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A minor component of coffee unrelated to caffeine, eicosanoyl-5-hydroxytryptamide (EHT), provides
protection in a rat model for Alzheimer’s disease (AD). In this model, viral expression of the phospho, or SET protein in the brains of rats leads
protein phosphatase 2A (PP2A) endogenous inhibitor, the IPP2A
2
to several characteristic features of AD including cognitive impairment, tau hyperphosphorylation, and
elevated levels of cytoplasmic amyloid-b protein. Dietary supplementation with EHT for 6e12 months
resulted in substantial amelioration of all these defects. The beneﬁcial effects of EHT could be associated
with its ability to increase PP2A activity by inhibiting the demethylation of its catalytic subunit PP2Ac.
These ﬁndings raise the possibility that EHT may make a substantial contribution to the apparent
neuroprotective beneﬁts associated with coffee consumption as evidenced by numerous epidemiologic
studies indicating that coffee drinkers have substantially lowered risk of developing AD.
Ó 2014 Elsevier Inc. All rights reserved.
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1. Introduction
Alzheimer ’s disease (AD), the major cause of dementia in
middle and old age, is characterized by neurodegeneration that is
associated with neuroﬁbrillary tangles and neuritic plaques. A
current major goal in medicine is the development of diseasemodifying therapeutic drugs for AD. The microtubule-associated
tau protein is abnormally hyperphosphorylated in AD where it is
the principle component of neuroﬁbrillary tangles (Bancher et al.,
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1989; Grundke-Iqbal et al., 1986a, 1986b). Similarly, the amyloid-b
(Ab) polypeptide, is the principle component of neuritic plaques
(Masters et al., 1985; Wong et al., 1985). Evidence suggests that
tangle and plaque precursors, the nonﬁbril forms of abnormally
hyperphosphorylated tau and soluble oligomers of Ab, are the
major cytotoxic species in AD (Alonso et al., 1994, 2010; GrundkeIqbal et al., 1989; Iqbal et al., 1986; Klein, 2002; Kopke et al.,
1993; Santacruz et al., 2005). As much as 40% of the abnormally
hyperphosphorylated tau is cytosolic in AD brains (Kopke et al.,
1993), and intraneuronal Ab accumulation precedes plaque deposition (Bancher et al., 1989; Cataldo et al., 2004; Grundke-Iqbal
et al., 1989; Mori et al., 2002) and is correlated with neuronal cell
death in AD transgenic mouse models (Espana et al., 2010; Gandy
et al., 2010; Oddo et al., 2003).
Phosphoprotein phosphatase 2A (PP2A) accounts for w70% of
the total phospho-tau phosphatase activity in healthy human brain
(Bennecib et al., 2000; Gong et al., 1993, 1995, 2000; Liu et al., 2005)
and also functions to dephosphorylate the Ab precursor protein
(APP) so as to reduce the formation of the Ab (Sontag et al., 2007). In
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AD, PP2A activity is curtailed so that levels of hyperphosphorylated
tau and Ab increase, leading to neurodegeneration and dementia
and IPP2A
,
(Gong et al., 1993). Two cellular inhibitor proteins, IPP2A
1
2
or
SET
inregulate the activity of PP2A (Li et al., 1995, 1996). IPP2A
2
hibits PP2A activity toward hyperphosphorylated tau (Tsujio et al.,
PP2A
is a 277 amino acidelong nuclear protein that is
2005). I2
overexpressed and selectively cleaved at N175 into N-terminal
(I2NTF) and C-terminal (I2CTF) fragments, which are translocated
from the neuronal nucleus to the cytoplasm in affected areas of the
AD brain (Tanimukai et al., 2005). Both I2NTF and I2CTF bind to PP2A
catalytic subunit (PP2Ac) and inhibit its phosphatase activity toward hyperphosphorylated tau (Arnaud et al., 2011). Transduction
of brains of new born rat pups with adenoassociated virus 1 vector
(AAV1) encoding I2NTF and I2CTF inhibit PP2A activity and cause
abnormal hyperphosphorylation and aggregation of tau and accumulation of intraneuronal Ab in 13-month-old animals (Bolognin
et al., 2012). These protein hallmarks of AD are associated with
cognitive defects in memory and learning.
From these results, it seems likely that a therapeutic agent that
acts to maintain healthy levels of PP2A might provide a diseasemodifying approach for the treatment of AD. A number of
different PP2A-activating compounds and mechanisms have been
identiﬁed (Voronkov et al., 2011). An in vitro screen was conducted
for natural products that support PP2A activity toward phosphotau, and a suitable activity was identiﬁed in coffee extracts. The
active agent was puriﬁed to homogeneity and identiﬁed as eicosanoyl-5-hydroxytryptamide (EHT). Synthetic EHT exhibited the
same ability to support PP2A activity as EHT isolated from coffee.
Dietary supplementation with synthetic EHT exhibited neuroprotective efﬁcacies in mouse models for Parkinson’s disease (Lee
et al., 2011, 2013). Here, we report the beneﬁcial effects of chronic
dietary supplementation with EHT on PP2A activity, abnormal tau
hyperphosphorylation, accumulation of intraneuronal Ab, and
cognitive performance in a rat model for AD.

2. Materials and methods
2.1. Study design
N- and C-terminal fragments
AAV1 was used to express the IPP2A
2
found previously
(I2-N/C) in rat brain to replicate the cleavage of IPP2A
2
in AD brains (Tanimukai et al., 2005). AAV1-I2-N/Ceinfected rats that
express the predicted I2-N/C fragments, are cognitively impaired,
show hyperphosphorylation and aggregation of tau, and accumulate
intraneuronal Ab (Bolognin et al., 2012). As described previously
(Bolognin et al., 2012), on the day of birth (postnatal day ¼ 0.05),
Wistar rat pups were transfected by injecting 2 mL containing 4  109
AAV1 genomic equivalents encoding I2-N/C or, as a control, green
ﬂuorescent protein (GFP) into each lateral ventricle of the brain
(Fig. 1). Successful transfection of rat brains with I2-N/C was
conﬁrmed by reverse-transcription polymerase chain reaction (RTPCR). At 21 days of age, the pups were weaned and 15 female AAV1I2-N/C and 15 female AAV1-GFP rats were put on 0.1% (wt/wt) EHT
formulated diet (Research Diets; New Brunswick, NJ, USA). As controls, 15 female AAV1-I2-N/C and 15 female AAV1-GFP pups were put
on similar diets lacking EHT. The rats were housed and bred according to the United States Public Health Service Policy on Human
Care and Use of Laboratory animals with 2e3 animals per cage, a
12:12 h light-dark cycle, and ad libitum access to food and water.
Studies on animals were carried out according to the protocols
approved by the Animal Welfare Committee of the New York State
Institute for Basic Research. Rats were subjected to behavioral tests
at 6 months of age. Seven animals from each group were perfused
after behavioral tests, and the remaining 8 animals from each group
were perfused after a second set of behavioral tests at 12 months
while they were still on EHT or vehicle diet. Animals were anesthetized with sodium pentobarbital (125 mg/kg) and then sacriﬁced
by transcardial perfusion with 0.1 M phosphate-buffered saline. The
left hemispheres were dissected into hippocampus, cerebral cortex,

Fig. 1. Eicosanoyl-5-hydroxytryptamide (EHT) structure and experimental design and IPP2A
N- and C-terminal fragments (I2-N/C) transduction in adult rat brains. (A) EHT chemical
2
structure. (B) Schematic representation of the study. (C) Rat pups were injected intracerebroventricularly with adenoassociated virus (AAV) on the day of birth. (D) Linear maps of
the AAV plasmids (based on pTRUF12) containing (C) green ﬂuorescent protein (GFP) or (D) I2NTF and I2CTF genes inserted between the inverted terminal repeats (ITRs). CMV,
cytomegalovirus promoter; IRES, internal ribosomal entry site from poliovirus. After weaning on day 21, GFP and I2-N/C animals were put on either standard rat chow or chow
containing 0.1% EHT for up to 1 year.

G. Basurto-Islas et al. / Neurobiology of Aging xxx (2014) 1e12

and subcortical structures and kept at 80  C for biochemical
analysis, whereas for immunohistochemical investigation, the right
hemispheres were immerse-ﬁxed for 48 hours in 4% paraformaldehyde in phosphate-buffered saline, cryoprotected in 30%
sucrose, and then cut in 40 mm sagittal sections using a freezingsliding microtome.
2.2. Recombinant plasmid production and vector packing
AAV1-I2-N/C and AAV1-GFP were generated as described previously (Bolognin et al., 2012; Wang et al., 2010). Brieﬂy, the
(Tsujio et al., 2005) was used as a templasmid pEGFP  N3=IPP2A
2
plate to generate by PCR I2-N/C encoding complementary DNAs
(cDNAs). After veriﬁcation by DNA sequencing, the cDNA fragments
were cloned into the multicloning site of the AAV viral genome
containing plasmid pTRUF12. Expression was driven by the cytomegalovirus promoter/enhancer. Serotype 1 virus was produced
(Henckaerts et al., 2009), and titers were calculated from standard
curves generated from pTRUF12 as previously described
(Zolotukhin et al., 2002).
2.3. Western blots
Rat hippocampus was homogenized to 10% (wt/vol) ﬁnal concentration in cold buffer containing 50 mM Tris-HCl (pH 7.4), 8.5%
sucrose, 2 mM EDTA, 2 mM EGTA, 10 mM b-mercaptoethanol, 5 mM
benzamidine, 0.5 mM AEBSF, 4 mg/mL pepstatin A, 10 mg/mL each of
aprotinin and leupeptin, 20 mM b-glycerophosphate, 100 mM sodium ﬂuoride, 1 mM sodium vanadate, and 100 nM okadaic acid
(OA). Protein concentrations were determined by the modiﬁed
Lowry method (Bensadoun and Weinstein, 1976). Tissue homogenates were heated in Laemmli buffer and subjected to sodium
dodecyl polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidine diﬂuoride membrane of 0.45 mm pore size,
and membranes were blocked with 5% nonfat dry milk. The
following primary antibodies were used: anti-glyceraldehyde 3phosphate dehydrogenase (1:2000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA); 92e to total tau (1:5000, Grundke-Iqbal et al.,
1988); and phosphospeciﬁc tau antibodies tau pS199, tau pT205,
tau pT212, tau pS214, tau pS396 (1:1000; BioSource, Camarillo, CA,
USA), R145 to tau pS422 (1:3000, Tanaka et al., 1998), 12E8 to tau
pSer396/Ser404 (1:500, Seubert et al., 1995), 4D9 to methyl-PP2A
(1:200; Princeton University, NJ, USA), 1D6 to unmethylated PP2A
(Millipore), and 6A3 to total PP2A (Millipore). Immunoblots were
probed with the corresponding anti-mouse or anti-rabbit horseradish peroxidase secondary antibodies (1:5000; Jackson ImmunoResearch, West Grove, PA, USA) and detected using enhanced
chemiluminescence reagents (Thermo Scientiﬁc, Rockford, IL, USA).
Multi-Gauge V3 software (Fuji Photo Film, Tokyo, Japan) was used
to quantify the density of the protein bands in Western blots. The
quantiﬁed values were statistically analyzed with the nonparametric t test.
2.4. RT-PCR and quantitative PCR
Total RNA was extracted from cerebral cortex, with RNeasy plus
mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. cDNA synthesis was performed using Super Script
First-Strand Synthesis System kit (Invitrogen, Carlsbad, CA, USA).
RT-PCR ampliﬁcation was achieved in a thermocycler for 30 cycles:
denaturation for 30 seconds at 95  C, annealing for 30 seconds at 60
 C, and polymerization for 30 seconds at 72  C. The IPP2A N-termi2
nal-FLAG primer sequence was the following: forward 50 -gcaagaagcgattgaacaca-30 and reverse 50 -gcagtgcctcttcatcttcc-30 . The
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ampliﬁcation products were resolved on 1% agarose gels and
quantiﬁed using the Molecular Imager System (Bio-Rad, Hercules,
CA, USA).
2.5. Immunohistochemistry
Immunohistochemistry was performed on free-ﬂoating cryostat
sagittal sections of right-brain hemispheres. The following antibodies were used at the indicated dilution: anti-Ab1e40 (1:200;
Invitrogen, Camarillo, CA, USA) and Alexa 555econjugated goat
anti-mouse and goat anti-rabbit IgG (H þ L) (1:500; Molecular
Probes, Carlsbad, CA, USA) were used as secondary antibodies.
Sections were analyzed using confocal microscope Nikon eclipse
90i (Nikon, Melville, NY, USA). For quantitative analysis, the images
were taken using 10 objective, 6 images into 5 mm depth through
the z axis were scanned, and horizontal z sections were collected
and projected as superimposed stacks. The antibody staining was
semiquantitated by measuring mean ﬂuorescence intensities
(MFIs) with Image J software (US National Institutes of Health,
Bethesda, MD, USA). MFI per square micrometer area was calculated by dividing the MFI units by the area of outlined regions. The
CA3 region from 4 sections per brain and 4 animals per group were
used for ﬂuorescence intensity and quantiﬁcation of Ab1e40.
2.6. PP2A activity assay
PP2A activity toward phospho-tau was assayed as described
previously (Chohan et al., 2006). Brieﬂy, 96-well plates were coated
for 8 hours at room temperature with 60 mL of 35 mM NaHCO3 pH
9.5, containing 8.0 mg/mL of a synthetic tau phosphopeptide in
which Ser199 was phosphorylated. The coating solution was
removed, and the wells were blocked with 150 mL of protein-free
blocking buffer (Pierce, Pittsburgh, PA, USA) at 4  C overnight and
then washed with 50 mM Tris-HCl, pH 7. Phosphatase activity was
assessed with 60 mL per well of 0.15 mg tissue extract (prepared with
protease but no phosphatase inhibitors) resuspended in reaction
buffer (20 mM b-mercaptoethanol, 2 mM EGTA, 2 mM MnCl2, and
0.01 mg/mL bovine serum albumin) in the presence or absence of
20 nM OA for 60 minutes at 30  C in a moist chamber. Each well was
then incubated overnight at 4  C with 75 mL of a monoclonal antibody, tau-1 (1:25,000), speciﬁc for tau that is unphosphorylated at
Ser-198/199/202 (Grundke-Iqbal et al., 1986b). Plates were developed with anti-mouse horseradish peroxidase secondary antibody
(1:5000; Jackson ImmunoResearch) and tetramethylbenzidine.
Development was monitored in a microtiter plate reader at 650 nm
with a 30-minute kinetic reading every 2 minutes. To determine
PP2A activity, values in the presence of OA were subtracted from the
corresponding values in the absence of OA.
2.7. Behavioral studies
Once a week, the condition of each animal was assessed by
measuring body weight, rectal temperature, food consumption,
grooming, physical state, and clasping reﬂex. After 6 and 12 months
of treatment, animals were subjected to hippocampal-dependent
spatial memory tests using the water maze and object location,
respectively. All the behavior procedures on animals were conducted in strict compliance with approved protocols from our
institutional Animal Welfare Committee.
2.8. Spatial reference memory evaluation at 6 months
The spatial reference memory task evaluated in a water maze
assesses hippocampal-dependent reference memory in rodents,
requiring that rats use a spatial navigational strategy to ﬁnd a ﬁxed
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submerged escape platform. The hippocampal system processes
information about the relationships among distal environmental
cues into a spatial map where spatial coordinates of the submerged
platform are encoded (Morris et al., 1982). The hippocampus is also
crucial for memory storage, consolidation, and restitution of the
spatial information (Riedel et al., 1999). The procedure was performed in a 180-cm diameter circular tank. The pool was ﬁlled with
water (20  1  C) made opaque by adding white nontoxic paint.
Acquisition was started with the escape platform (14 cm diameter
submerged 1 cm below water surface) in the northwest quadrant,
and each animal was given 90 seconds to ﬁnd the platform. If the rat
did not ﬁnd the platform in 90 seconds, it was gently guided to it. At
the end of each trial, the rat was left on the platform for 20 seconds,
dried, and then returned to its home cage until the next trial. Four
such acquisition trials, 20 minutes apart, were given on each day for
3 consecutive days. A test for retention (i.e., a probe trial [PT]) was
given 24 hours after the last day of training. During the PT, the rat
was allowed to swim in the tank without the escape platform for 60
seconds. The measures of learning were the time and the distance
swum to reach the virtual escape platform. For PT, the number of
entries in the platform zone was recorded. Rat behavior in the
water maze was monitored by a Samsung digital camera (SDC
4304) mounted to the ceiling and tracked and timed by SMART
(PanLab/San Diego Instruments) version 2.0.14 software.
2.9. Object location evaluation
This task was performed after 12 months of treatment and was
used to measure hippocampal functioning because this brain
structure is critical for associating objects with locations (Malkova
and Mishkin, 2003). Animals were exposed to 2 similar objects
and they had to identify the spatial location of these 2 objects in an
open ﬁeld as novel or familiar, based on the memory of an earlier
experience with one of the 2 different object locations. The familiar
location was explored a shorter time than the novel location
because the spatial representation of the former was still available
in the memory. The test was developed in the classical open-ﬁeld
apparatus (i.e., a polyvinyl chloride square arena, 100  100 cm,
with plexiglass walls, 70 cm high). The open ﬁeld was placed in a
different room from the experimenter. The open ﬁeld was surmounted by a video camera connected to a computer for tracking.
Before the object location test, animals received 6 sessions of
habituation to the arena (2 session per day, 2 hours apart, 10 minute
per session). During habituation sessions, an object was placed in
the center of the arena. During the ﬁrst habituation session, the
time of exploration of the object was measured to evaluate neophobia. Twenty-four hours after the last session of habituation, rats
performed the object location test consisting of a sample phase and
a test phase. During the sample phase, the rat was exposed to 2
similar objects and was allowed to explore for 5 minutes. The test
phase occurred 1 hour after the sample phase. One of the 2 identical
objects was moved to a new location. To analyze cognitive performance, a discrimination index was calculated as follow: (time
exploring the new location e time exploring familiar location) 
100/time exploring both locations. Rat behavior in the open ﬁeld
was monitored by a Samsung digital camera (SDC 4304) mounted
to the ceiling and tracked and timed by SMART (PanLab/San Diego
Instruments) version 2.0.14 software. Time spent close to each
object was manually recorded by the experimenter.

physical state and by measuring body weight, rectal temperature,
and food consumption.
2.11. Anxiety
Anxiety and exploratory activities were evaluated after 6
months of treatment with EHT by allowing rats to freely explore an
open ﬁeld for 20 minutes. The testing apparatus was a classic open
ﬁeld (i.e., a polyvinyl chloride square arena of 100  100 cm, with 70
cm high plexiglass walls). The open ﬁeld was placed in a part of the
room separated from the experimentator and the control station
with a black opaque curtain. Rats were individually submitted to a
single 20-minute session. Because for rodents the middle of a
nonfamiliar arena is anxiogenic, anxiety was studied analyzing the
time spent in the middle of the arena during the ﬁrst 5 minutes of
the session. To assess exploratory activity, the total distance the
animals covered in the arena was tracked and measured. Data
collection was performed using tracking ﬁles of the experiment
recorded with SMART (PanLab/San Diego Instruments) version
2.0.14 software.
2.12. Neurologic evaluation
After the ﬁrst 6 months of treatment, rats were submitted to a
battery of behavioral tests to perform a quantitative evaluation of
reﬂexes, muscle strength, and motor coordination. Using a scoring
system adapted from Korenova et al. (2009), we were able to
measure the consequences of the neurodegenerative processes on
neurologic and neuromuscular functions (see Supplementary
Table S1).
2.12.1. The beam-walking test
Three sorts of traversing segments were used (3  3 cm, 4  2
cm [traversing segment was 2 cm], and a round beam of 3.5 cm
diameter). All had the same length of 200 cm and were placed 75
cm above the ﬂoor. Two training and 1 testing trials were performed. Traversing latency and number of hind-limb slips made
during test performance were measured and scored according to
the predeﬁned rating scale (Supplementary Table S1). The task was
repeated at different sensitivity according to the following scheme:
 beam with a square section of 3  3 cm (day 1),
 beam with a rectangular cross-section of 4  2 cm (day 2), and
 beam with a round cross-section of 3.5 cm diameter (day 3).

2.12.2. The prehensile traction test
Rats were allowed to grasp with their forepaws a horizontal
steel wire (3 mm in diameter) suspended 75 cm above a padded
surface. Latency to fall from the wire was measured. The scoring
conditions are described in Supplementary Table S1.
After 12 months of treatment, neurologic functions were evaluated using a test for neuromuscular functions (i.e., the hind-limb
extension reﬂex test), a test for muscle strength (i.e., the prehensile traction test), and a test for motor coordination (i.e., the footprint test).
2.12.3. The hind-limb extension reﬂex test
The test measures the consequences of the neurodegenerative
processes on neurologic and neuromuscular functions. The scoring
conditions are described in Supplementary Table S2.

2.10. General behavioral studies: monitoring of animals
During the period of the treatment, the individual condition of
each animal was assessed every week by evaluating grooming and

2.12.4. The prehensile traction test
The test evaluates forelimb muscle strength. Rats were allowed
to grasp with their forepaws a horizontal steel wire (3 mm in
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diameter) suspended 75 cm above a padded surface. Latency to fall
from the wire was measured. The scoring conditions are described
in Supplementary Table S3.
2.12.5. The footprint test
The test evaluates motor coordination and synchrony by
examining gait during normal walking. For this test, the animal
paws are stained with nontoxic acrylic paint (forepaws with red and
hind paws with blue). The rat has to walk through a 12  12  50 cm
transparent plexiglass tunnel over absorbent paper. The following
records were made from the walking tracks (see Supplementary
Fig. S1): (1) stride length (distance between forepaw-forepaw and
hind paw-hind paw), (2) gait width (distance between left and right
hind paws), and (3) placement of hind paw relative to forepaw
(distance between hind paw-forepaw in each step cycle).
3. Results
3.1. I2NTF and I2CTF genes were effectively expressed in rat brains
Rat pups were injected intracerebroventricularly on the day of
birth with AAV1 containing N- and C-terminal fragments of the

I2  N=C or as control, AAV1-GFP, and after
PP2A inhibitor, IPP2A
2
weaning on day 21, GFP and I2-N/C animals were put on either
standard rat chow or chow containing 0.1% EHT for up to 1 year
(Fig. 1). As shown previously (Bolognin et al., 2012), considering an
N-terminal fragment
FLAG-tag was encoded into the IPP2A
2
N-terminal fragment primers
sequence, we were able to use IPP2A
2
that contain an FLAG sequence not homologous to endogenous
to conﬁrm the successful transduction of the brain with the
IPP2A
2
AAV1-I2-N/C. The AAV1-mediated protein expression was <5% of
the endogenous I2PP2A level as reported previously (Wang et al.,
N-terminal fragment se2010). As expected, FLAG-tagged IPP2A
2
quences were not found in GFP control rats.
3.2. EHT prevents I2-induced cognitive impairment in rats
The expression in rat brains of the highly active N- and C-ter
I2  N=C , led to
minal fragments of the PP2A inhibitor, IPP2A
2
cognitive deﬁcits, and dietary supplementation with EHT relieved
these deﬁciencies (Figs. 2 and 3). Hippocampal-dependent cognitive function was assessed at 6 months using the spatial reference
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memory task in the water maze (Fig. 2). Analysis of the swim speeds
of the animals (Fig. 2A) revealed that AAV-I2-N/C rats swam
signiﬁcantly faster than other groups, independent of EHT supplementation (analysis of variance [ANOVA], p ¼ 0.003; Fisher post hoc
test, p < 0.049). Results of the training were therefore analyzed in
terms of distance covered to reach the submerged platform rather
than time required (Fig. 2B). During training in the absence of EHT
dietary supplementation, AAV-I2-N/C rats displayed delayed performance compared with other groups (Fig. 2B, ANOVA, p ¼ 0.038;
Fisher post hoc test, p < 0.046). This ﬁnding showed that AAV-I2-N/
C rats were impaired in the learning of the task compared with
AAV-GFP rats, but that treatment with EHT rescued this impairment. During the PT, AAV-I2-N/C rats also displayed poor performance and visited the platform location signiﬁcantly less
frequently than AAV-GFP rats raised on control diets lacking EHT
(Fig. 2C, Student t test, p ¼ 0.023). This conﬁrmed the impaired
ability of AAV-I2-N/C rats to encode and memorize spatial information, that is, the spatial coordinates of the submerged platform.
The AAV-I2-N/C rats treated with EHT visited the platform location
similarly to the AAV-GFP control animals, conﬁrming that treatment of AAV-I2-N/C rats with EHT prevented spatial memory
impairment.
After 12 months of EHT treatment, hippocampal cognitive
function was evaluated using a different test: the object location
memory task. During the sample phase of the test, all animals
spent similar time exploring the 2 objects in the arena (Fig. 3A,
Student t test, p > 0.999). This result shows that the rat’s baseline
preferences for the objects and locations involved in the test were
not signiﬁcantly affected by I2-N/C expression or EHT dietary
supplementation. During the test phase, control groups and AAVI2-N/C rats treated with EHT displayed a discrimination ratio of
w70% showing that these animals tend to explore the new location more than the old. In contrast, AAV-I2-N/C rats that were not
treated with EHT presented a discrimination ratio close to 55%,
showing that this group spent similar time in both locations. The
performance of this group was statistically different from control
and EHT-treated groups (Fig. 3B, Student t test, p < 0.020). These
results conﬁrmed the hippocampal impairment associated with
AAV-I2-N/C expression seen at 6 months in the water-maze task
and showed that 12 months of EHT treatment can prevent the
impairment of spatial information processing associated with I2-N/
C expression.

Fig. 2. Eicosanoyl-5-hydroxytryptamide (EHT) prevents the reference memory impairment in rats expressing IPP2A
N- and C-terminal fragments (I2-N/C) when tested by the
2
hippocampal-dependent spatial memory water-maze test. (A) Hippocampal functioning in I2-N/C rats displayed signiﬁcantly faster swim speed than other groups (analysis of
variance [ANOVA], p < 0.01; Fisher post hoc test, p < 0.05); therefore, results of the training phase were analyzed as distance covered to reach the submerged platform. (B) Watermaze task: training phase. I2-N/C rats treated with vehicle displayed delayed training performance compared with other groups (ANOVA, p ¼ 0.038; Fisher post hoc test, p < 0.046)
reﬂecting hippocampal impairment that can be prevented with 6 months treatment with EHT. (C) Water-maze task: probe trial. I2-N/C rats treated with vehicle visited the platform
location less than other groups (Student t test, p ¼ 0.023), conﬁrming hippocampal impairment and its prevention by 6 months treatment with EHT. *p < 0.05.
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Fig. 3. Eicosanoyl-5-hydroxytryptamide (EHT) prevents the cognitive impairment in rats expressing IPP2A
N- and C-terminal fragments (I2-N/C). Hippocampal functioning was
2
measured to determine cognitive impairment. (A) Object location task: sample phase. No differences were found among the groups, indicating no preferences for objects or location
(Student t test, p > 0.99). (B) Object location task: test phase. I2-N/C rats spent signiﬁcantly less time to analyze the object in the new location (Student t test, p < 0.02), indicating
cognitive impairment. When treated with EHT for 12 months I2-N/C rats displayed similar performance as control groups. Abbreviation: GFP, green ﬂuorescent protein. *p < 0.05,
**p < 0.01.

3.3. General physical state, body weight, and temperature
No alteration in general physical state including grooming and
posture because of either the AAV-I2NTF/CTF (N/C/vh) infection or
the treatment with EHT was detected. Figure 4 represents the
follow-up of body weight and body temperature during the
treatment with EHT (Fig. 4A and C, during the ﬁrst 6 months;

Fig. 4B and D, during the last 6 months). Across months, we
observe a general increase of the body weight (Fig. 4A and C,
ANOVAs, p < 0.001) and of the body temperature (Fig. 4C and D,
ANOVAs, p < 0.001). But, we did not observe any signiﬁcant effect
of AAV-I2NTF/CTF infection or EHT on these parameters (Fig. 4A and
C, ANOVAs, p > 0.141; Fig. 4B and D, ANOVAs, p > 0.263) during
the period of the treatment.

Fig. 4. Effect of eicosanoyl-5-hydroxytryptamide (EHT) treatment on body weight and temperature. Follow-up of body weight and body temperature during the treatment with EHT
(A and B, during the ﬁrst 6 months; C and D, during the last 6 months). Across months, we observed a general increase of the body weight (Fig. 4A and C, analyses of variance
[ANOVAs], p < 0.001) and of the body temperature (Fig. 4D and E, ANOVAs, p < 0.001). But, we did not observe any signiﬁcant effect of adenoassociated virus (AAV)-I2NTF/CTF
infection or EHT on these parameters (Fig. 4A and C, ANOVAs, p > 0.141; Fig. 4B and D, ANOVAs, p > 0.263) during the period of the treatment.
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Fig. 5. General behavior in 6-month-old rats. (A) Assessment of neurologic examination (see Supplementary Table S1) quantitated as neuroscore. (B) Anxiety measured by time
spent by an animal in the center of the arena. (C) Exploratory activity measured by distance covered exploring the arena. Eicosanoyl-5-hydroxytryptamide (EHT) treatment had no
signiﬁcant effect on any of the previously mentioned measures of general behavior.

3.4. Evaluation after 6 months of treatment with EHT
Figure 5A represents the neuroscore. Statistical analysis of
data obtained from the assessment of neurologic examination
did not reveal any signiﬁcant difference among groups (Fig. 5A,
Kruskal-Wallis test, p ¼ 0.380). This result indicates that, at 6
months of age, AAV-I2NTF/CTF rats did not present any impairment in
neurologic function and that treatment with EHT did not induce
any neurologic side effects.
As shown in Fig. 5B, there was a tendency for AAV-I2NTF/CTF (N/C/
vh) rats to visit less the center of the arena than other groups. But
statistical analysis did not reveal any signiﬁcant difference (Fig. 5B,
ANOVA, p ¼ 0.736) among groups. This tendency to explore less the
center of the open ﬁeld suggested that, as the pathology develops in
AAV-I2NTF/CTF rats, anxiety levels would shift toward hyperanxiety.
However, treatment with EHT restored anxiety to normal levels.
During the 20 minutes of free exploration, all groups covered
similar distance (Fig. 5C, ANOVA, p ¼ 0.852), suggesting that all
animals displayed similar level of exploration. No effect of the
treatment was observed.

3.5. Evaluation after 12 months of treatment with EHT
Figure 6A represents performance of rats in the hind-limb
extension reﬂex test. Statistical analysis did not reveal any difference between groups (Fig. 6A, Student t tests, p > 0.059). This result
indicates that, at 12 months of age, AAV-I2NTF/CTF rats did not present any deterioration of peripheral neurologic functions and that
treatment with EHT did not induce any peripheral neurologic side
effects.
As shown in Fig. 6B, statistical analysis did not reveal any signiﬁcant difference between groups in the prehensile traction test
(Fig. 6B, Student t tests, p > 0.200). As represented in the regression
chart, correlation analysis of the body weight and the prehensile
traction score of the animals did not show any signiﬁcant effect
between body weight and performance in the test (Fig. 6C). These
results indicate that neither the AAV-I2NTF/CTF infection nor the
treatment with EHT induced any changes in forelimb muscle
strength.
Finally, Fig. 6DeG represents analysis of different parameters for
the footprint test. Statistical analysis did not reveal any difference
between groups in any parameter (Fig. 6DeG, Student t tests, p >
0.528). These analyses showed that neither the AAV-I2NTF/CTF
infection nor the treatment with EHT altered motor coordination
and synchrony.

inhibition of
3.6. Dietary supplementation with EHT blocks I PP2A
2
PP2A and prevents tau hyperphosphorylation
I2-N/C fragments are known to bind to PP2Ac and inhibit
phosphatase activity (Arnaud et al., 2011). We therefore compared
the levels of PP2A activity toward phospho-tau in the brains of rats
raised with and without dietary EHT supplementation. On normal
diets, PP2A activity was signiﬁcantly lower in rats that express I2-N/
C than in GFP controls. EHT dietary supplementation completely
rescued the I2-N/Ceinduced PP2A deﬁciency (Fig. 7A and B).
Neither I2-N/C expression nor EHT treatment caused any signiﬁcant
changes in the level of total PP2Ac protein. These data conﬁrm that
expression of I2-N/C inhibits PP2A activity and that treatment with
EHT can block I2-N/Ceinduced PP2A inhibition.
The principal form of PP2A that dephosphorylates phospho-tau
requires carboxy methylation at its C-terminus (Tolstykh et al.,
2000; Wu et al., 2000). Levels of PP2A methylation are
controlled by a balance between the activities of 2 highly
conserved PP2A-speciﬁc enzymes: a methyl transferase, PPMT,
that transfers methyl groups from S-adenosylmethionine to the
PP2A carboxy terminus and a methyl esterase, PME, that demethylates PP2A. EHT was initially identiﬁed as a component in
coffee extracts that inhibited the PP2A demethylation reaction
(Lee et al., 2013). Dramatic increases in PP2A demethylation have
been observed in brains from AD patients (Sontag et al., 2004). The
effect of EHT on levels of PP2A methylation in I2-N/C and control
rats was therefore investigated, and it was found that EHT treatment signiﬁcantly reduced the levels of demethylated PP2Ac in I2N/C rats; a similar trend was seen in GFP controls (Fig. 7C and D).
Together, these data suggest that the expression of I2-N/C decreases PP2A activity and that the treatment with EHT that blocks
PP2A demethylation (Lee et al., 2011) can rescue the I2-N/C inhibition of phosphatase activity.
Because PP2A is the major brain phospho-tau phosphatase
(Bennecib et al., 2000; Gong et al., 2000; Liu et al., 2005), I2-N/C
inhibition of PP2A activity would be expected to cause tau hyperphosphorylation. Western blot analysis of tau phosphorylation
conﬁrmed this supposition. I2-N/C expression signiﬁcantly
decreased the total tau level and increased tau hyperphosphorylation compared with GFP control animals at T205, T212,
S214, S262/356, and S396, but not at S199, a PP2A nonpreferred site
(Liu et al., 2005) (Fig. 8). Treatment with EHT reduced I2-N/
Ceinduced tau hyperphosphorylation at most of these sites; there
were no signiﬁcant differences between EHT-treated experimental
and GFP control rats. These results indicate that I2-N/C expression
induces abnormal hyperphosphorylation of tau through inhibition
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Fig. 6. Lack of any side effects in eicosanoyl-5-hydroxytryptamide (EHT)etreated and control-treated rats at 12 months of age. Different tasks corresponding to general behavior
performed at 12 months of age in the 4 groups of rats. (A) Clasping reﬂex score. (B and C) Prehensile traction score. (DeF) Stride length, gait, and placement in footprint test. (G)
Latency to explore novel object in an arena in neophobia test. No signiﬁcant differences among the 4 groups of animals were found in any of the previously mentioned general
behavioral tests, indicating no adverse effect of EHT treatment.

of PP2A activity and that treatment with EHT ameliorates this
pathology.
PP2A activity and the levels of tau hyperphosphorylation are
known to have a negative correlation at the phosphorylation sites
most associated with pathology in AD brain (Liu et al., 2005). As
shown in Figs. 7 and 8, PP2A activity was signiﬁcantly decreased in
I2-N/C rats, tau hyperphosphorylation was coordinately increased,
and both the changes in PP2A and tau phosphorylation were
rescued in EHT-treated animals. To further establish that the
hyperphosphorylation of tau that was observed in I2-N/C rats in
the present study was because of the inhibition of PP2A activity,
we evaluated this possibility with Spearman nonparametric correlation analysis. We found a signiﬁcant negative correlation between the PP2A activity and the abnormal hyperphosphorylation
of tau at T205 (p ¼ 0.0307), T212 (p ¼ 0.046), S262/356 (p ¼
0.0002), S396 (p ¼ 0.0064), and S396/404 (p ¼ 0.0434) (Fig. 8).
These data strongly support the hypothesis that EHT prevented
I2-N/T-induced hyperphosphorylation of tau by maintaining

healthy levels of active PP2A in the presence of overexpressed
I2-N/C.

3.7. EHT treatment reduces intraneuronal Ab accumulation
Reduced levels of PP2A activity induced by I2-N/C (Bolognin
et al., 2012) and by other means (Sontag et al., 2007) have previously been shown to lead to increases in Ab load. The effect of EHT
treatment on the accumulation of intraneuronal Ab in I2-N/C rats
was therefore investigated. The immunohistochemical analysis
revealed a low number of intraneuronal Ab-positive cells in rats
treated with EHT compared with nontreated rats (Fig. 9). These
results suggest that I2-N/C expression promotes the amyloidogenic
processing of APP and that this effect can be rescued by EHT
treatment. Our ﬁndings, though preliminary, are in agreement with
those of Sontag et al. (2007) who showed that increase in PP2A
activity can lead to nonamyloidogenic processing of APP.
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Fig. 7. Eicosanoyl-5-hydroxytryptamide (EHT) increases phosphoprotein phosphatase 2A (PP2A) activity in IPP2A
N- and C-terminal fragments (I2-N/C) rats. (A) Western blot
2
quantiﬁcation of I2-N/C and green ﬂuorescent protein (GFP) rat hippocampi showing the effect of EHT treatment on the level of total PP2A catalytic subunit (PP2Ac). (B) PP2A
activity was recovered in I2-N/C rats treated with EHT, evaluated by PP2A phosphatase assay. (C) EHT increased PP2Ac methylation and (D) reduced PP2Ac demethylation in I2-N/C
rats. (E) Representative blots shown for demethylated (1D6), methylated (4D9), and total PP2Ac (6A3) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). * p < 0.05. The data
are shown as mean  standard error, normalized by GAPDH for total PP2A.

4. Discussion
AD is multifactorial and involves several different etiopathogenic mechanisms (Iqbal et al., 2005b). The familial form, which
accounts for <1%, and the sporadic form, which represents the
remaining >99% of the cases of AD, are histopathologically identical. Although the familial form of AD has been associated with
certain mutations in APP and presenilins 1 and 2, and the inheritance of the APOE4 allele markedly increases the risk for the disease,
the causes of the sporadic form of the disease are not understood.
Nevertheless, the decrease of PP2A activity associated with an in,
crease in the expression, the cleavage and the translocation of IPP2A
2
and a decrease in the methylation of PP2Ac reported in AD brain
(Bolognin et al., 2012; Gong et al., 1993, 1995; Sontag et al., 2004;
Tanimukai et al., 2005; Wang et al., 2010) can lead both to tau
and Ab pathologies. The present study shows that the overcan lead to increases in PP2Ac
expression and cleavage of IPP2A
2
demethylation, inhibition of PP2A activity, tau hyperphosphorylation, Ab expression, and cognitive impairment and that
all these changes are signiﬁcantly reversed by a minor component
of coffee, EHT.
The AAV1-I2NTF-CTF rat model used in the present study was
developed in our laboratory (Bolognin et al., 2012). Compared
with transgenic animals, one of the major advantages of the

viral gene transfer technology used to generate the I2-N/C rat
model is that long-term transgene expression is achieved
without affecting the genetic background of the animal (Lawlor
et al., 2007). Rats injected with AAV serotype 1 vector encoding
showed a marked reduction of PP2A
the 2 fragments of IPP2A
2
activity beginning at 4 months of age (Bolognin et al., 2012). The
present study extended these ﬁndings to 13 months of age,
when the cytosolic tau and Ab pathologies were evident, making
this model appropriate to study the effect of changes in PP2A
activity on AD-type changes. EHT was administered to rats from
the age of 21 days to 13 months. Compared with nontreated
animals, a decrease in demethylation of PP2Ac was observed in
EHT-treated rats, indicating the efﬁcacy of the compound over
chronic long-term use. These results corroborate previous reports showing EHT efﬁcacy in both attenuation of a-synucleinopathies in vivo after a 9-month treatment and inhibition of
PP2A demethylation in vitro (Lee et al., 2011). Pharmacokinetic
studies delivering [3H]-EHT intraperitoneally revealed that this
compound crosses the blood brain barrier achieving levels sufﬁcient to inhibit PP2A demethylation, indicating its feasibility for
proof of concept studies (Lee et al., 2011). EHT was identiﬁed as
the major PP2A demethylation inhibitor in coffee (Lee et al.,
2011) and was reported to be effective in preclinical studies
(Lee et al., 2011, 2013).
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Fig. 8. Abnormal hyperphosphorylation of tau in rats expressing IPP2A
N- and C-terminal fragments (I2-N/C) is prevented by eicosanoyl-5-hydroxytryptamide (EHT) treatment. (A)
2
Western blot density data are shown as mean  standard error, normalized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and for all the phosphorylated sites by total tau.
* p < 0.05 and ** p < 0.01. (B) Phosphoprotein phosphatase 2A (PP2A) activity values from the 4 groups of rats were correlated with the values corresponding to the densitometry
analysis of Western blots developed for various tau-phospho sites. Decrease in hyperphosphorylation of tau at Thr205, Thr212, Ser262/356 (12E8 site), and Ser396/404 (PHF-1 site)
directly correlated with increase in PP2A activity.
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In addition to tau pathology, we also observed an accumulation
of intraneuronal Ab in I2-N/C rats, which was attenuated in animals
treated with EHT. These beneﬁcial effects of EHT treatment may
target early Ab pathologic mechanisms through an increase in PP2A
activity. PP2A demethylation, for instance, has been reported to be
associated with a concomitant decrease in the steady-state release
of neuroprotective APPa phosphorylated species and increased
secretion of b- and g-secretaseecleaved APP fragments, inducing a
shift in APP processing toward the amyloidogenic pathway (Sontag
et al., 2007). Increased APP phosphorylation, either directly through
decreased activity of PP2A toward phospho-APP or indirectly
through reduced phosphatase activity toward phospho-JNK, can
result in increased Ab production (Colombo et al., 2009). Thus,
activation of PP2A by small molecules such as EHT, offers a new
therapeutic approach for the prevention and treatment of AD and
other neurodegenerative disorders, including tauopathies such as
frontotemporal dementias (Voronkov et al., 2011).
Disclosure statement

Fig. 9. IPP2A
N- and C-terminal fragments (I2-N/C) overexpression increases intra2
neuronal amyloid b (Ab)1e40 load, which appears to be attenuated by eicosanoyl-5hydroxytryptamide (EHT). (A) Representative micrographs of immunohistochemistry
(IHC) from cerebral cortex showed Ab1e40 load increases in I2-N/C-treated (p < 0.05,
n ¼ 3) but not EHT-treated rats. (B) IHC quantiﬁcation of I2-N/C and green ﬂuorescent
protein (GFP) rat hippocampi showing the effect of EHT treatment on the level of
Ab1e40. EHT treatment appears to attenuate the Ab pathology (p ¼ 0.1, n ¼ 3 animals
per group; p < 0.01 for n ¼ 12 sections from 3 animals per group). *p < 0.05.

Epidemiologic studies have established a negative correlation
between coffee consumption and the incidence of Parkinson’s
disease and AD (Barranco Quintana et al., 2007; Saaksjarvi et al.,
2008). In the present study, we observed that rats expressing I2N/C displayed increased PP2A demethylation and a decrease in
PP2A activity and that treatment with EHT decreased PP2A demethylation and increased PP2A activity toward tau. Previous studies
showed that methylation of PP2Ac affects phosphatase activity in
part by facilitating the binding of the regulatory Ba subunits to AC
dimers (Tolstykh et al., 2000; Xu et al., 2008). It is not clear, howinhibition
ever, that the protective effects of EHT against IPP2A
2
derive entirely from inhibition of PP2A demethylation. The inhibitory effect of EHT on demethylation most likely stems from formation of a complex between EHT and PP2A that precludes the
interaction between PME and PP2A that is required for demethylation. Thus, the possibility cannot be excluded that the EHT/PP2A
complex may also preclude the formation of inhibitory complexes
in much the same way that it appears to
between PP2A and IPP2A
2
block the interaction between PP2A and PME.
As a consequence of the decrease in PP2A activity in I2NTF-CTF
rats, we observed a clear increase in tau hyperphosphorylation at
multiple sites. The association between these events was conﬁrmed
by correlation analysis, showing that decreases in PP2A activity are
negatively correlated with the hyperphosphorylation of tau at
several sites, particularly the PP2A-dependent sites S262, T212,
T205, and S396. S199 and S214 that are not preferred sites for PP2A
did not show any correlation. This analysis is consistent with previous reports in AD cases (Liu et al., 2005). PP2A regulates phosphorylation of tau both directly and by regulating the activities of
several tau protein kinases (Iqbal et al., 2005a). The effect of I2-N/C
can be either direct by inhibiting the PP2A activity as we previously
demonstrated (Arnaud et al., 2011) or through a downregulation of
Ba subunit PP2A holoenzyme that speciﬁcally regulates the phosphorylation of tau (Sontag et al., 2007; Xu et al., 2008).
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