen treatment in APP-PS1 mice (Supplementary Fig. 3).
Because of the established association between COX activ-
ity and the glial inflammatory response, we also examined
markers of glial inflammation in ibuprofen-treated wild-
type and APP-PS1 mice. To our surprise, we found few
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Figure 2 Behavioural deficits precede increases in oxidative stress and amyloid-p plaque deposition in APP-PS| mice and are
prevented by ibuprofen. (A) y-Ketoaldehydes (y-KAs) are highly reactive products of lipid peroxidation that form permanent adducts on
proteins; levels of lysine y-KA-adducts reflect cumulative oxidative injury to proteins. B-lactam lysyl-adducts were quantified by LC-ESI/MS/MS and
increase in posterior cortex samples after 4 months of age (red arrow; n = 9—14 mice/group; ANOVA effects of genotype and age, P < 0.01;
" P < 0.001 by Bonferroni multiple comparison). (B) Quantification of hippocampal area covered by Congo Red indicates that amyloid plaque
deposition begins after 4 months of age (red arrow; n = 5—14 mice per group; ANOVA P < 0.0001; ““P < 0.001 by Bonferroni multiple com-
parison). Images show Congo Red staining in the dentate gyrus (DG, dotted line), where multiple plaques are first seen at 6 months of age.
Scale bar = 100 pm. (C) APP-PS| mice show object discrimination in the 24-h NOR task at 3 months, but are impaired at 4 months (red arrow;
n =7-13 mice/group; P <0.01; P <0.05 by paired t-test to identify significant object memory versus 0 h discrimination). (D) Ibuprofen
administration beginning at 3 months of age prevents NOR deficits at 24 h in APP-PS| mice (n = 8—10 mice/group treated with either vehicle or
ibuprofen from 3-6 months; "P < 0.01; P < 0.05 by paired t-test versus 0 h discrimination). (E) Ibuprofen prevents high-speed locomotor activity
during NOR testing in APP-PS| mice (time with speed > 25 m/min; “P <00l by Bonferroni multiple comparison). (F) Total object exploration
time is not changed in ibuprofen-treated mice in the 24-h NOR task. (G) EEG recordings demonstrate cortical epileptiform activity in the form of
brief high-intensity discharges, or spikes (red arrow), in 6 month APP-PS| mice. (H) Quantification of spike frequency and duration demonstrates
no effect of ibuprofen treatment in APP-PS| mice (n = 7-9 mice/group; P-values from Mann-Whitney U-tests). (I) Levels of COX-derived PGE, are
increased in hippocampus of APP-PS| mice and reduced by treatment with ibuprofen for 3 months (n = 5-20 mice per group aged 6-8 months;
“P < 0.05 versus wild-type vehicle by Bonferroni multiple comparison).



2070 | BRAIN 2016: 139; 2063-2081

inflammatory markers elevated in the brains of 6-month-
old APP-PS1 mice; of those that were elevated, none were
reduced by ibuprofen treatment (Supplementary Fig. 4).
Taken together, these data suggested that inhibition of
COX activity by ibuprofen prevented early NOR deficits
without measurable changes in epileptiform activity or
glial inflammatory responses.

Ibuprofen alters the expression of
genes in neuronal plasticity pathways

Given that we observed no change in neuro-inflammation
in ibuprofen-treated APP-PS1 mice, nor major changes in
inflammatory markers between wild-type and APP-PS1
mice, we turned to an unbiased approach to identify mech-
anisms of NSAID prevention of memory loss. We per-
formed genome-wide microarray analysis on hippocampal
RNA from APP-PS1 and wild-type male littermates treated
with vehicle or ibuprofen from 3 to 6 months of age.
Consistent with the lack of inflammatory changes we
found previously (Supplementary Fig. 4), we found that
canonical cytokines and chemokines were unchanged by
ibuprofen (none with fold-change >1.3), and few were ele-
vated in APP-PS1 mice at this age, with only Ccl3 showing
a  fold-change >1.3 in  APP-PS1  hippocampus
(Supplementary Table 2). To widen our analysis, we next
performed functional annotation of all hippocampal tran-
scripts that were differentially regulated (P < 0.05; no pre-
determined fold-change). DAVID analysis (Database for
Annotation, Visualization and Integrated Discovery, v6.7,
NIH) revealed KEGG pathways significantly enriched in
each pair-wise comparison among wild-type + vehicle,
wild-type + ibuprofen, ~ APP-PS1 + vehicle, and  APP-
PS1 + ibuprofen groups. In the APP-PS1 + vehicle versus
wild-type + vehicle  comparison, enriched pathways
included lysosomal function and RNA degradation
(Fig. 3A), but notably lacked inflammatory pathways, con-
firming our earlier data suggesting a limited inflammatory
response at this age (Supplementary Fig. 4). Interestingly,
analysis of the APP-PS1 + ibuprofen versus APP-
PS1 + vehicle groups, as well as the wild-type + ibuprofen
versus wild-type + vehicle groups, revealed distinct and
non-overlapping pathways involved in neuronal plasticity,
notably LTP and long-term depression (LTD) (Fig. 3B and
C). Taken together, these data indicate that at early stages
in APP-PS1 mice, ibuprofen elicited changes in the tran-
scription of genes involved in neuronal function.

Neuronal gene expression and
neurotransmitter levels are
altered by ibuprofen

We next examined the list of differentially expressed genes
in the APP-PS1 + ibuprofen versus APP-PS1-vehicle com-
parison (P < 0.05, fold-change > 1.5; Fig. 4A). Among
these genes, we noted an abundance of neuronal genes,
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including the most strongly downregulated gene, trypto-
phan 2,3-dioxygenase (Tdo2, decreased by 2.5-fold,
P =0.0010), and the most strongly upregulated gene,
Preproenkephalin ~ (Penk, increased by  1.68-fold,
P =0.0002). In a larger cohort of mice, we confirmed by
quantitative PCR that both of these genes were similarly
regulated by ibuprofen in APP-PS1 mice (Fig. 4B). Other
genes regulated by ibuprofen in APP-PS1 mice included the
dopamine D1 receptor (Drdla), which was increased by
1.37-fold (P < 0.01). Accordingly, we then assessed hippo-
campal neurotransmitter levels by HPLC-MS/MS. Among
the neurotransmitters assessed (dopamine, norepinephrine,
glutamate, GABA, and serotonin), norepinephrine was
most strongly decreased at 6 months in the APP-PS1 geno-
type, and ibuprofen significantly rescued norepinephrine to-
wards wild-type levels (Fig. 4C). Ibuprofen increased
dopamine levels in both wild-type and APP-PS1 mice,
with no effect of genotype (Fig. 4D). We observed smaller
changes in hippocampal glutamate levels, with a significant
interaction between genotype and ibuprofen treatment
(Fig. 4E). Finally, we observed no effects of genotype or
ibuprofen on levels of GABA, serotonin, or the serotonin
degradation product S5-HIAA (Supplementary Fig. 3).
Taken together, these data indicated that ibuprofen exerted
broad effects on both neuronal gene expression and neuro-
transmitter levels in hippocampus. Moreover, these findings
identified novel neuronal pathways as mediators of ibupro-
fen’s protective effect on behaviour in APP-PS1 mice.

Tdo2 is a neuronal target of ibuprofen
in the hippocampus

Among the genes and neurotransmitters we identified, sev-
eral have already been extensively studied in other
Alzheimer’s disease models. hAPPgsp transgenic mice
show elevated Penk mRNA by 2-3 months, and enkephalin
levels correlate with marked spatial memory deficits as
early as 3-5 months in this model (Meilandt et al.,
2008). Pharmacological inhibition of p-opioid receptors
rescues spatial memory deficits at 9-10 months in this
model (Meilandt et al., 2008), indicating that elevated
Penk mRNA levels are actually likely to be detrimental.
Given these previous studies, we did not further pursue
PENK as a potential protective mechanism for ibuprofen
in APP-PS1 mice. In addition, an extensive literature de-
scribes impaired monoaminergic transmission as a potential
therapeutic target in Alzheimer’s disease (reviewed in Trillo
et al., 2013). Because less is known about the role of
Tdo2, the most strongly regulated gene in our APP-
PS1 + ibuprofen versus APP-PS1 + vehicle comparison
(Fig. 4B), we investigated its role in our model. Tdo2 en-
codes an enzyme that catalyzes the rate-limiting step in the
metabolism of tryptophan to kynurenine. Kynurenine is the
substrate for the kynurenine pathway (Fig. 5A), whose
downstream products have been linked to neurodegenera-
tion in models of Huntington’s disease and Alzheimer’s
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Figure 3 Ibuprofen regulates expression of neuronal genes associated with LTP and LTD neuronal plasticity pathways.
Hippocampi from wild-type and APP-PS| mice treated with either vehicle or ibuprofen from 3—6 months of age were examined by microarray
analysis. (A) KEGG pathway analysis for significantly regulated genes (P < 0.05) is shown for each comparison. KEGG pathways for the wild-type
vehicle versus APP-PS vehicle comparison shows enrichment of biological pathways involved in lysosome function, protein and RNA degradation,
and translation. Ibuprofen treatment selectively enriches for KEGG pathways involved in synaptic plasticity in both APP-PS and wild-type mice
(highlighted in red). Comparison between wild-type ibuprofen and APP-PS ibuprofen shows additional neuronal enrichment for axon guidance and
neurotrophin signaling pathways. (B and C) Hierarchical clustering was performed on KEGG pathway neuronal genes that are regulated by
ibuprofen in wild-type and APP-PS| mice. (B) In wild-type hippocampus, ibuprofen induces an overall increase in gene expression of LTP genes.
(C) In APP-PS| hippocampus, ibuprofen induces a converse suppression of plasticity genes involved in both LTP and LTD. Shown in bold italics are
genes shared in the LTP KEGG pathways in wild-type and APP-PS| mice. wt = wild-type.

disease (Zwilling et al., 2011; Schwarcz et al., 2012).
TDO2 is abundantly expressed throughout the brain in
neurons during embryonic and early postnatal develop-
ment, but becomes highly restricted to the hippocampal
circuitry in adult mouse brain. A differential search of the

Allen Brain Atlas for genes enriched in the adult mouse
dentate gyrus granule cell layer lists Tdo2 as the sixth
most enriched gene, with a fold-change of 31.2
(Experiment 71717618; Lein et al., 2006). In addition,
images from the Gene Expression Nervous System Brain
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Figure 4 lbuprofen broadly regulates neuronal gene expression and neurotransmitter levels in APP-PSI| mice. (A) Hierarchical
clustering of hippocampal genes significantly regulated (P < 0.01) in the APP-PSI| + vehicle versus APP-PS| + ibuprofen comparison shows
neuronal genes (highlighted in red) that are regulated by ibuprofen. (B) Penk and Tdo2 are the two neuronal genes most highly regulated by
ibuprofen in APP-PS| mice, as confirmed by quantitative PCR analysis (n = 8-10 mice per group, P < 0.05, P < 0.0l by Bonferroni multiple
comparison test). (C-E) Hippocampi from wild-type and APP-PS| mice =+ vehicle or ibuprofen for 3 months were analysed by HPLC-MS/MS at 6
months (n = 6—14 mice per group). (C) Norepinephrine levels are significantly reduced in APP-PSI| hippocampus and significantly increased
with ibuprofen treatment (****P < 0.0001 and “P < 0.01 by Bonferroni multiple comparison). (D) Dopamine levels increase with ibuprofen
treatment (effect of treatment P < 0.05). (E) Glutamate levels show an interaction effect between genotype and treatment, (P < 0.05).

WT = wild-type.
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Figure 5 Ibuprofen reduces hippocampal TDO2 levels in APP-PS| mice. (A) TDO2 metabolizes the essential amino acid tryptophan,
the precursor of serotonin, to kynurenine; kynurenine is further metabolized to multiple neuroactive compounds either down the kynurenic acid
arm (KYNA; in green) or down the 3-hydroxykynurenine (3-HK) and anthranillic acid (AA) arms (in blue) to quinolinic acid (QA) and NAD +. (B)
TDO?2 is enriched in hippocampal neurons, as shown in Gene Expression Nervous System Atlas of Tdo2 promoter-GFP reporter line (GENSAT;
BAC BX2805, mouse line QE60). (C) Immunostaining shows enrichment of TDO2 protein in the hippocampal dentate-CA3 mossy fibre tract,
with lower expression in CA3-| regions (TDO2 immunofluorescence is white, nuclear DAPI is blue). (D) Western blot and (E) quantification of
hippocampal TDO?2 shows effects of ibuprofen in wild-type and APP-PS| mice (n = 4-5 per group treated from 4 to 7 months, ANOVA P =0.019
for effect of ibuprofen and P = 0.052 for effect of genotype). (F) HPLC shows effect of ibuprofen on hippocampal kynurenine levels in wild-type
and APP-PS| mice (n = 8-11 per group treated from 3 to 6 months; ANOVA P = 0.014 for effect of ibuprofen; P < 0.05 by Bonferroni multiple

comparison). WT = wild-type.

Atlas (GENSAT; http://www.gensat.org) demonstrate high
levels of TDO2-driven GFP expression in the hippocampus
(Fig. 5B). We further confirmed TDO2 protein localization
by immunostaining in hippocampus, where TDO2 protein
is enriched in projections from dentate gyrus to CA3
(Fig. 5C). To confirm that ibuprofen reduces TDO2 expres-
sion at the protein level, we performed western blot on
hippocampi from an additional ibuprofen-treated APP-PS1
mouse cohort and found that ibuprofen reduced TDO2
protein expression (Fig. 5D and E). At the protein level,
we also found a trend towards increased TDO2 in APP-
PS1 hippocampus (P =0.052, Fig. 5D) that was not re-
flected at the RNA level (Fig. 4B), suggesting that protein
levels may reflect changes in translation, post-translational
modification, and/or degradation of TDO2 protein in APP-
PS1 mice that were not captured by RNA analysis alone.
Finally, HPLC measurement showed a significant effect of

ibuprofen in reducing hippocampal kynurenine levels, the
primary product of TDO2 enzymatic activity (Fig. SF).
Notably, this effect was more apparent in wild-type mice
than in APP-PS1 mice, suggesting that downstream metab-
olism of kynurenine (Fig. 5A) might be altered in APP-PS1
mice as well. These data encouraged us to further investi-
gate the regulation of TDO2 by ibuprofen and amyloid-B4,
oligomers in neurons.

Amyloid-p stimulates neuronal Tdo2
expression through upregulation of
COX-2 and prostaglandin E2

Accordingly, we assessed the regulation of TDO2 expres-
sion in primary hippocampal neurons. Stimulation of neu-
rons with amyloid-B4, oligomers increased expression of
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Tdo2 in a dose-dependent fashion (Fig. 6A). Moreover,
PGE, alone increased Tdo2 mRNA expression (Fig. 6B).
Ibuprofen co-treatment reduced both endogenous and
amyloid-B4,-stimulated Tdo2 expression in hippocampal
neurons (Fig. 6C), suggesting that COX activity contributes
to elevated Tdo2 expression. To further demonstrate that
COX-2 activity is necessary for elevated Tdo2 expression,
we co-treated neurons with the specific COX-2 inhibitor
SC-236 and found that it completely abolished the effect
of amyloid-B4; oligomers on Tdo2 expression (Fig. 6D). To
investigate whether ibuprofen’s suppression of Tdo2 ex-
pression is due to COX-2, we co-treated neurons with
amyloid-B4, oligomers, ibuprofen, and/or SC-236. We
found that, while both ibuprofen and SC-236 reduced
Tdo2 expression overall, ibuprofen did not have a signifi-
cant additive effect in amyloid-B4,-treated neurons treated
with SC-236 (Fig. 6E), suggesting that ibuprofen’s effect in
primary neurons is largely due to inhibition of COX-2. In a
parallel experiment, we did not observe any effects of ibu-
profen or SC-236 on Tdo2 expression in neurons without
amyloid-B4, treatment (Supplementary Fig. 6), suggesting
that COX-2 inhibition has a greater effect on Tdo2 expres-
sion in contexts where neuronal COX-2 is upregulated, for
example with amyloid-B4, treatment (Fig. 1).

To test whether neuronal COX-2 activity is sufficient to
elevate Tdo2 expression in vivo, we examined transgenic
Thy1-hCOX2 mice that overexpress human COX-2 in neu-
rons (Fig. 6F). These mice harbour elevated brain levels of
PGE, and show abnormal basal synaptic transmission and
LTP (Yang et al., 2008) and accelerated age-dependent
memory deficits (Andreasson et al., 2001). Hippocampal
Tdo2 mRNA was significantly increased in two independ-
ent Thyl-hCOX-2 lines at 3 months of age (line 303 and
line 316: 20-fold and 6-fold increase in COX-2, respect-
ively; Fig. 6G). In addition, LC-MS/MS analysis of line
303 Thy1-hCOX-2 hippocampi revealed increases in the
kynurenine metabolites 3-hydroxy kynurenine (3-OH
Kyn) and anthranilic acid (Fig. 6H), consistent with a
COX-2-driven increase in tryptophan metabolism down
the kynurenine pathway.

Tdo2 over-expression causes
memory deficits, while Tdo2
inhibition prevents memory
deficits in APP-PSI| mice

To test whether increased TDO2 activity and tryptophan
metabolism affects memory function independent of amyl-
oid-B4, oligomers, we injected the hippocampus of C57B/
6] wild-type mice with either control adeno-associated
virus (AAV)-DJ] mCherry or AAV-D] mCherry-TDO2
(Fig. 7A and Supplementary Fig. 7). TDO2 over-expression
increased kynurenine in hippocampus, confirming activity
of AAV-TDO2 (Fig. 7B). Although NOR memory consoli-
dation at 24 h was normal in control AAV mice, this was
disrupted in AAV-TDO2 mice 3 weeks after viral injection
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(Fig. 7C), indicating that supra-physiological hippocampal
TDO?2 activity impairs memory formation. We then tested
effects of the selective and brain penetrant TDO2 inhibitor
680C91 (Salter et al., 1995) on NOR performance in APP-
PS1 mice. We treated wild-type and APP-PS1 mice with
680C91 from 3 to 4 months of age, at which time we
tested NOR performance (Fig. 7D). Wild-type vehicle-ad-
ministered mice performed normally at 24 h, spending more
time exploring the new object; APP-PS1 mice treated with
vehicle were impaired, consistent with earlier findings
(Fig. 2C). 680C91 prevented the onset of NOR deficits in
APP-PS1 mice, but disrupted normal wild-type NOR func-
tion, suggesting that physiological levels of TDO2 activity
are necessary for memory consolidation.

Ibuprofen acts downstream of
amyloid-f production and
accumulation in 6-month-old
APP-PSI| mice

While neuronal TDO2 inhibition appears to be one plaus-
ible mechanism by which ibuprofen prevents memory de-
cline in APP-PS1 mice, there may exist many other
pathways through which ibuprofen is protective. Notably,
studies have found that NSAIDs modulate y-secretase ac-
tivity in vitro to decrease amyloid-B4, levels (Weggen et al.,
2001), whereas others have observed that NSAIDs do not
alter amyloid-p levels in Alzheimer’s disease model mice
(Kotilinek et al., 2008). We therefore tested whether ibu-
profen altered amyloid-p levels in APP-PS1 mice treated
from 3 to 6 months of age. Because the memory def-
icits we observed preceded measurable amyloid plaque ac-
cumulation (Fig. 2B and C), we first examined soluble
amyloid-B4, levels in RIPA extracts, which showed no
effect of ibuprofen treatment (Fig. 8A). We then
examined total amyloid-B levels in guanidine extracts,
which also showed no effect of ibuprofen on either amyl-
0id-B4, or amyloid-B4p levels (Fig. 8B). To determine
whether ibuprofen altered amyloid-p accumulation or
APP processing, we measured amyloid-B plaque density
(Supplementary Fig. 8 and Fig. 8C and D), Congo Red
amyloid plaque density (Fig. 8E), and APP cleavage by
B-secretase to form the PB-C-terminal-fragment (Fig. 8F
and G). In each case, there was no significant effect of
ibuprofen on measures of amyloid-B production or accu-
mulation in the brain.

In contrast to our measures of amyloid-f accumulation,
we observed that protein oxidation as measured by
y-ketoaldehyde adduction (Fig. 2A) was reduced to wild-
type levels by ibuprofen treatment in APP-PS1 mice
(Fig. 8H). While inflammatory activity is one source of
oxidative stress, y-ketoaldehyde adduction also reflects a
direct readout of COX activity, as the COX product
PGH, spontaneously rearranges to form y-ketoaldehydes
(Boutaud et al., 2005). Moreover, y-ketoaldehyde adduc-
tion is a measure of cumulative protein oxidation, so our
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Figure 6 Hippocampal TDO?2 is regulated by amyloid-$4, oligomers and neuronal COX-2. (A-E) Primary rat hippocampal neurons
were co-treated with amyloid-B4, oligomers and/or the indicated compounds and assayed for expression of Tdo2 by quantitative PCR.

(A) Amyloid-P4, oligomer treatment increases Tdo2 expression at 8h (n = | [-12 per group; P < 0.05 and “P < 0.001 by Tukey’s multiple
comparison). (B) Stimulation of hippocampal neurons with 100 nM PGE, increases Tdo2 expression at 6 h (n = 47 per group; P < 0.05 by
unpaired t-test). (C) Induction of Tdo2 by amyloid-B.; oligomers (5 1M) at 8 h is reduced by ibuprofen (10 uM) (n = 16—18 per group; #P < 0.0001
versus control vehicle, “"P < 0.001 versus control vehicle, and “P < 0.0001 versus amyloid-B vehicle by Bonferroni multiple comparisons).
(D) Induction of Tdo2 by amyloid-By4, oligomers (5 1M) at 8 h is reduced by the COX-2 inhibitor SC-236 (100 nM) (n = 5-7 per group; P < 0.01
versus control vehicle and “"P < 0.001 versus amyloid-f vehicle by Bonferroni multiple comparisons). (E) In neurons treated with amyloid-f.,
oligomers (5 tM) for 8 h, both SC-236 (100 nM) and ibuprofen (10 uM) reduce Tdo2 expression with no additional effect of ibuprofen in SC-236
treated neurons (n = 5-8 per group; P < 0.05 by Bonferroni multiple comparisons). (F) Immunostaining for human COX-2 (hCOX-2) in Thy|-
hCOX-2 hippocampi from lines 303 and 316 shows hCOX-2 expressed in dentate gyrus and CA subregions of hippocampus (upper panel); higher
magnification of hCOX-2 staining is shown in lower panels in CA| pyramidal neurons. (G) Tdo2 mRNA expression is increased in hippocampus of
3-month-old line 303 and line 316 mice (n = 71 | mice per group; P < 0.05 and “'P < 0.01 by unpaired t-test). (H) LC-MS/MS of hippocampi from
3-month-old line 303 mice shows increases in kynurenine pathway metabolites 3-OH kynurenine and AA (n = 4—7 mice per group; P < 0.05 by
unpaired t-test). WT = wild-type.
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Figure 7 Hippocampal TDO2 activity regulates NOR performance. (A) Representative image of AAV-mCherry fluorescence 3 weeks
after injection of hippocampus. Expression (in red) is seen in the molecular layer and in CA3 (DAPI nuclear stain in blue). (B) HPLC of tryptophan
(Trp) and kynurenine (Kyn) levels in hippocampi of AAV-mCherry and AAV-mCherry-TDO2 mice shows elevated kynurenine levels 3 weeks after
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(n =9 mice per group; P < 0.05 paired t-test). (D) Wild-type and APP-PS| mice were administered vehicle or 680C91 (7.5 mg/kg/day) from 3
months to 4 months of age and tested for NOR at 24 h. 680C91 treatment prevented the impaired NOR behaviour of APP-PS| mice while
impairing the NOR behaviour of wild-type mice (wild-type + vehicle, n = |5; wild-type + 680C91, n = 23; APP-PS| + vehicle, n = | 1; APP-

PSI + 680C91, n = 14; P < 0.05 paired t-test). WT = wild-type.

results reflect a total effect of ibuprofen over the entire
course of treatment. Taken together with our earlier data
on the limited glial inflammatory response in APP-PS1 mice
at this age (Supplementary Fig. 4 and Supplementary Table
2), these findings suggest that ibuprofen treatment at this
age acts downstream of amyloid-B4, accumulation to exert
broad protective effects through neuronal COX inhibition.

Discussion

The preventive effects of NSAIDs against development of
Alzheimer’s disease have so far been examined in
Alzheimer’s disease model mice primarily in the context of
inflammatory glial COX/PGE, signalling (Keene et al., 2010;
Shi et al., 2012; Woodling et al., 2014; Johansson et al.,
2015). Our study uncovers an unexpected and beneficial
effect of NSAIDs in modulating neuronal function in a
mouse model of Alzheimer’s disease, where NSAIDs prevent
early memory deficits in Alzheimer’s disease model mice
without measurable effects on inflammation or amyloid-p
peptide metabolism. This may be relevant to the extended
preclinical phase of Alzheimer’s disease development, where
early assemblies of amyloid-B peptide oligomers may be

present in vulnerable regions of the brain, for example the
hippocampal formation, and may trigger aberrant synaptic
activity and dysfunction, leading to dysregulated expression
and activity of neuronal COX-2. We found that ibuprofen
acted on the hippocampus to modulate the neuronal tran-
scriptome, regulating plasticity pathways in general, and
modulating hippocampal monoaminergic neurotransmitter
levels and tryptophan/kynurenine metabolism in particular.
Our data identified hippocampal TDO2, the first committed
step in the kynurenine pathway, as a novel target of ibupro-
fen that directly modulates object recognition memory.
Taken together, our findings support a model in which
NSAID treatment, through inhibition of neuronal COX ac-
tivity, prevents amyloid-B peptide-driven synaptic injury
through multiple mechanisms (Fig. 8I).

While NSAIDs are widely known for their anti-inflamma-
tory activity, we found no evidence for altered glial inflam-
matory responses in APP-PS1 mice, either by targeted
approaches examining canonical inflammatory markers
(Supplementary Fig. 4) or by unbiased genome-wide
approaches (Fig. 3 and Supplementary Table 2). This find-
ing is likely due to the limited glial inflammatory response
in APP-PS1 mice compared to wild-type mice at this age.
While these data do not completely exclude anti-
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Figure 8 Ibuprofen does not alter amyloid- metabolism in 6 month APPs,.-PS| g9 mice. APP-PS| mice were administered vehicle
(Veh) or ibuprofen (Ibu) from 3 months to 6 months (n = 8—10 mice per group; P-values from unpaired t-tests). (A) Soluble amyloid-f3 levels from
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samples demonstrate no effect of ibuprofen on amyloid-f levels. (C) 6E10 (anti-amyloid-f) immunostaining and (D) quantification demonstrate no
effect of ibuprofen on plaque coverage in the hippocampus. Arrows indicate plaques in representative images. Scale bar = 200 pm. (E) Congo Red
(CR) quantification demonstrates no effect of ibuprofen on amyloid plaque density in the hippocampus. (F) Quantitative western blot of cortical
lysates and (G) densitometric quantification demonstrate no effect of ibuprofen on 3- and w-secretase cleavage products (C-terminal fragments,
CTF) of APP. (H) Lipid peroxidation, as measured by quantification of LG-lysine adducts, is reduced to wild-type levels in posterior cortex of
ibuprofen-treated APP-PSI mice (n = 7—10 mice/group; 'P < 0.05 by Bonferroni multiple comparison test). (I) Model illustrating mechanisms
associated with prevention of amyloid-f oligomer-induced behavioural deficits by NSAIDs. Amyloid-f oligomers are generated at the synapse and
elicit excitatory synaptic activity that drives expression of the neuronal immediate early gene COX-2. Increased COX-2 activity leads to synaptic
injury (Andreasson et al, 2001; Dore et al., 2003). NSAIDs reduce COX-2 activity, and restore neuronal function by modulating expression of
neuronal plasticity genes, neurotransmitter levels, and the first committed step in the kynurenine pathway. WT = wild-type.

among others, pathways involved in LTP were significantly
enriched in both the wild-type + ibuprofen versus wild-
type + vehicle and the APP-PS1 + ibuprofen versus APP-
PS1 + vehicle comparisons. Notably, the direction of

inflammatory functions for ibuprofen at this stage, we pur-
sued other effects of ibuprofen as potential mechanisms for
its protective effects. Indeed, significantly enriched path-
ways among differentially expressed genes suggested that,
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change was different in wild-type and APP-PS1 mice: in
wild-type mice, ibuprofen increased expression of canonical
LTP-associated genes such as PRKCA (protein kinase C,
alpha), GRMS (metabotropic glutamate receptor 5), and
CAMK#4 (calcium/calmodulin-dependent protein kinase 4);
in contrast, ibuprofen reduced expression of these same
genes in APP-PS1 mice (Fig. 3B and C). This transcriptional
response is reminiscent of previous studies on the divergent
roles of neuronal COX-2 activity. Under normal physio-
logical conditions, neuronal COX-2 activity is required
for the formation of LTP in the granule cells of the dentate
gyrus (Chen et al., 2002). Excess neuronal COX-2 activity,
however, accelerates age-related memory decline in mice
(Andreasson et al., 2001). In pathological conditions such
as excitotoxicity from hypoxic-ischaemic insult, COX-2
production of PGE, exacerbates neuronal injury through
disruption of calcium homeostasis (Kawano et al., 2006).
Notably, these divergent effects of neuronal COX-2 activity
may reflect differential modulation of COX-2 by synaptic
or extra-synaptic NMDA receptor activation, with sequen-
tial activation of synaptic then extra-synaptic receptors
hypothesized to produce the greatest prostaglandin produc-
tion from neurons in conditions such as excitotoxicity or
neurodegeneration (Stark and Bazan, 2011). While excito-
toxicity itself may not underlie the transcriptional changes
we see in APP-PS1 mice, previous studies in APP-PS1 and
other Alzheimer’s disease model mice have identified pro-
found early increases in excitatory neuronal activity and
compensatory changes in inhibitory network remodelling
(Palop et al., 2007; Minkeviciene et al., 2009), suggesting
that this may be a contributing factor to altered COX func-
tion in Alzheimer’s disease model mice. Here, our results
may reflect a divergence between COX inhibition in physio-
logical contexts and in contexts where neuronal network
activity is disrupted as in APP-PS1 mouse brain. Indeed,
our transcriptome data show that ibuprofen produces dis-
tinct and non-overlapping gene changes in wild-type and
APP-PS1 mice, suggesting that at least some of ibuprofen’s
effects are compensatory in that they occur in a diseased
setting but not in physiological conditions.

In addition to changes in neuronal plasticity-related gene
expression, we found that ibuprofen altered the levels of
several monoaminergic neurotransmitters in APP-PS1 mice.
Notably, we found a highly significant decrease in hippo-
campal norepinephrine levels in APP-PS1 mice that was
rescued by ibuprofen treatment (Fig. 4C). In patients with
Alzheimer’s disease, loss of norepinergic neurons in the
locus coeruleus correlates with the duration and severity
of dementia (Bondareff et al., 1987) and with reduced nor-
epinephrine levels in regions receiving locus coeruleus ter-
minals, including the hippocampus (Trillo et al., 2013). In
mice, genetic and pharmacological studies indicate that nor-
epinephrine is essential for contextual and spatial memory
retrieval over the course of 1 to 4 days, but not for shorter
or longer term memory (Murchison et al., 2004), closely
following the object recognition memory deficits described
here in APP-PS1 mice (Fig. 2 and Supplementary Fig. 1). In
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another mouse model of Alzheimer’s disease, treatment
with the norepinephrine precursor L-DOPS rescues spatial
memory performance (Kalinin et al., 2012). Together, these
studies suggest a central role for norepinephrine in the
pathogenesis of both mouse models of Alzheimer’s disease
and in patients with Alzheimer’s disease themselves. In our
study, the rescue of hippocampal norepinephrine levels by
ibuprofen in APP-PS1 mice lends additional support to the
link between norepinephrine and cognitive impairment, and
provides an additional neuronal mechanism by which
NSAIDs may protect against Alzheimer’s disease.

Tdo2, the gene we found to be most altered by ibuprofen
treatment in APP-PS1 mice, is highly enriched in dentate
and CA regions of the hippocampus (Fig. 5B and C), sug-
gesting an important and unexplored role of local trypto-
phan metabolism in hippocampal function. It is notable
that the site of expression in hippocampus of the neuronal
immediate early gene COX-2 overlaps completely with that
of TDO2 (Yamagata et al., 1993; Kaufmann, 1996).
However, TDO2 may be expressed in other cell types,
and while our data strongly suggest that neuronal TDO2
is an in vivo target of NSAIDs, the possibility remains that
other cell types may be affected. Our in vitro data suggest
that COX-2 inhibition is the source of TDO2 suppression
in primary neurons (Fig. 6A-E), but this also comes with
the caveat that other targets of ibuprofen such as PPARy
(Lehmann et al., 1997) may play additional roles in vivo.
Even with these caveats, our findings on the in vivo regu-
lation of hippocampal TDO2 by neuronal COX-2 (Fig. 6F—
H) link prostaglandin signalling to a growing literature
implicating the kynurenine pathway in neurodegenerative
diseases (Zwilling et al., 2011; Schwarcz et al., 2012).
These previous studies have identified important and diver-
gent roles for individual kynurenine metabolites (Fig. 5SA)
in disease progression. Here, we add to these findings by
showing that excess hippocampal TDO2 promotes behav-
ioural deficits, whereas pharmacological inhibition of
TDO2 prevents cognitive decline in APP-PS1 mice
(Fig. 7C and D). Suppression of TDO2 may also be
broadly beneficial in conditions that include ageing and
cancer. An RNA interference screen in Caenorhabditis ele-
gans identified downregulation of Tdo2 as a potent means
of suppressing motor dysfunction induced by a-synuclein or
amyloid-B, as well as extending normal lifespan (van der
Goot et al., 2012). TDO2 is also implicated in cancer,
where it allows tumours to evade the immune response
by depleting tryptophan stores required for immune cell
proliferation, and by generating kynurenine to suppress
the adaptive immune response through the aryl hydrocar-
bon receptor (Opitz et al., 2011). These findings have
initiated efforts to develop TDO2 inhibitors for cancer
(Dolusic et al., 2011; Pilotte et al., 2012). Given recent
studies indicating that tryptophan metabolism to kynure-
nine increases in Alzheimer’s disease patient serum
(Widner et al., 2000; Gulaj et al., 2010; Wu et al.,
2013), our findings lend support to future efforts examin-
ing the translational relevance of repurposing these
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inhibitors to target hippocampal TDO2 in Alzheimer’s dis-
ease development. However, our results also indicate that
pharmacological inhibition of TDO2 should be approached
with caution, as inhibition of TDO2 activity may be detri-
mental to nervous system function in physiological condi-
tions (Fig. 7D).

In the search for clinical targets for Alzheimer’s disease, a
growing consensus holds that preventive treatment will be
essential, as neuropathological markers of Alzheimer’s dis-
ease pathology can develop decades before the onset of
cognitive symptoms (Braak et al., 2011; Bateman et al.,
2012). NSAIDs are the major class of medication asso-
ciated with prevention of Alzheimer’s disease in epidemio-
logical studies (in t* Veld et al., 2001; Vlad et al., 2008;
Breitner et al., 2011). However, the failure of NSAIDs and
COX inhibitors in clinical trials of diagnosed patients with
Alzheimer’s disease suggests that COX inhibition may not
be effective once cognitive impairment occurs (reviewed in
Candelario-Jalil, 2009 and Heneka er al., 2015). A better
understanding of the mechanism of protection by NSAIDs
during the preclinical stages of Alzheimer’s disease develop-
ment would thus provide more insight into preventive
measures. Our results demonstrate that early ibuprofen
treatment prevents memory deficits in APP-PS1 mice with-
out measurable changes in the glial inflammatory response
or amyloid-p peptide metabolism and deposition (Fig. 8).
This finding has allowed us to uncover mechanisms con-
sistent with previous reports that NSAID treatment prior to
the onset of memory deficits and amyloid-p plaque depos-
ition rescues spatial memory deficits in Tg2576 mice
(Kotilinek et al., 2008). Moreover, mutations in PS1 such
as the AE9 mutant used in our mouse model render PS1
relatively insensitive to the effects of NSAIDs on amyloid-
B4 production (Weggen et al., 2003; Czirr et al., 2007),
consistent with our finding that ibuprofen does not alter
amyloid-B4; levels in APPsy,-PS1,gs mice. In this respect,
our model has been well suited to identify amyloid-
B-independent mechanisms of ibuprofen’s early protective
effect on memory behaviour. Notably, the mechanisms we
identify here are likely complementary and additive to
those identified in other reports showing that late-stage
NSAID treatment in other Alzheimer’s disease model mice
reduces glial inflammatory responses and amyloid-p plaque
deposition to rescue spatial memory deficits (Lim et al.,
20005 Yan et al., 2003; Wilkinson et al., 2012). By focusing
on object recognition memory deficits that precede spatial
memory deficits in the APP-PS1T model (Savonenko et al.,
2005; Melnikova et al., 2006; Minkeviciene et al., 2008),
our study offers insight particularly for NSAID action at
the earliest stages of disease. Our results suggest that neur-
onal COX-2 activity is a target for early NSAID action in
preventing memory dysfunction, whereas inflammatory
glial COX activity may be more relevant to later stages
of disease. Among the targets of neuronal COX-2 activity,
we find that overall neuronal plasticity gene expression,
maintenance of critical neurotransmitter levels such as nor-
epinephrine, and modulation of the kynurenine pathway
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are factors associated with maintenance of normal
memory function.
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