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We have previously reported that chronic ibuprofen treatment improves cognition and

decreases intracellular Aß and phosphorylated-tau levels in 3xTg-AD mice. Ibuprofen is a
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non-steroidal anti-inflammatory drug (NSAID) that independently of its anti-inflammatory

effects has anti-amyloidogenic activity as a gamma-secretase modulator (GSM) and both

activities have the potential to decrease Aß pathology. To further understand the effects of

NSAIDs in 3xTg-AD mice, we treated 3xTg-AD mice with R-flurbiprofen, an enantiomer of

the NSAID flurbiprofen that maintains the GSM activity but has greatly reduced anti-

inflammatory activity, and analyzed its effect on cognition, Aß, tau, and the neurochemical

profile of the hippocampus. Treatment with R-flurbiprofen from 5 to 7 months of age

resulted in improved cognition on the radial arm water maze (RAWM) test and decreased

the level of hyperphosphorylated tau immunostained with AT8 and PHF-1 antibodies.

No significant changes in the level of Aß (using 6E10 and NU-1 antibodies) were detected.

Using magnetic resonance spectroscopy (MRS) we found that R-flurbiprofen treatment

decreased the elevated level of glutamine in 3xTg-AD mice down to the level detected in

non-transgenic mice. Glutamine levels correlated with PHF-1 immunostained hyperpho-

sphorylated tau. We also found an inverse correlation between the concentration of

glutamate and learning across all the mice in the study. Glutamine and glutamate,

neurochemicals that shuttles between neurons and astrocytes to maintain glutamate

homeostasis in the synapses, deserve further attention as MR markers of cognitive

function.
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1. Introduction

Alzheimer's disease (AD) is an age dependent neurodegen-
erative disorder clinically characterized by progressive mem-
ory loss and cognitive decline. AD is the most common cause
of dementia. It affects 5% of the population over the age of 65
and more than 30% of individuals over 80 years of age
(Brookmeyer et al., 2007). There is no effective treatment for
AD and as the society ages, AD is prone to become a major
health problem. AD pathology develops over the course of
decades (Braak and Braak, 1997; Jack et al., 2010; Price and
Morris, 1999) but early diagnostic is not available and the
definitive diagnosis only comes from the post-mortem exam-
ination of the brain.

The neuropathological hallmarks of AD are extracellular
plaques, intraneuronal neurofibrillary tangles (NFT) and the
degeneration and loss of neurons and synapses (Blennow
et al., 2006; Selkoe, 2001). Plaques are mainly composed of
fibrils of beta-amyloid (Aß) peptides surrounded by dys-
trophic neurites, reactive astrocytes and activated microglia.
Aß peptides are produced by the sequential proteolytic
cleavage of the transmembrane amyloid precursor protein
(APP) by the action ß-secretase at the amino-termini and
by γ-secretase at the carboxy-termini (Bayer et al., 2001).
γ-Secretase is a multi-unit enzyme that cleaves APP (and
other type I transmembrane proteins such as Notch) within
its transmembrane domain (Lichtenthaler et al., 2002).
γ-Secretase does not provide strict sequence specificity and
generates Aß peptides of different lengths, mainly peptides of
40 (Aβ40) and 42 (Aβ42) residues. The longer Aß42 peptide is
more prone to aggregation and despite of being much less
abundant than Aβ40 is the initial and the most predominant
Aβ species in plaques. Soluble Aβ42 peptides and oligomers
are neurotoxic and thought to be central to AD pathogenesis
(Lacor et al., 2007; Shankar et al., 2008). The amyloid hypoth-
esis, the most popular working hypothesis for AD pathogen-
esis, supports that the modest increase of Aß42 peptide in the
brain is sufficient to cause AD with complete penetrance
(Hardy and Selkoe, 2002). NFT are intracellular fibrillar aggre-
gates primarily composed of abnormally hyperphosphorylated
forms of the microtubule-associated protein tau. Phosphory-
lated tau sequesters normal tau and other microtubule-
associated proteins causing disassembly of microtubules and
impaired axonal transport, compromising neuronal/synaptic
function (Iqbal et al., 2005). Tau pathology is initially evidenced
by the somatodendritic accumulation of conformationally
altered, non-fibrillar tau, followed by the accumulation of
progressively hyperphosphorylated tau detected by CP-13
antibody first and later by AT8 and PHF-1 antibodies. PHF-1
labels the fibrillar NFT in neuronal perikarya and neuritic
processes (Greenberg et al., 1992; Lewis et al., 2001). It is widely
considered that in AD tau phosphorylation is a consequence
of Aß accumulation despite the fact that hyperphosphoryla-
tion and accumulation of pathological forms of tau is found
in other neurodegenerative diseases in the absence of Aß
and has been extensively linked to neurodegeneration (Lee
et al., 2001).

Another important feature of AD pathology is the local
inflammatory response, particularly involving microglia.
Aß plaques are consistently surrounded by microglia that
display an activated phenotype characterized by enhanced
expression of immune cell surface markers and the produc-
tion of proinflammatory cytokines and chemokines (Akiyama
et al., 2000). The finding in multiple epidemiological studies
that treatment with non-steroidal anti-inflammatory drugs
(NSAIDs) was associated with a reduced risk of developing AD
was initially taken as proof that inflammation is a pathogenic
factor in AD (Aisen, 2002; McGeer and Rogers, 1992; McGeer
et al., 1996; McGeer and McGeer, 2007; Townsend and Pratico,
2005). However, the results of pharmacological studies with
anti-inflammatory agents have been inconsistent in both
mice and humans (Imbimbo, 2009a).

Interest in the effects of NSAIDs on AD grew faster after a

subset of NSAIDs was found to decrease the production of the

more amyloidogenic Aß42 peptide at the expense of shorter
and less toxic Aß forms (Eriksen et al., 2003; Weggen et al.,

2001). The Aß42-lowering action of some NSAIDs is indepen-
dent of their anti-inflammatory action on cyclooxygenase

(COX) and appears to involve the allosteric modulation of

γ-secretase (Lleo et al., 2004). The effect of Aß42-lowering
NSAIDs, unlike the action of γ-secretase inhibitors that

uncovered the essential role of γ-secretase activity in the
proteolytic processing of the Notch receptor (Beher et al.,

2004), is specific to the production of Aß without significantly
perturbing the action of γ-secretase on other substrates

(Eriksen et al., 2003; Weggen et al., 2001; Weggen et al.,

2003). The increasing number of small molecules able to
decrease production of Aß42 is collectively termed

γ-secretase modulators (GSMs) (Bulic et al., 2011). Among
NSAIDs, ibuprofen and flurbiprofen are among the most

prominent GSM. Treatment with ibuprofen, that has dual
anti-inflammatory and GSM activity, has shown striking

preventive effects in several mouse models of AD reducing

Aß42 deposition and/or Aß load (Choi et al., 2010; Dedeoglu
et al., 2004; Heneka et al., 2005; Jantzen et al., 2002; Lim et al.,

2000; Lim et al., 2001; Yan et al., 2003), and significantly
improving performance on behavioral tasks (Lim et al., 2000;

Lim et al., 2001; Yan et al., 2003). In the triple transgenic

mouse model of AD (3xTg-AD) that develops Aß and tau
pathology (Oddo et al., 2003), ibuprofen reduced both the level

of Aß accumulation and tau phosphorylation together with
improved spatial learning and memory (McKee et al., 2008).

Treatment with R-flurbiprofen, an enantiomer of flurbiprofen
that maintains the GSM activity in vitro and in vivo (Eriksen

et al., 2003; Morihara et al., 2002), but lacks anti-inflammatory

activity (Geisslinger et al., 1994; Wechter et al., 1994), attenu-
ated learning impairments in the APP Tg2576 mouse model of

AD (Kukar et al., 2007) and lowered Aß42 in vivo (Eriksen et al.,
2003; Morihara et al., 2002). A phase 2 trial of R-flurbiprofen

suggested that patients with mild AD, but not moderate AD,
had a dose-related slower rate of decline than those treated

with placebo, and that the drug was well tolerated with few

adverse effects (Wilcock et al., 2008). On the basis of these
promising results, a large phase 3, randomized, placebo

controlled trial of tarenflurbil was conducted in patients with
mild AD. Disappointing results of the phase 3 trial showed no

effect of R-flurbiprofen slowing cognitive decline or loss of

activities of daily living in patients with mild AD nor did
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any secondary outcome measure or post hoc analysis favor
the drug.

In the present study, we treated young pre-plaque 3xTg-AD
mice with R-flurbiprofen (from 5 to 7 months of age) and
analyzed the effect of treatment on cognition and Aß and tau
pathology. Because there is a great need for early in vivo
biomarkers to diagnose AD and for methods to monitor the
disease progression and therapy with a high degree of speci-
ficity and sensitivity, we also applied magnetic resonance
spectroscopy (MRS) to detect the effect of R-flurbiprofen on
the neurochemical profile of the brain. Since each observable
metabolite is sensitive to a different aspect of the pathology at
the molecular or cellular level, the spectroscopic profile pro-
vides a wealth of information of the in vivo process. With
technical advances in the field, the potential clinical applica-
tion of MRS in ageing and dementia is rapidly growing.
2. Results

2.1. Administration of R-flurbiprofen in 3xTg-AD mice

Eight 3xTg-AD mice were orally treated for 2 months, from
5 to 7 months of age, with R-flurbiprofen (tarenflurbil, the
generic name, was donated by Myriad Pharmaceuticals) at a
dose of 10 mg/kg/day. R-flurbiprofen was formulated into
the regular chow food. 3xTg-AD mice tolerated well the
R-flurbiprofen treatment with no apparent side effects. Dur-
ing the 2 months treatment we detected comparable body
weight and food consumption among the R-flurbiprofen-
treated mice and the untreated littermate controls.

The treatment dose of 10 mg/kg/day was chosen based on
the results from the study by Kukar et al. (2007) in APP Tg2576
transgenic mice. In that study the authors reported that
R-flurbiprofen treatment of APP Tg2576 at doses 25 and
Fig. 1 – Comparison of radial arm water maze learning and mem
3xTg-AD mice and WT mice. (A) Number of errors during the fo
committed less than 3 errors on day 6 and less than 2 errors on
but did not reach the average of 2 errors/trial during the nine d
transgenic mice making less than 3 errors on day 4 and less tha
Average number of errors for the last 3 days of testing in T1, T4
different than in T1 for all groups of mice indicating that three
transgenic mice learned significantly less than WT mice becaus
different than the number of errors committed by WT mice. R-fl
mice. During the memory retention test (T5) neither group of tra
the number of errors in T5 is not different than in T4 although b
errors than WT mice. n Significance compared to day 1, # signifi
50 mg/kg/day resulted in 85% and 100% mortality, respec-
tively, within 2 weeks while the long-term treatment with a
dose of 10 mg/kg/day showed beneficial effects without detri-
mental side effects.

2.2. Effect of R-flurbiprofen treatment on learning and
memory retention in 3xTg-AD mice

At 7 months of age, and while still being treated, R-flurbiprofen-
treated and untreated 3xTg-AD mice were tested on a radial arm
water maze (RAWM) protocol to evaluate the cognitive function
of 3xTg-AD mice and the effect of R-flurbiprofen treatment on
the hippocampal-dependent spatial memory. The difference
between the RAWM and the most classic Morris water maze
(MWM) is that performance in the RAWM entails finding a
platform submerged in one of the several arms in the pool,
compared to MWM in which the swim field is open. Besides in
the RAWM the platform location changes everyday. These
differences makes the task a bit more difficult in the RAWM
forcing the animal to use spatial cues and working memory to
keep track of the arms already visited in order to escape onto the
platform.

Mice were tested during consecutive days until the aver-
age number of errors committed by one of the groups during
the last acquisition trial of the day (T4) was less than two.
R-flurbiprofen-treated mice reached the milestone of com-
mitting less than 2 errors in T4 on Day 9 of testing (Fig. 1A).
On Day 9, the number of errors of R-flurbiprofen-treated mice
in T4 was 1.570.8, which was significantly smaller from the
number of errors committed by the untreated mice group,
3.370.3 (po0.05). Results from the test also showed that on
Day 6 of testing R-flurbiprofen-treated mice started to com-
mit significantly less number of errors in T4 than on Day 1. In
contrast, it was not until Day 7 that the number of errors
committed by untreated mice in T4 was significantly different
ory retention among 3xTg-AD mice, R-flurbiprofen-treated
urth trial of the day (T4). R-flurbiprofen treated mice
day 9. Untreated mice committed less than 3 errors on day 7
ays of testing. WT mice performed significantly better than
n two by day 5. n Significance compared to day 1, po0.05. (B)
, and T5. The average number of errors in T4 is significantly
cohorts of mice have learned the task of the test. Untreated
e the number of errors committed in T4 is significantly
urbiprofen treated mice learned the task similar than WT
nsgenic mice exhibited working memory impairment since
oth groups of transgenic mice committed significantly more
cance compared to WT, po0.05.
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than those committed in T1 (Fig. 1A). As expected, control WT
mice performed better than transgenic mice and shown by a
faster learning curve with significantly less number of errors.
Fig. 1B presents the average number of errors committed by
R-flurbiprofen-treated and untreated transgenic and WTmice
in T1, T4 and T5 (performed 30 min after T4) during the last 3
days of testing (Days 7–9). The graph shows the learning
curve as the difference in the number of errors between T1
and T4, which is a function of both reference memory to
retain the general rules of the task across days and working
memory to retain information for a short time. The graph
also illustrates the working memory as the difference in the
number of errors between T4 and T5. Based on the criteria of
the RAWM test used in the study, 3xTg-AD mice were able to
learn the task (the number of errors in T4 is significantly
smaller than the number of errors in T1). Despite the ability
to learn, 3xTg-AD mice showed dysfunctional spatial refer-
ence memory because the number of errors made in T4 was
significantly higher than the number of errors made by
control age matched WT mice in T4. We did not detect
however impaired working memory in transgenic mice, as
the number of errors in T5 (after a lapse of 30 min) was
still significantly smaller than the number of errors in T1
although there was a trend for transgenic mice to make more
errors in T5 than in T4. R-flurbiprofen reversed the spatial
memory deficit of transgenic mice. The learning curve of
R-flurbiprofen-treated mice is significantly steeper than for
untreated transgenic mice and is not different than the
learning curve of WT mice. The difference in the number of
errors between T4 and T5 was however, not significantly
different in either group of transgenic mice indicating that
3xTg-AD mice have no significantly impaired working memory
at this age.

2.3. Plasma and brain levels of R-flurbiprofen in 3xTg-AD
mice

Immediately after behavioral testing, mice were euthanized and
blood and brains were obtained for analysis. The concentration
Fig. 2 – Sections of hippocampus CA1 and subiculum immunosta
no immunoreactivity for 6E10 (A) and NU-1 (D) in CA1/subiculum
immunoreactivity for 6E10 (B) and NU-1 (E) in the perikarya of C
3xTg-AD mouse shows immunoreactivity for 6E10 (C) and NU-1
(G) Densitometric analysis of the subiculum area of immunosta
differences between untreated and R-flurbiprofen treated transg
of R-flurbiprofen in plasma and in the brain was measured by
Myriad Pharmaceuticals using a combination of liquid chroma-
tography and mass spectrometry (Kukar et al., 2007). The
concentration of R-flurbiprofen in plasma was 3542.77416 ng/g
and in the brain was 30.476 ng/g. The concentration in the brain
was only 0.86% of that found in plasma, which corresponds to a
brain-to-plasma (B/P) ratio of approximately 0.01. The poor
penetration of R-flurbiprofen into the central nervous system
has been blamed for the negative results found in clinical trials
with R-flurbiprofen (Imbimbo, 2009b).
2.4. Effect R-flurbiprofen treatment on Aß and tau
pathology in 3xTg-AD mice

To determine whether the effect of R-flurbiprofen treatment on
the cognitive behavior correlated with differences in AD-related
pathology in the CA1/subiculum, brains were analyzed by
immunohistochemistry. Assessment of Aβ accumulation was
performed using two antibodies with different specificity:
monoclonal 6E10, which recognizes amino acid residues 1–16
of Aß, and immunoreacts with all forms of Aß including
monomeric Aß as well as the non-proteolytically processed
APP; and monoclonal NU-1 antibody, which recognizes oligo-
meric and fibrillar but not monomeric Aß42. The immunohis-
tological analysis of 7 months old 3xTg-AD mice showed a
robust intraneuronal immunoreactivity for both Aß antibodies
in the hippocampal CA1 and CA2 fields, subiculum, amygdala,
frontal, somatosensory and retrosplenial cortex. Rare extracel-
lular immunoreactivity with either Aß antibody was found.
Staining with Thioflavine S was negative indicating the absence
of fibrillar Aß. R-flurbiprofen-treated 3xTg-AD mice had similar
regional and cellular pattern of immunostaining than untreated
mice for both antibodies. Image analysis of the CA1/subiculum
area of the hippocampus showed no significant signal intensity
with either antibody between R-flurbiprofen-treated and
untreated mice (Fig. 2B, C, E–G). In 7 month old WT mice there
was no immunoreactivity for Aß using 6E10 or NU-1 antibodies
(Fig. 2A and D).
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Assessment of tau phosphorylation was performed with 3
different antibodies that recognize specific pathological forms
of tau, CP-13, AT8 and PHF-1. Immunostaining for CP-13
that recognizes an early form of pathological tau (pSer202),
was prominent in neurons of the CA1/subiculum area of the
hippocampus, in the amygdala and to a less extent in cortical
neurons. CP13 immunoreactivity in the CA1/subiculum was
shown in neuronal perikarya as a diffuse, finely granular
staining, extending into apical dendrites and dendritic arbors
(Fig. 3). Although immunoreactivity for CP-13 appeared reduced
in R-flurbiprofen-treated 3xTg-AD mice compared to untreated
mice, densitometric image analysis of the subiculum area
revealed no staining in WT mice and no significant differences
between the R-flurbiprofen treated and untreated 3xTg-AD
mice (Fig. 3D). Staining with AT8 and PHF-1 antibodies that
recognize late hyperphosphorylated forms of tau (pSer202/205
and pSer396/404, respectively) identified scattered neurons and
neuronal processes in the CA1/subiculum area and in the
amygdala. AT8 and PHF-1 immunoreactive neurons often
showed dense staining at both the basal and apical poles of
the perikaryon, with finely granular immunostaining of apical
and other dendritic neuronal processes (Fig. 4). We counted the
number of AT8 and PHF-1 immunostained neurons in the CA1/
subiculum area in 3 sections per mouse, as detailed in Section 4
and detected a reduced number of neurons in the brains of
R-flurbiprofen-treated mice compared to untreated controls
and no immunostaining in WT mice. For PHF-1 antibody the
number of immunoreactive neurons was significantly reduced
in R-flurbiprofen treated 3xTg-AD mice (po0.01). In the CA1/
subiculum area of untreated 3xTg-AD mice, the number of
immunostained PHF1 neurons ranged from 0 to 3 neurons/
section with most of the sections showing 1 or 2 stained
neurons and only in 1 mouse we observed no immunoreactiv-
ity. The number of PHF1 immunostained neurons in the CA1/
subiculum of R-flurbiprofen treated mice on the other hand,
ranged from 0 to 1 cells/section. For AT8 there was a strong
trend towards reduced number of AT8 positive neurons in the
Fig. 3 – Sections of hippocampus CA1 and subiculum immunost
immunoreactivity for CP13 in CA1/subiculum region. (B) Untreat
immunoreactivity for CP-13 in neurons of the CA1/subiculum ar
into the apical dendrites and dendritic arbors. (C) Comparable im
of an R-flurbiprofen treated 3xTg-AD mouse. (D) No significant d
CA1/subiculum area is found between untreated and R-flurbipro
R-flurbiprofen treated mice compared to untreated mice but the
difference did not reach significance.

2.5. Effect of R-flurbiprofen treatment on hippocampal
chemical profile and the correlative analysis between the
chemical profile and the effects of R-flurbiprofen on AD related
cognition and pathology in 3xTg-AD mice

The MRS of the hippocampus region of R-flurbiprofen treated
and untreated transgenic mice was measured by high-
resolution magic angle spinning (HRMAS). HRMAS was used
because it allows for small punches (1 mm diameter) that
would be difficult to obtain in vivo or using tissue extracts.
This reduces partial volume averaging and allows for better
sensitivity to neurochemical deficits. The only significant
difference in all of the twenty chemicals quantified was a
decrease of glutamine in the R-flurbiprofen treated mice back
to levels noted in wild-type mice (0.3870.03 vs. 0.3470.01 in
untreated vs. R-flurbiprofen; po0.05) (Table 1). Correlative
analysis between the chemical profile and the performance in
the cognitive test shows a significant correlation between
learning on the RAWM and glutamate concentrations (R¼0.72;
po0.05) across all the animals (Fig. 5). The score in PHF-1
correlated with both glutamine and with learning on the radial
arm water maze (Fig. 6).
3. Discussion

We have previously showed that ibuprofen decreases intra-
cellular Aß and phosphorylated-tau levels in young 3xTg-AD
mice resulting in improved memory and learning capacity.
Ibuprofen is an NSAID with anti-inflammatory and anti-
amyloidogenic GSM that selectively lowers the level of Aβ42.
Here we treated young 3xTg-AD mice with R-flurbiprofen, a
compound with similar GSM activity but with practically null
anti-inflammatory action. Results show that R-flurbiprofen
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Fig. 4 – Sections of hippocampus CA1 and subiculum immunostained for hyperphosphorylated tau with AT8 and PHF-1
antibodies. (A and D) No immunoreactivity was detected in 7 months old WT mice with AT8 (A) or PHF-1 (D). (E and F) Dense
aggregates of AT8 (B and C) and PHF-1 (E and F) immunoreactivity in the perikaryon and dendrites are detected in occasional
neurons. All immunoreactive neurons for AT8 and PHF-1 were found in the CA-subiculum area. (G) The number of PHF-1
immunostained neurons is significantly reduced in R-flurbiprofen treated mice compared to untreated.
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treatment improves cognition and reduces the pathological
levels of tau hyperphosphorylation and glutamine without
significantly affecting the level of Aß. Although the reasons
for the elevated cortical levels of Aß in patients with typical
late-onset AD is not known, leading theories in the field
centers the overproduction of Aβ, specifically of Aβ42, on the
pathogenesis of AD. It is proposed that increased level of Aß
precedes tau phosphorylation and that both processes



Table 1 – High resolution magic angle spinning spectra
from hippocampus of R-flurbiprofen-treated and
untreated 7 months 3xTg-AD mice.

Chemical Untreated R-flurbiprofen

GABA 0.24170.045 0.23870.029
Acetate 0.04370.019 0.03370.009
Alanine 0.04770.009 0.05870.013
Aspartate 0.31970.087 0.28770.041
t-Cho 0.14970.035 0.14170.021
Glutamate 0.73670.051 0.70770.090
Glutamine 0.38270.034 0.34670.013n

Glycine 0.12270.006 0.12070.011
Lactate 0.73770.138 0.76870.090
Myo-inositol 0.63370.090 0.60070.080
NAA 0.46370.056 0.43570.088
Scyllo-inositol 0.0002270.00006 0.0002470.00003
Taurine 1.10270.113 1.13370.143

n po0.05; The only significant change was in glutamine at this
time point. Values reported are molar ratios to creatine.

Fig. 5 – Plot of glutamate levels in the hippocampus and their
relation to learning. The learning was measured as the slope
representing the change in the number of errors as a
function of time. The correlation was highly significant
(R¼0.7; po0.01).

Fig. 6 – Correlation between PHF-1, MRS, and learning. The scor
with both glutamine concentration and with learning on the rad
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contribute to the cognitive decline and neurodegeneration
that characterize the disease. Elevated levels of soluble Aβ42
monomers enable formation of soluble oligomers that can
diffuse into synaptic clefts. At picomolar concentrations,
these soluble oligomers decrease dendritic spine density in
organotypic hippocampal slice cultures, disrupt hippocampal
LTP, and in vivo impair the memory of a complex learned
behavior (Selkoe, 2008). Elevated levels of intraneuronal Aß
appear to activate the kinases responsible for the hyperpho-
sphorylation of tau. The abnormal phosphorylation of tau
promotes its misfolding, decreases its degradation, seques-
ters normal tau, and induces their assembly into tangles of
paired helical filaments, which alter the microtubule stability
and normal neuronal functions (Iqbal et al., 2009). In 3xTg-AD
mice, we have previously showed the intraneuronal
co-localization of oligomeric Aß and phosphorylated tau sup-
porting the idea that oligomeric forms of Aß are associated
with tau phosphorylation (McKee et al., 2008). In this 3xTg-AD
model, reduction of soluble Aβ and soluble abnormally hyper-
phosphorylated tau, but not soluble Aβ alone, was found to
ameliorate the cognitive decline (Oddo et al., 2006). The
disjunction between Aß levels and hippocampal synaptic
plasticity in APP transgenic mice has also been described
(Townsend et al., 2010). Failure of GSM to reduce the level of
Aß but still improve cognition has been previously reported
(Balducci et al., 2011; Imbimbo et al., 2007; Kukar et al., 2007).
This apparent paradox could be explained by the relative
increase of specific synaptotoxic forms of soluble Aß more
than by the absolute level of Aß. Based on recent studies
(Giuffrida et al., 2009; Kim et al., 2007; Kuperstein et al., 2010),
one could imagine that subtle changes in the Aβ42/Aβ40 ratio
within neurons, rather than a reduction of the total brain Aß
content, might be more closely associated with the therapeutic
action of R-flurbiprofen in young 3xTg-AD mice. To determine
the effect of R-flurbiprofen on Aß we analyzed the hippocam-
pal region of the brain by immunohistochemistry using two
different antibodies that recognize different forms of Aß, 6E10
and NU-1. 6E10 is a monoclonal antibody that recognizes all
forms of Aß including monomers (Covance). NU-1 on the other
hand is a monoclonal antibody raised against Aß42 oligomers
that recognizes Aß oligomers and fibrils but not Aß monomers
(courtesy of Dr. William Klein). No significant differences in
the level of immunoreactivity to 6E10 or NU-1 were detected
e of PHF-1 immunoreactivity in the hippocampus correlated
ial arm water maze.
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between R-flurbiprofen treated and untreated mice. Unfortu-
nately, we could not measure the effect of R-flurbiprofen
treatment on the concentration of Aβ42 and Aβ40 because at 7
months of age 3xTg-AD mice do not hold enough Aß to be
detected by ELISA. Kukar et al. (2007) reported that treatment of
Tg2576 mice with R-flurbiprofen lessened the cognitive decline
of mice with a non-statistically significant reduction of Aβ42
and Aβ40 levels or formic acid-soluble levels of Aß. The
intracellular accumulation of Aß was proposed to be the
initiator of AD pathogenesis in 3xTg-AD mice but this idea
has been challenged by a report using 3xTg-AD/BACE(�/� )
mice that do not produce Aß peptides (Winton et al., 2011). In
these mice the intraneuronal immunoreactivity was identified
as Aß epitopes on the full-length precursor APP and not as free
Aß peptides. In the absence of Aß, 3xTg-AD/BACE(�/� ) mice
developed tau pathology with the same temporal and abun-
dance as 3xTg-AD mice implying that tau pathology develops
independently from the generation of Aß and suggest a role for
tau in AD neurodegeneration. Our data using the oligomer
specific NU-1 antibody together with 6E10 reveal the intracel-
lular accumulation of Aß aggregates in 3xTg-AD mice. Staining
brain tissue from 3xTg-AD/BACE(�/� ) mice with an oligomer
specific antibody like NU-1 could clarify the nature of the
intraneuronal material in these mice. Our results on the effect
of R-flurbiprofen on tau but not Aß that correlates with
behavioral and other neurochemical markers of AD support
Winton's contention for the independent development of tau
pathology and for tau-mediated effects in neurodegeneration.

Learning and memory of untreated, R-flurbiprofen treated
3xTg-AD and age matched WT mice were analyzed in the
RAWM test. Treatment with R-flurbiprofen improved the
long-term memory of 3xTg-AD mice allowing them to learn
the task faster than untreated littermates. Unlike the stan-
dard Morris water maze, which typically tests spatial refer-
ence memory (memory for spatial information that does not
change over time), the RAWM protocol used in the present
study analyses simultaneously spatial reference and short-
term memory retention (working memory) of a submerged
platform, the arm location of which changes each day. This is
the first report we are aware of testing 3xTg-AD mice in the
RAWM. Our results indicate that young 7 months old 3xTg-
AD mice have impaired spatial reference memory but not
working memory based on the criteria established by the
RAWM test used in the study. Although transgenic mice
committed more errors than WT mice in the working mem-
ory test, the number of errors committed by transgenic mice
in T5 (after the short lapse of 30 min) was not different than
the number of errors committed by the same group of mice in
T4. Other studies also reported that young 3xTg-AD mice
have reduced long-term memory (from day to day) but not
short-term memory dysfunction (Billings et al., 2005)
although synaptic dysfunction confirmed by deficits in LTP
were detected at 6 months of age (Oddo et al., 2003). Impaired
spatial reference memory but not working memory has also
been described for young (but not for old) double transgenic
APPxPS1 mice (Arendash et al., 2004). It appears thus that loss
of long-term memory precedes loss of short-term memory in
this and other mouse models of AD.

Failure of R-flurbiprofen to slow cognitive decline in patients
with mild AD in the phase 3 trial was attributed in part to the
weak pharmacological activity of R-flurbiprofen as a GSM and to
its poor brain penetration (Imbimbo, 2009b). The penetration of
R-flurbiprofen into the brain appears to be severely limited by
plasma protein binding, which reduces the plasma-free fraction
in the blood circulation by 490% and significantly reduces the
amount of drug that can cross the blood–brain barrier (Szpunar
et al., 1989). In our study R-flurbiprofen was well absorbed by
3xTg-AD mice (plasma concentration of R-flurbiprofen was
3542.77416 ng/g) but had a very low penetration rate into
the brain (brain tissue concentration of R-flurbiprofen was
30.476 ng/g) with a brain to plasma ratio of approximately
0.01. The low level of R-flurbiprofen achieved in the brain seems
far from the concentration needed to impact the activity of
γ-secretase (IC50E250 μM) (Eriksen et al., 2003). Furthermore,
3xTg-AD mice overexpress the human PS1 gene carrying the
M146V mutation, which further decrease the sensitivity of
γ-secretase to GSM (Hahn et al., 2011). Species specific traits of
R-flurbiprofen and targets other than γ-secretase may help to
explain the beneficial effects of R-flurbiprofen in 3xTg-AD mice.
R-flurbiprofen is considered the ‘inactive’ isomer of flurbiprofen
because it does not inhibit the activity of cyclooxygenase (COX).
However in mice, different than in human and rats, 22–30% of
the (R)-enantiomer is converted to the S-flurbiprofen that
maintains a potent anti-COX activity (Wechter et al., 1994).
Using the whole blood system that take into account the
protein-binding factor, reports indicate that in human there is
a selectivity for COX-1 vs. COX-2, with the IC50 for COX-1 being
0.06 μM and for COX-2 1.8 μM (van Haeringen et al., 2000) but in
guinea pig the IC50 value of S-flurbiprofen is about 0.5 mM for
both COX-1 and COX-2 (Carabaza et al., 1996). S-flurbiprofen but
not R-flurbiprofen has been shown to inhibit microglia neuro-
toxicity to neuroblastoma SH-SY5Y cells at low concentrations,
that appears to be consistent with a COX-dependent mechan-
ism (Klegeris et al., 2004). In addition, R-flurbiprofen has anti-
inflammatory activity on its own through the inhibition of NF-
kB and AP-1 which are key regulatory transcription factors in
inflammatory processes (Tegeder et al., 2001). The anti-
inflammatory action of the drug could easily explain the
decrease in tau phosphorylation detected in R-flurbiprofen
treated mice because all evidence points towards the deleterious
relationship between neuroinflammation and tau pathology.
For example, IL-1 was shown to increase tau phosphorylation
in vitro using neuronal–microglial co-culture experiments
(Li et al., 2003), and in vivo (Ghosh et al., 2013; Sheng et al.,
2000). Moreover, parenchymal LPS injections worsened tau
pathology in a transgenic murine model of forebrain-specific
P301L tau overexpression (Lee et al., 2010) and led to exacerbated
tau pathology in 3xTgAD mice (Kitazawa et al., 2005). Ablation of
CX3CR1 in mice and resulting increases in microglial activation
were associated with exacerbated tau pathology in hTau mice
(Bhaskar et al., 2010). There is also evidence that tau kinases
(i.e., GSK3β and p38MAPK) are activated by pro-inflammatory
cytokines and thus it is may be that R-flurbiprofen inhibits them.
In contrast to tau pathology, there have been many confounds
over the nature of the relationship between amyloid and
neuroinflammation and some studies indicate the divergent
effect of neuroinflammation on tau and Aß pathology
(Kitazawa et al., 2005; Ghosh et al., 2013). Activation of microglia
in 3xTg-AD mice did not affect Aß level or processing (Kitazawa
et al., 2005). R-flurbiprofen at clinically relevant concentrations
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has also been shown to upregulate NGF and BDNF in vitro, which
could potentially offer neuroprotection (Zhao et al., 2008). Taking
into account the poor penetration of R-flurbiprofen into the brain
and the low brain to plasma ratio in treated 3xTg-AD mice, it is
likely that brain γ-secretase inhibition does not explain the
effects we observed. It is possible that other CNS or peripheral
targets of R-flurbiprofen are responsible for this effect. R-
flurbiprofen clearly reached the concentration necessary to
activate COX1/2 in the periphery but not in the brain. It is
possible therefore that R-flurbiprofen acts peripherally rather
than centrally. Growing evidence suggests that the brain and
immune system are intricately connected and engaged in
significant crosstalk and that altering peripheral inflammation
during neurodegenerative disease can significantly alter disease
course (Lucin and Wyss-Coray, 2009). Changes detected in the
brain of R-flurbiprofen treated 3xTg-ADmicemay be the result of
a systemic effect in the pattern of soluble communication factors
in the periphery due to the large concentration of R-flurbiprofen
in plasma. Several peripheral COX-independent targets have
been described for R-flurbiprofen in association with its anti-
cancer activity in diverse tissues such as colon and prostate
(Grosch et al., 2003; Wynne and Djakiew, 2010). Genetic differ-
ences between mice and humans that translates in differential
expression and affinity for target proteins most probably account
for the disconnect effect of R-flurbiprofen in the 3xTgmouse and
in human. Unfortunately there are many examples showing that
the effects on animals are not always predictive of the effects in
humans.

MRS studies indicate that there is a decrease in NAA and
an increase in myo-inositol with the progression AD (Klunk
et al., 1996; Pettegrew et al., 1997; Shonk et al., 1995). By
combining the increase in myo-inositol with the decrease in
NAA, Ross and colleagues were able to distinguish AD from
other dementias (Ross et al., 1997). We also found increased
glutamine and decreased glutamate in AD (Choi et al., 2007;
Jenkins et al., 2000). This may reflect a change in the balance
of neuronal/glial volume as neurons degenerate, or shrink
(Jenkins et al., 2005) or a change in energy metabolism as
shown by PET studies which demonstrate good correlations
between glutamate levels and glucose utilization (Pfund et al.,
2000). Our pre-clinical studies with ibuprofen have shown
that the long-term treatment with ibuprofen in a double
transgenic APP/PS1 mice provided significant protection
against NAA and glutamate loss suggesting the protective
effect of ibuprofen to neuronal pathology in AD (Choi et al.,
2010). At 6 months of age, when there is small but significant
plaque accumulation in the PS1xAPP mice there were no
significant neurochemical changes in any of the 16 metabo-
lites analyzed (Choi et al., 2010). 3xTg-AD mice display
accumulation of intraneuronal Aβ at 3 months, tau accumu-
lation at 6 months and extracellular plaques start to develop
at 12 months of age (Billings et al., 2005; Oddo et al., 2003;
Oddo et al., 2006). The earliest cognitive impairment man-
ifests at 4 months as a deficit in long-term retention that
correlates with the accumulation of intraneuronal Aβ in the
hippocampus (Billings et al., 2005). While astrogliosis is
exclusively associated with the Aß plaques in old 3xTg-AD
mice, a generalized atrophy of GFAP-positive astrocytes was
found in the plaque-free hippocampus of 6 months old 3xTg-
AD mice (Olabarria et al., 2010). Astroglia plays a crucial role
in brain homeostasis and particularly important for home-
ostasis and turnover of the main excitatory neurotransmitter
glutamate. Astroglial failure may disrupt neural networks
connectivity and stimulate neurotransmitters imbalance and
hence be instrumental in early cognitive deficits. In agree-
ment with this idea, our studies show that R-flurbiprofen
significantly decreases glutamine back to levels noted in
wild-type mice. We found that glutamine levels directly
correlated with increased PHF-1 immunoreactivity and hence
with increased number of errors in the RAWM test. Whereas
glutamate levels inversely correlated with learning on the
maze. Glutamine and glutamate may represent the earliest
MR markers of cognitive function.
4. Experimental procedure

4.1. Mice and treatment

Homozygous 3xTg-AD mice expressing mutant human genes
APPswe, PS1M146V and tauP301L, previously characterized by
Oddo et al. (2003) and wild-type (WT) mice from the same
hybrid background strain, 129/C57BL6, were used in the
study. At 5 months of age, eight 3xTg-AD mice were orally
treated with R-flurbiprofen (donated by Myriad Pharmaceu-
ticals) for 2 months at a dose of 10 mg/kg/day. R-flurbiprofen
was formulated in the food chow by Research Diets. Ten
untreated 3xTg-AD and 10 untreated WT mice of the same
age were used as control. Mice weight and food consumption
were monitored weekly for the length of the experiment. At 7
months of age, and while still being treated, treated mice
together with untreated controls were tested on the radial
arm water maze testing and subsequently euthanized to
collect plasma and brains for analysis.
4.2. Radial arm water maze

At 7 months of age, 3xTg-AD treated mice and control mice
were trained to find an invisible submerged platform of 14 cm
in diameter, in a 6-arm-maze created inside a 4 ft diameter
pool, using a variety of visual extra maze cues. Each testing
day consisted in four acquisition trials (T1-4) and one mem-
ory retention trial (T5) 30 min after the last acquisition trial.
For any given day of testing, the submerged escape platform
was positioned near the end of a randomly designated goal
arm for that day and the starting position for T1-4 was
chosen in a semi-random sequence from the remaining five
arms. The memory retention trial T5 started from the same
arm as the last acquisition trial (T4) of the day. Mice were
allowed to swim for up to 1 min to find the submerged
platform and then they were allowed to remain on the
platform for 30 s. Alternatively, if a mouse did not find the
platform in the 60 s trial, it was guided to the submerged
platform where it stayed for 30 s. Errors were charged upon
entering all four paws in an incorrect arm, upon entering the
goal arm but failing to find the submerged platform, or upon
failing to select an arm after 20 s. Every time an error
occurred, the mouse was gently pulled back to the start arm
for that trial. The number of errors during all trials was
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recorded and used to calculate the index of daily learning (the
difference of errors between the first, T1, and the last
acquisition trial, T4) and the index of memory (the difference
in errors between the last acquisition trial, T4, and the
memory retention trial, T5). Testing lasted until a group
reached the pre-set criteria of committing less than two
errors in the last acquisition trial of the day (T4).
4.3. Blood and brain tissue samples

Immediately after the behavioral test, mice were euthanized
by CO2 asphyxiation and brains and blood were obtained.
Blood was centrifuged to get the plasma samples that were
stored at �80 1C until analyzed for the concentration of
R-flurbiprofen. Brains were cut into three 2 mm thick coronal
sections using a coronal matrix. The three 2 mm sections
spanned from 3mm anterior to the bregma to 3 mm posterior
to the bregma. Each coronal section was cut sagitally in two
hemisections. The left hemisections were immediately frozen
and a tissue punch of 1 mm diameter in the hippocampus was
obtained for MRS analysis. The rest of the hippocampus was
dissected out, homogenized in 2 volumes of HPLC-grade water
(μl/mg) followed by centrifugation at 2000 g, 4 1C for 10 min
and supernatants stored at �80 1C until analyzed for the
concentration of R-flurbiprofen. The three right hemisections
were fixed in 4% paraformaldehyde at room temperature for
2 h and embedded in a single paraffin block to be analyzed by
immunohistochemistry.
4.4. Analysis of R-flurbiprofen levels in Blood and brains

Concentration of R-flurbiprofen in plasma and brain extracts
was determined by Myriad Pharmaceuticals using tandem
liquid chromatography-mass spectrometry mass, as pre-
viously described (Kukar et al., 2007). Methanol (200 μl) was
used to precipitate proteins from 100 μl of sample followed by
fortification with an internal standard (deuterated racemic
flurbiprofen). Samples were mixed for two minutes in a
Captiva filter plate on a plate shaker before being transferred
to a vacuum apparatus. Vacuum (1 mm Hg) was applied for
three minutes and filtered extracts were collected in a new
96-well plate ready for LC–MS/MS analysis.

A calibration curve was made in the range of 1–1000 ng/ml.
Each 10� spiking solution (10 μl) was added to 90 μl of blank
sample prepared as above to generate the curve. Three QC
samples were made at each different concentration of 80, 320
and 800 ng/ml to determine the validity of the calibration
curve. Standard curve and QC points were prepared in the
same manner as the samples for analysis.

Following sample preparation, 10 μl of sample extract was
injected onto a Daicel ChiralPAK AD-RH 4�150mm2 column
and eluted at 0.55ml/min using the following isocratic mobile
phase: 90% methanol, 5% acetonitrile, 5% water and 0.1% acetic
acid. Compounds were detected using an ABI 4000 Q-Trap linear
ion trap mass spectrometer in Multiple Reaction Monitoring
mode with the following mass transitions monitored: m/z 243.3
and 199.1 for 7869 and S-flurbiprofen and m/z 246.3 and 202.1 for
the deuterated 7869 and S-flurbiprofen internal standard.
4.5. Immunohistochemistry

Paraffin-embedded hemibrains were serially cut in 10 mm
thick sections. Sections were immunostained for Aß and
tau using the following antibodies. For Aß we used 6E10
(Covance, 1:1000, pre-treated with formic acid) and NU-1,
which recognizes oligomeric and fibrillar but not monomeric
Aß42 (courtesy of William Klein, 1:1000). For tau we used CP13
directed against phosphoserine (courtesy of Peter Davies,
1:200), PHF-1 directed against phosphoserine 396 and phos-
phoserine 404 (courtesy of Peter Davies, 1:200), and AT8
directed against phosphoserine 202 and phosphothreonine
205 (Innogenetics 1:2000). Sections were processed using the
Vectastain Elite ABC Kit (Vector Labs, Burlingame, CA). Fol-
lowing the appropriate biotinylated secondary antibody,
slides were developed with diaminobenzidine (DAB) and
counterstained with hematoxylin. For the quantitation of
immunoreactivity, three sections per mouse (130 μm apart)
encompassing the posterior hippocampus were used. To
quantify intraneuronal Aß immunoreactivity for 6E10 and
NU-1 and tau immunoreactivity for CP-13, densitometric
analysis was performed using a house-written Matlab pro-
gram. Pictures of the posterior hippocampus were taken with
Nikon Eclipse 80i microscope using an Optronics digital
camera. Each image was processed in Photoshop to extract
the region of interest (ROI), the posterior hippocampal
CA1/subicular region, and an unaffected area used to define
the unspecific background stain. Both images were processed
together in the Matlab program to provide the percent of
specific immunoreactivity. The data were subsequently ana-
lyzed using a one-way ANOVA performed with a Tukey-Post
hoc comparison. Statistical significance was defined as
po0.05. For the quantitation of AT8 and PHF-1, we tabulated
the number of AT8 and PHF-1 immunoreactive neurons in the
hippocampal CA1/subicular region. The number of positive
neurons in the untreated 3xTg-AD mice was compared to the
number of positive neurons in the R-flurbiprofen-treated
3xTg-AD mice and analyzed between the groups using the
Wilcoxon–Mann–Whitney Rank Sum Test. Statistical signifi-
cance was defined as po0.05.

4.6. Magnetic resonance spectroscopy

The neurochemical profile was collected from hippocampal
tissue punches using high-resolution magic angle spinning
(HRMAS) on a Bruker 14T magnet. HRMAS was used because
it allows for small punches (1 mm diameter) that would be
difficult to obtain in vivo or using tissue extracts. We used
tissue punches of 1 mm diameter from hippocampus.
The punches were performed on freshly frozen tissue as
described in the section above. The dissected tissue sample
was placed into a glass cylinder positioned in a 3 mm
zirconium oxide MAS rotor (volume 50 ml). HRMAS measure-
ments were performed using a sample spinning rate, of
2.5 kHz selected to push the spinning side bands outside
the frequency region of the metabolites. The experiments
were performed at 4 1C to minimize tissue degradation. Data
was acquired using a rotor synchronized, T2-filtered Carr–
Purcell–Meiboom–Gill (CPMG) pulse sequence [90� (t�180)n
acquisition] with two different effective TEs (100 ms/10 ms).
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The longer TE serves to remove the lipid/macromolecular
resonances and the short TE retains them. We also collected
a spectrum without water pre-saturation to use water to
assess linewidths. The interpulse delay, t, was synchronized
to the rotor frequency, and was 272 μs. The n value for the
relatively short T2 filter was 36 and for the long TE was 360.
The short t value removes all the T2-like effects on the
lineshapes. The long T2 filter yields approximately 95% of
the total spectral intensity of all metabolites of interest
compared to the short TE. Other acquisition parameters are
a 90 pulse of 5–10 μs, a spectral width of 8 kHz, 16K complex
points, 256 averages and a TR of 5 s. Samples were placed in
the rotor with a small amount of D2O to which DSS was
added to provide for locking and chemical shift reference.

Analysis of the in vitro HRMAS spectra was performed
using the Chenomx NMR Suite 4.6 (Edmonton, Alberta). This
package has a library of over 350 chemical metabolite spectra
to which new spectra can be added. The spectra were then
corrected for lineshapes using a standard (selected from the
experimental spectrum) and the data was fit to the full model
metabolite spectrum. We took ratios of the chemicals to both
creatine and the internal DSS standard.
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