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High levels of reactive oxygen species (ROS) are associated with deficits in learning and memory with age as well as in Alzheimer’s disease.
Using DNA microarray, we demonstrated the overexpression of quinone reductase 2 (QR2) in the hippocampus in two models of learning
deficits, namely the aged memory impaired rats and the scopolamine-induced amnesia model. QR2 is a cytosolic flavoprotein that
catalyzes the reduction of its substrate and enhances the production of damaging activated quinone and ROS. QR2-like immunostaining
is enriched in cerebral structures associated with learning behaviors, such as the hippocampal formation and the temporofrontal cortex
of rat, mouse, and human brains. In cultured rat embryonic hippocampal neurons, selective inhibitors of QR2, namely S26695 and
S29434, protected against menadione-induced cell death by reversing its proapoptotic action. S26695 (8 mg/kg) also significantly inhib-
ited scopolamine-induced amnesia. Interestingly, adult QR2 knock-out mice demonstrated enhanced learning abilities in various tasks,
including Morris water maze, object recognition, and rotarod performance test. Other behaviors related to anxiety (elevated plus maze),
depression (forced swim), and schizophrenia (prepulse inhibition) were not affected in QR2-deficient mice. Together, these data suggest
a role for QR2 in cognitive behaviors with QR2 inhibitors possibly representing a novel therapeutic strategy toward the treatment of
learning deficits especially observed in the aged brain.

Introduction
The aging brain undergoes multiple complex molecular modifi-
cations, which can result in learning impairments ranging from
minor senility to neurodegenerative disorders (Mattson and
Magnus, 2006). To ensure the maintenance of high cognitive
functions in aging, the induction of a cascade of genes and their
translated products is required (Igaz et al., 2002). Interestingly,
significant individual differences are observed in learning capac-
ities with age in both humans and animals (Mattson and Magnus,
2006). Over the past few years, we and others have used aged
memory impaired (AI) and memory unimpaired (AU) rats as a
model to better characterize molecular and functional differences
between highly successful and less successful agers (Gage et al.,
1989; Frick et al., 1995; Rowe et al., 1998; Stemmelin et al., 2000;
Brouillette and Quirion, 2008). Recently, we reported that vari-
ous groups of genes are differentially expressed in AI and AU rats
possibly explaining some of the observed deficits in learning abil-

ities. Among those various genes, one in particular has attracted
our attention, because it was found to be overexpressed not only
in the AI–AU model but also in a well-established pharmacolog-
ical model of amnesia, the scopolamine-treated rat (Brouillette et
al., 2007). This gene encodes for quinone reductase 2 (QR2), a
cytosolic flavoprotein that catalyzes the reduction of its substrate
and enhances the production of damaging activated quinone and
reactive oxygen species (ROS) (Vella et al., 2005; Gong et al.,
2008). Higher levels of ROS in aging were shown to be associated
with cognitive deficits (Serrano and Klann, 2004).

Very limited information is currently available on the expres-
sion, discrete distribution, and possible role of QR2 in the mam-
malian brain (Vella et al., 2005). It was shown recently that the
human QR2 promoter contains a binding site for the transcrip-
tion factor Sp3 that represses QR2 gene transcription (Wang and
Jaiswal, 2004). Moreover, a polymorphism in that region of the
promoter has been suggested as a relatively weak susceptibility
factor in the etiology of schizophrenia (Harada et al., 2003), Par-
kinson’s disease (Harada et al., 2001; Wang et al., 2008), and
other related mental disorders (Okubo et al., 2003; Ohgake et al.,
2005). Accordingly, the major objective of the present study was
first to demonstrate its expression and distribution in discrete
mammalian brain. Having established its particular enrichment
in the hippocampus and cortex, two key structures involved in
cognitive behaviors, we next investigated the possible role of QR2
in learning using various molecular and pharmacological ap-
proaches. Our results suggest a role for QR2 in neuroprotective
and learning-related behaviors, its activation leading to decreased
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capacities. The use of QR2 inhibitors should thus be considered
as a novel therapeutic strategy in the treatment of diseases asso-
ciated with loss of cognitive abilities.

Materials and Methods
Animals. Male Long–Evans rats were purchased from Charles River.
Pregnant dams were obtained from the same supplier. Adult male QR2
homozygous (�/�) mice were obtained from Servier Pharmaceutical on
a private order to Charles River and maintained in the BL/6 backgrounds
(Mailliet et al., 2005). Wild-type (WT) (�/�) male littermates were used
as controls in all experiments. All tested animals were 3– 4 months old.
All animals were kept on a 12 h light/dark cycle with ad libitum access to
food and water. Animal care and handling procedures were approved by
the McGill University Animal Care Committee and by the Canadian
Council on Animal Care.

Drugs. (�)-Scopolamine hydrobromide (Sigma) was dissolved in
physiological saline and administered (2 mg/kg, i.p.) daily for 5 consec-
utive days, 20 min before Morris water maze (MWM) training. Control
animals received an equal volume of physiological saline. The QR2 in-
hibitors S29434 and S26695 were developed by Servier Pharmaceutical.
S26695 was dissolved for the scopolamine experiment in DMSO and
then kept from the stock solution to a maximum of 10% DMSO with
physiological saline. S29434 and S26695 were dissolved in DMSO for
hippocampal cell culture experiments.

Microarray analysis. Tissues used for microarray analysis were taken
from the rostral end of the dorsal hippocampus up to the tip of the
ventral hippocampus of 24- to 25-month-old AI and AU rats as well as
from 4-month-old scopolamine-treated rats. These coordinates are
known to include all regions of the dorsal hippocampus proper (dentate
gyrus, CA1, and CA3). The dorsal hippocampus was dissected immedi-
ately after decapitation and stored at �80°C in RNAlater stabilization
reagent until use. The frozen tissues were ground and used for the differ-
ent molecular analyses. We used total dorsal hippocampal tissue instead
of a more restricted brain region for microarray analysis. This approach
provides information regarding widespread gene expression modifica-
tion in the neurotransmitter systems involved in learning within this
structure. Total RNA was isolated using RNeasy Lipid Tissue kit with
RNase-Free DNase Set (Qiagen) to ensure maximal removal of DNA
during RNA purification. The RNA quality and concentration were as-
sessed with Agilent Technologies 2100 Bioanalyser. Quadruplicates of
Affymetrix GeneChip Rat Genome 230 2.0 array were used in each group
of animals. The microarray primary data were deposited, using
MIAMExpress, in the ArrayExpress database with the accession number
E-MEXP-920. The raw intensity reading of each individual target on the
Affymetrix microarray was processed and normalized by using the log2

scale robust multi-array averaging (RMA) method. Because the RMA
method gives less pronounced fold change (FC) magnitudes compared
with the Affymetrix Microrray Suite 5.0 analysis default program, a min-
imal FC of 1.5 is suggested as exclusion criteria to select genes and avoid
false negatives (Irizarry et al., 2003). Minus versus average plots were
performed to control interanimal variation within and between groups.

Quantitative reverse transcription-PCR analysis. Two-step quantitative
real-time reverse transcription (RT)-PCR was performed to confirm mi-
croarray results according to Applied Biosystems guidelines. Reverse
transcription of total RNA was performed with TaqMan Reagents (Qia-
gen). The cDNA generated was directly quantified by measuring the
increase in fluorescence with the SYBR Green PCR Core Reagents (Qia-
gen) during the PCR using the GeneAmp 5700 Sequence Detection Sys-
tem (40 cycles; Applied Biosystems). The endogenous control �-actin
was used to normalize quantification of the mRNA target, and nonspe-
cific amplifications were verified by a dissociation curve. All reactions
were performed in triplicate.

Generation of a chicken polyclonal anti-hQR2 antibody. Polyclonal an-
tibody directed against hQR2 protein was custom made by Kernov.
Briefly, two hens were immunized with purified 6His– hQR2 (expressed
in Sf9 insect cells), five times at 200 �g: days 0, 14, 28, 49, and 70, using
complete Freud’s adjuvant. The eggs were collected daily and blood sam-
ples were collected at days 35 and 77. IgG was purified from egg yolk

(preimmune eggs and hyperimmune eggs) by affinity chromatography
against immobilized hQR2. Hen sera of immunized eggs were tested for
their QR2-specific antibody content by anti-hQR2 ELISA. Sera eggs were
then pooled for each hen to obtain final polyclonal anti-hQR2 solution.

Immunohistochemical study in rodent brain. Rodents (3- to 4-month-
old mice and rats) were anesthetized with a mixture of ketamine (50
mg/kg; McGill Animal Center), xylazine (5 mg/kg; McGill Animal Cen-
ter), and acepromazine maleate (1 mg/kg; McGill Animal Center), given
intramuscularly. Animals were then perfused intracardially with PBS, pH
7.4, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4,
for 15–20 min. Brains were removed and transferred to 30% sucrose in
phosphate buffer at 4°C and then frozen in 2-methylbutane. Sections at
35 �m were cut on a sliding microtome and collected in cold phosphate
buffer. Sections were then immunohistochemically processed for the
presence of QR2 using the avidin– biotin complex procedure and Vec-
tastain reagents (Vector Laboratories). Sections were first incubated in
chicken anti-QR2 antibody (1:1000) overnight at 4°C. After a thorough
rinse in TBS, sections were incubated with the biotinylated goat anti-
chicken secondary antibody (1:200; Vector Laboratories) for 60 min at
room temperature. QR2 staining was detected using the avidin-
biotinylated enzyme complex and diaminobenzidine/H2O2 reaction ac-
cording to the instructions of the manufacturer. Sections were then
mounted, dried, and coverslipped for microscopic investigation. The
same procedure was used for control experiments except that sections
were processed either with antibodies preabsorbed overnight with an
excess of immunizing peptide or in the absence of primary antibody.

Immunohistochemistry in human brain tissues. Postmortem human
brain tissues were obtained from the Douglas Institute Brain Bank, which
is part of the Quebec Brain Bank. For immunohistochemistry and image
analysis, fixed paraffin-embedded tissues from the hippocampus, amyg-
dala, and frontal cortex were used. The control subjects had no clinical
history of psychiatric or neurological disorders nor did their brains ex-
hibit any neuropathological characteristics of dementia. These subjects
had died suddenly (triplicate of 41, 44, and 76 years old); after arrival at
the Quebec Brain Bank, each brain was hemisected and one hemisphere
was fixed in 4% buffered Formalin, whereas the other hemisphere was
frozen at �80°C. Fixed brain tissues were processed by routine paraffin
embedding, sectioned into 8-�m-thick sections, and used for QR2 im-
munostaining. Immunohistochemical detection was performed on
Formalin-fixed paraffin-embedded tissue. Sections were deparaffinized
and rinsed in Tris–NaCl buffer (TBS) (0.05 M Tris and 0.15 M NaCl, pH
7.6) and treated with 1% hydrogen peroxide (30 min) to quench endog-
enous peroxidase activity. For antigen retrieval, sections were boiled in
0.05 M citrate-buffered saline, pH 6.0. Sections were then blocked for 1 h
in 10% goat serum and incubated with the primary chicken antibody,
anti-QR2 (1:200) overnight (14 –18 h) at 4°C. QR2 staining was revealed
as described above.

Hippocampal cell cultures and experimental treatments. Hippocampal
cell cultures were prepared from embryonic day 19 fetuses obtained from
Sprague Dawley rats. Mixed (glial/neuronal) hippocampal cell cultures
were obtained as described in detail previously (Bastianetto et al., 2006).
Cells were grown at day 0 (density of �4 � 10 4 viable cells per well in
96-well plates) in HEPES-buffered DMEM high glucose supplemented
with fetal bovine serum 10% (v/v). The initial medium was removed at
day 2 and replaced with the same medium containing N2 supplement 1%
(v/v). The experiments were performed using 6-d-old cultures.

Menadione- and growth medium deprivation-induced toxicity. On day 6
of plating, cells were exposed for 24 h to menadione (8 �M) in a DMEM
high glucose, in the presence or absence of either S26695 or S29434 (1–30
�M). Alternatively, hippocampal cells were incubated in HBSS without
N2 supplement for 30 min. Mitochondrial activity and cell viability were
determined 24 h later using methylthiazoletetrazolium (MTT) and cal-
cein AM assays, respectively. The MTT colorimetric assay is based on the
ability of the mitochondrial enzyme succinate dehydrogenase to metab-
olize MTT into formazan, a reaction that takes place only in functionally
intact mitochondria. The formation of formazan was estimated spectro-
photometrically at 570 nm using a microplate reader (Bio-Tek Instru-
ments), as described previously (Bozyczko-Coyne et al., 1993). Cell
survival was assessed 24 h later using the calcein cell survival assay. Cal-
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cein is a nonfluorescent cell-permeant dye that is transported through
the cellular membrane into live cells. It is then converted to a green
fluorescent calcein after hydrolysis by intracellular endogenous esterases
(Bozyczko-Coyne et al., 1993). Briefly, culture media were removed and
the hippocampal cells were incubated with phenol red-free DMEM con-
taining calcein AM (5 �M) for 30 min at 37°C. After a one-step wash,
calcein uptake into living cells of each well was automatically quantified
(excitation at 485 nm; emission wavelength at 530 nm) using a fluores-
cence plate reader (Bio-Tek Instruments).

SYTO 16 and ethidium bromide staining of apoptotic nuclei. Apoptosis
was estimated using the fluorescent nuclear dyes SYTO 16 and ethidium
bromide (EB). These staining methods have been validated as an indica-
tor of apoptotic cell death (Hueber et al., 1994; Sparrow and Tippett,
2005). After a 5 h treatment with menadione (8 �M), culture medium was
removed and the hippocampal cells were exposed to phenol red-free
DMEM containing either SYTO 16 (2 �M) or EB (5 �g/ml) for 30 min at
37°C. A microplate fluorescence reader was used to automatically quan-
tify the number of apoptotic neurons by assessing the enhanced SYTO 16
(excitation at 485 nm; emission wavelength at 530 nm) or EB (excitation
at 510 nm; emission wavelength at 590 nm) staining.

Surgery and pump implantation for intracerebroventricular infusion.
Rats (3– 4 months old) were implanted with an Alzet model 2001 osmotic
pump, which delivers 1.0 �l/h of the QR2 inhibitor S26695 for 1 week.
Animals were anesthetized and placed in a stereotaxic frame, and the
scalp was reflected under sterile surgical conditions. The intraventricular
catheters were placed in relation to bregma at 1.4 mm lateral and 0.8 mm
posterior on the right and then lowered 4.5 mm under the top of the skull.
Catheters were attached to extension tubes and linked to the Alzet
pumps, which were installed in subcutaneous pockets on the lateral back
of the rats.

Morris water maze task. Spatial learning of rodents (3- to 4-month-old
rats and mice) was determined using the referenced learning version of
the MWM task, a hippocampus-dependent behavioral task (Morris,
1984). Rodents were required to find, in a 1.4-m-diameter pool, a sub-
merged platform (14 cm in diameter) located 2 cm below the surface of
water (24°C), rendered opaque by the addition of skim milk powder.
Animals were pseudorandomly started from a different position at each
trial and used distal visuospatial cues to find the hidden escape platform
that remained in the center of the same quadrant throughout all the
training days (Morris, 1984). Animals were given three trials of 90 s/d
with a 20 min intertrial interval over 5 consecutive days. Animals were
guided to the platform if not located within 90 s, and all rodents remained
there for 10 s before removal. After the acquisition phase on day 5, rats
were given one probe trial of 60 s in which the platform was removed
from the pool to evaluate the number of times the animal crossed the
previous location of the platform, time spent in the target quadrant, and
swimming speed. This trial was followed by one cued trial of 60 s in which
the platform was visible to assess visual deficits and motivation to escape
from water. After each trial, animals were immediately placed under heat
lamps to dry and prevent hypothermia. The experimenter was blind to
treatments and surgery performed on any animals. To control for possi-
ble effects resulting from circadian cycles, all trials were performed at
approximately the same time of the day, between 11 and 13 h. Data
derived from the MWM task were recorded on computer using a video
tracking system (HVS).

Object recognition test in mice. The procedure described by Mumby et
al. (2002) was followed to test novel object recognition learning in
C57BL/6 mice. Briefly, an open-field chamber (length � width � height,
45 � 45 � 45 cm) made of dark Plexiglas was placed in a quiet room.
First, mice of each genotype (n � 8 per genotype) were individually
placed in the arena for 20 min each day for 3 d with two identical objects
(toys with various shapes) to acclimatize them with the test condition.
On the test day, mice (3– 4 months old) were placed in the arena with two
new identical objects and allowed to explore the objects for 5 min (famil-
iarization phase). The mice were then removed and placed back into their
respective home cage for 5 min (retention time), and the objects were
replaced with two new objects; one of the new objects was identical in
shape to the objects used during the familiarization phase and the other
was of a novel shape. Mice were then reintroduced to the arena after the

retention time period and allowed to explore the objects for 5 min (test-
ing phase). Behavioral activity during the familiarization and testing
phases were videotaped and analyzed by observer blind to the genotype.
A mouse was considered to be involved in object exploration when its
head was oriented directly toward the object and within �2–3 cm from it.
The time was also included if the animal had at least one forepaw on the
object or sniffing or licking the object. Posturing and mounting are not
included in the measures of investigation. Animals were placed back to
home cage for 24 h and on day 5 were reintroduced to the same novelty
paradigm and allowed to explore objects for 5 min while being video-
taped. Mice have a natural tendency to explore novel objects in their
surroundings compared with objects already familiar. The exploration
ratio was evaluated by the amount of time spent on the novel object
compared with the total amount of time spent on both objects.

Rotarod behavior in mice. Motor learning was determined using a stan-
dard mouse rotarod (IITC 755 ROTA ROD; IITC Life Science), which
provides an accelerating rotational speed from 4 rpm at the start of the
test to a maximum speed of 6, 12, and 24 rpm on day 1 and from 4 to
25 rpm on day 2, and three trainings per day were performed. Animals
were tested at 4 months. The latency to fall off the rotarod was deter-
mined automatically by a timer that measures to the nearest second. A
cutoff latency of 120 s (day 1) and 300 s (day 2) was used for all
rotarod assessments.

Prepulse inhibition behavior in mice. Prepulse inhibition (PPI) was
assessed using startle chambers (SRLAB; San Diego Instruments) con-
taining a clear Plexiglas cylinder, which houses the animal (3– 4 months
old) during the testing session. Background white noise of 70 dB was
delivered throughout the testing session to mask extraneous noise. Each
PPI session consisted of 12 startles, six prepulse and six no-stimulus
(null) trials. Each session began with a 5 min acclimatization of back-
ground noise, followed by trials arranged in a pseudorandom order to 40
ms/120 dB pulse. In the prepulse trials, the startle pulse was preceded
(100 ms) by a 20 ms prepulse of varying intensity (3, 5, 7, 10, 15, and 20
dB above background). The degree of PPI was calculated as a percentage
of each prepulse intensity: %PPI � 100 � [1 � (mean prepulse trial �
mean null)/(mean startle � mean null)].

Elevated plus maze in mice. The elevated plus maze was constructed of
wood, painted gray, consisted of four arms (30 � 5 cm) shaped in the
form of a cross, and was elevated 50 cm from the floor. Two opposite
arms were enclosed by side and end walls (12 cm high), and the other two
arms were open. The connecting (open) center area measured 5 � 5 cm.
Each animal was placed into the center area of the plus maze facing an
open arm. The animals (3– 4 months old) were then permitted to explore
the maze freely for a 5 min period while being videotaped. The total time
spent in open arms, connecting center and closed arms, was evaluated for
each group of mice.

Forced swim test in mice. This test was performed according to a pub-
lished adaptation of the original Porsolt test for rats to mice (Petit-
Demouliere et al., 2005). Briefly, mice (3– 4 months old) were placed in a
15-cm-diameter cylinder filled with water (24 � 1°C). For a period of 5
min, a human observer positioned 1 m away recorded the time with a
stopwatch that the mouse was actively swimming as opposed to passively
floating. The criterion for active swimming behaviors was the use of both
hindpaws and forepaws as well as an elongated body shape. A curled-up
body shape and intermittent movements with only the hindpaws is char-
acterized as passive floating.

Electrophysiological recording in hippocampal slices. Hippocampal slices
were prepared as described previously (Wong et al., 2007). Briefly, under
deep anesthesia, brains were rapidly removed, and coronal brain slices
(350 �m thickness) containing the hippocampus were cut in hyperos-
motic, ice-cold and carbogenated (bubbled by 95% O2/5% CO2 to main-
tain the pH at 7.4) slice cutting solution (in mM: 252 sucrose, 2.5 KCl, 4
MgCl2, 0.1 CaCl2, 1.25 KH2PO4, 26 NaHCO3, and 10 glucose) using a
vibratome. Freshly cut slices were placed in an incubating chamber with
carbogenated artificial CSF (ACSF) [in mM: 125 NaCl, 2.5 KCl, 1 MgCl2,
2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 25 glucose (�310 mOsm/l)].
Slices were recovered at 32°C for 1 h and subsequently maintained at
room temperature. Carbogenated ACSF, containing bicuculline metho-
bromide (5 �M) to block GABAA receptor-mediated inhibitory synaptic
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currents, was used to perfuse slices in all recordings. Postsynaptic re-
sponses, which were evoked by stimulating the Schaffer collateral– com-
missural pathway via constant current pulses (0.08 ms) delivered
through a tungsten bipolar electrode (FHC), were recorded from the
hippocampal CA1 region, amplified by a Multiclamp 700B (Molecu-
lar Devices), and stored in a personal computer for offline analysis
using Clampfit (Molecular Devices). All recordings were performed
at room temperature. Field EPSP (fEPSP) was evoked at 0.05 Hz and
detected by an ACSF-filled glass electrode that was placed in the
stratum radiatum of the hippocampal CA1 region. Long-term plas-
ticity of fEPSP such as long-term potentiation (LTP) and long-term
depression (LTD) were induced by high-frequency (100 Hz, 100
pulses) and low-frequency (1 Hz, 900 pulses) tetani, respectively.
Recording and analysis of electrophysiological data were performed
blindly without knowing the mice phenotype.

Statistical analysis. Statistical analysis was conducted with Prism soft-
ware (GraphPad Software). Differences and correlations were considered
statistically significant when p � 0.05.

Results
Overexpression of QR2 gene products in models of
learning deficits
Previous work in our laboratory investigated gene expression
profiles in the dorsal hippocampus of AI versus AU rats. Each
animal was examined using individual Affymetrix high-density
microarrays containing 28,757 genes. The gene for QR2 was
among the few genes that were clearly upregulated in the hip-
pocampus of AI versus AU rats (Brouillette and Quirion, 2008).
An unpublished result also demonstrated the overexpression of
the QR2 mRNA (1.57-fold over baseline) in the dorsal hip-
pocampus in the scopolamine-induced amnesia rat model. The
increase in QR2 expression was further confirmed by RT-PCR

(Brouillette et al., 2007; Brouillette and Quirion, 2008). Hence,
the upregulation of the QR2 gene occurs in a pharmacologically
induced model of learning impairments as well as in a model
associated with age.

Immunohistochemical distribution of QR2 in
the hippocampus
We first investigated the distribution of QR2-like immunoreac-
tivity in the brain by using a specific polyclonal anti-QR2 anti-
body. The hippocampal formation, well documented for its
implication in long term-memory (Scoville and Milner, 1957)
and spatial navigation (O’Keefe, 1976), was among the most
heavily labeled regions of the rat (Fig. 1A–D), mouse (Fig. 1E–
H), and human (Fig. 1 I–L) brain. The staining was concentrated
over neurons in all three species and was almost exclusively so-
matodendritic. In Ammon’s horn (CA1–CA3 subfields), immu-
nolabeling was confined to large pyramidal cells, including their
apical dendrites extending into the stratum radiatum (Fig.
1B,F,J). As evident at higher magnification, labeled interneurons
were also sparsely distributed throughout the strata oriens and
radiatum (Fig. 1B,F,J). In the dentate gyrus, the labeling pre-
dominated over granule cells, with a few moderately immunopo-
sitive cells in the hilus (Fig. 1C,G,K). QR2 knock-out (C57BL/6
QR2�/�) mice were generated and used to test the specificity of
our antibody. These animals showed normal neuroanatomy and
cell positioning but without any QR2-like immunostaining (Fig.
1H). Accordingly, rat and human brain sections incubated with
antiserum preabsorbed with the immunogenic peptide were
completely devoid of immunolabeling (Fig. 1D,L).

Figure 1. Distribution of QR2-like immunoreactivity (IR) in the rat (A–D), mouse (E–H ), and human (I–L) hippocampal formation. At low magnification, intense QR2-like immuno-
labeling is observed in the Ammon’s horn fields (CA1–CA3) and dentate gyrus of the hippocampus (A, E, I ). At higher magnification, the majority of principal cells in the stratum
pyramidale of CA1 are immunopositively labeled, as well as sparse nonprincipal cells in stratum oriens and stratum radiatum (B, F, J ). QR2-like positive cells are observed in the stratum
granulosum of the dentate gyrus, as are scattered neuron-like cells in the hilus (C, G, K ). Note the absence of immunostaining in the stratum granulosum in QR2 knock-out (KO) mouse
dentate gyrus (H ) and after incubation of the QR2 antibody with the blocking peptide (200 �g/ml) in rat and human tissues (D, L). CA1–CA3, Fields CA1–CA3 of Ammon’s horn; Or,
stratum oriens; Rad, stratum radiatum; Pyr, stratum pyramidale; DG, dentate gyrus; GrDG, stratum granulosum of the dentate gyrus; Mol, stratum moleculare of the dentate gyrus. Scale
bars: A, E, 500 �m; B–D, F–H, J–L, 100 �m; I, 1 mm.
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Immunohistochemical distribution of
QR2 in the cortex
Various cortical areas and laminae are in-
volved in working memory and complex
cognitive behaviors (Miller and Cohen,
2001). In all neocortical areas, densely
packed pyramidal and nonpyramidal
neurons were clearly enriched with QR2-
like immunoreactivity distributed across
layers II–VI (Fig. 2A,B). At high magnifi-
cation, neurons labeled in layer V of the
rat frontal cortex were found to corre-
spond to pyramidal cells displaying strong
immunolabeling of both the cell body and
apical dendrite (Fig. 2E). Within the neu-
ronal perikarya, QR2-like immunoreac-
tivity was evenly distributed in the
cytoplasm, with no apparent nuclear
staining (Fig. 2F). This lack of nuclear la-
beling confirms and extends information
as to the cytosolic localization and activity
of QR2. In addition, moderate numbers of
QR2-like positive neurons were observed
in layers II–IV (Fig. 2C,D) as well as in
layer VI (Fig. 2G,H) of the frontal cortex.

QR2 inhibitors protect hippocampal
cells against menadione-induced
toxicity and serum deprivation
The action of two novel QR2 inhibitors,
S26695 and S29434, were evaluated in a model of toxicity induced
by menadione (8 �M), a quinone exerting its toxic action through
QR2 (Long et al., 2002). Our results revealed that a 24 h exposure
to menadione was neurotoxic to hippocampal cells (�58 – 62%
decrease in MTT values vs control and 54 –58% decrease in cal-
cein fluorescence vs control) (Fig. 3A,B). The toxic action of
menadione was reversed in a concentration-dependent manner
by cotreatment with S26695 (EC50 of 32 �M) and S29434 (EC50 of
5 �M) (Fig. 3A). Moreover, S26695 and S29434 significantly in-
creased the survival of hippocampal cells exposed to menadione,
with an apparent EC50 of 23 and 34 �M, respectively (Fig. 3B). In
another well-established model of toxicity induced by growth
medium deprivation, the MTT colorimetric assay revealed that
cells exposed to HBSS without N2 supplement for 30 min resulted
in a 27% inhibition of MTT reduction compared with those exposed
to a high-glucose DMEM (Fig. 3C). Inhibition of MTT reduction
was concentration dependently reversed in the presence of S29434
(EC50 of 2.5 �M) and to a lesser extent to S26695 (EC50 of 12 �M).
Thus, two inhibitors of QR2 enzymatic activity are able to protect
hippocampal cells against neurotoxicity.

We further investigated the underlying mechanisms whereby
QR2 affects learning and memory. Because menadione is a naph-
thoquinone that leads to the production of reactive oxygen spe-
cies inside the cells and causes dramatic changes in mitochondrial
metabolism (Gerasimenko et al., 2002; Criddle et al., 2006;
Kawamura et al., 2006), we examined whether the selective inhib-
itors of QR2 were able to protect against menadione-induced
apoptosis. The number of menadione-treated cells stained with
either SYTO 16 or ethidium bromide increased by 68 and 77%,
indicating that menadione exerts an apoptotic effect on hip-
pocampal neuronal cells (Fig. 4A,B). Both assays further revealed
that the number of apoptotic cells was significantly reduced after
coincubation with the QR2 inhibitors. At a concentration of 20

�M, found to be neuroprotective in the MTT assay, both S26695
(133 � 10 vs 168 � 11 and 142 � 7 vs 177 � 12 in SYTO 16 and
ethidium bromide assays, respectively) and S29434 (127 � 7 vs
168 � 11 and 149 � 8 vs 177 � 12 in SYTO 16 and ethidium
bromide assays, respectively) reversed the proapoptotic action of
menadione.

QR2 inhibition can reverse cognitive deficits
Scopolamine-treated rats (2 mg/kg) are commonly used as a psy-
chopharmacological model of learning impairments. To deter-
mine whether the loss of QR2 function resulted in cognitive
improvements in this model, the specific inhibitor S26695 (8
mg/kg) was chronically injected intracerebroventricularly using
osmotic minipumps. Four-month-old rats were then tested in the
Morris water maze task. The treatment with S26695 significantly
reversed scopolamine-induced amnesia (Fig. 5A) (*p � 0.05, two-
way ANOVA, n � 12). In the probe trial, scopolamine-treated
animals showed no preference for the quadrant that previously
contained the platform (Fig. 5B) but displayed fewer platform
crossings (Fig. 5C). In the cued component of the test, we ob-
served similar escape latency to the visible platform, indicating
the absence of visual, sensorimotor, or motivational deficits in
any of the groups tested here. Scopolamine-induced impairment
was also not attributed to slower swimming speed because these
rats swam somewhat faster than control animals (Fig. 5D).

To further investigate the possible role of QR2 in learning
behaviors, C57BL/6 QR2-deficient mice (QR2�/�) were gener-
ated and tested in a battery of cognitive tasks, using first the
mouse version of the Morris water maze. QR2�/� mice demon-
strated improved learning abilities by having a shorter latency to
locate the hidden platform from days 2 to 4 in the spatial com-
ponent of the test (Fig. 6A) (*p � 0.05, two-way ANOVA, n �
19). These mice also exhibited similar learning performance as
their WT littermates, as shown by the amount of time they spent

Figure 2. QR2-like immunoreactivity in the rat frontal cortex. Representative low-magnification photomicrographs of the adult
rat cerebral cortex (A, B). The frontal cortex is delimited by the framed area in A. Immunopositive cells are present in all cortical
layers with the highest density of staining in layer V. Details of QR2-like immunolabeling in cortical layers II–IV (C, D), V (E, F ), and
VI (G, H ). Numerous nonpyramidal cells of cortical layers II–IV and VI are immunopositive (C, G). Pyramidal neuron-like cells of
layer V of the frontal cortex are intensely and homogeneously stained (E). At higher magnification, perikarya and apical dendrites
of those pyramidal cells show a very prominent labeling (F ), and the nuclei of all QR2 immunopositive somata are devoid of
staining (D, F, H ). Scale bars: A, 500 �m; B, 200 �m; C, E, G, 100 �m; D, F, H, 50 �m.

12694 • J. Neurosci., September 22, 2010 • 30(38):12690 –12700 Benoit et al. • QR2 and Learning Behaviors



in the target quadrant during the probe test (Fig. 6B) and the
amount of time they crossed the platform location (Fig. 6C).
These data are in accordance with the observed acquisition phase
on day 5 (Fig. 6A).

QR2 inactivation facilitates learning behaviors
Mice were then tested in the novel object recognition task to
evaluate their working memory. This cognitive task was used to
determine the ability of QR2-deficient mice in discriminating
novel versus familiar objects (Fig. 7A). Two-way ANOVA of the
exploration ratio for the novel object showed a significant effect
of genotype for the new object. Indeed, WT and QR2�/� dis-
played similar interest in the original novelty exposure on the

habituation day (day 4), but when presented with the same object
in similar context, QR2�/� mice performed significantly better,
revealing a long-term memory improvement over their WT
counterparts (day 5) (n � 8). Similar results were obtained in
another strain (NMRI) of mice (data not shown).

To investigate motor learning, the rotarod test was used for 2 d
as a means to evaluate the capacity of an animal to retain the task
(Fig. 7B). On the first day, no difference in the latency to fall off
the rotarod equipment was seen between groups. However, on
day 2, we observed a significant increase in the latency to fall in
QR2�/� mice, suggesting improved motor learning in these ani-
mals (n � 12).

Performance of QR2�/� mice in other behaviors
To establish whether the effects observed in learning processes
were specific to cognitive impairment, QR2�/� mice were tested
for their abilities to perform in a variety of unrelated behavioral
assays. Decrease in baseline magnitude of the startle response in
the PPI test is linked to abnormalities of sensorimotor gating in
both animals and human. These deficits are often associated with
schizophrenia-like behaviors (Swerdlow et al., 1991). On a gradi-
ent of prepulse stimuli ranging from 73 to 90 dB, we therefore
tested responses of QR2�/� versus WT littermates. No significant
differences were observed (Fig. 8A).

The elevated plus maze is commonly used to assess anxiety-
like behaviors in rodents (Pellow et al., 1985). We thus evaluated
the amount of time spent in each zone of the maze, namely the
closed arms, the center connecting closed to open arms, and the

Figure 3. Effect of treatment with S26695 (1–30 �M) and S29434 (1–30 �M) on toxicity
induced by menadione (8 �M), as estimated by the MTT (A) and calcein (B) assays and on
toxicity induced by growth medium deprivation, as estimated by the MTT assay (C). Data rep-
resent mean � SEM of three separate experiments. *p � 0.05, **p � 0.01 compared with
groups treated with menadione or HBSS alone.

Figure 4. Effect of S26695 (20 �M) and S29434 (20 �M) against apoptotic events induced by
menadione (8 �M), as revealed by the fluorescent dyes SYTO 16 (A) and ethidium bromide (B).
Values represent mean � SEM of three separate experiments. *p � 0.05, **p � 0.01 com-
pared with groups treated with menadione alone. CT, Control.
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open arms. No difference was detected be-
tween QR2�/� and WT mice (Fig. 8B).

The forced swim test is often used as an
acute model of depression responsive to
currently available therapies (West, 1990;
Thiebot et al., 1992). The time an animal
spends still is translated as the lack of will
to get out of the water or a depression-like
behavior. Again, no significant difference
was observed between QR2�/� and WT
mice in this behavior task (Fig. 8C).

Electrophysiology experiments
Because LTP and LTD are well-established
models of neural plasticity associated with
learning behaviors, we investigated next
their possible alterations in QR2�/� mice.
We first examined a form of commonly
studied LTP in the hippocampal CA1 re-
gion that is induced by high-frequency
stimulation (HFS) (100 Hz, 100 pulses) in
control and QR2�/� mice (8 –10 weeks
old) (Fig. 9A). Comparing the fEPSP slope
at 55– 60 min after HFS revealed no effect
of QR2�/� on the percentage potentiation
of fEPSP slope. Next, we examined the po-
tential impact of QR2�/� on LTD induced
by low-frequency stimulation (LFS) (1
Hz, 900 pulses) (Fig. 9B). Along with pre-
vious findings that LTD is difficult to be
induced in the adult hippocampus (Kemp
et al., 2000), we failed to induce LFS–LTD
in adult control and QR2�/� mice (8 –10
weeks old). To ascertain the effect of
QR2�/� on LTD, we examined LFS–LTD
in young (3 weeks old) control and
QR2�/� mice. Although we were able to
induce LTD in these younger mice, we
again observed no effect of QR2�/� on
this form of plasticity. Together, lacking
QR2 has no effect on two commonly stud-
ied forms of bidirectional hippocampal
synaptic plasticity.

Discussion
The main findings of our study include
the following: (1) the increased expression
of the QR2 gene in the hippocampal for-
mation of scopolamine-treated as well as
aged memory-impaired rat models; (2)
the broad expression of QR2 in the brain
with particular enrichments in neurons of
the hippocampus and cortex in rodents
and human; (3) the ability of selective
QR2 inhibitors to act as neuroprotective
agents in two models of neurotoxicity in
vitro and to reverse the proapoptotic ac-
tion of QR2; (4) the capacity of these in-
hibitors to facilitate learning behaviors in
rodents; (5) the facilitated cognitive abili-
ties of QR2�/� mice in various learning
tasks; and (6) the apparent selective na-
ture of enhanced learning capacities as be-

Figure 5. Learning performance in scopolamine-treated rats in the Morris water maze task. A, Spatial learning impairments of
scopolamine-treated rats are reversed by the QR2 inhibitor S26695 injected intracerebroventricularly (8 mg/kg) when tested in the
MWM. Escape latencies are shorter for S26695-treated rats (S26695�Scopo; n�8) than scopolamine-treated animals (DMSO�
Scopo; n � 12), reaching the level of untreated sham rats on days 4 and 5 (DMSO; n � 6; *p � 0.05, two-way ANOVA). B,
Percentage time spent in the quadrant that previously contained the platform during the probe trial. Significant difference
between both S26695-treated and scopolamine-treated control (DMSO�Scopo) compared with untreated sham animals (DMSO)
(*p � 0.05; ***p � 0.001; one-way ANOVA). C, Number of crossings to the previous location of the platform during probe test.
Significant difference between scopolamine-treated (DMSO � Scopo) and untreated control (DMSO) (**p � 0.01, one-way
ANOVA). D, Treatment with scopolamine produced a significant increase in swimming speed compared with nontreated young rats
(*p � 0.01; **p � 0.001, one-way ANOVA). All results are means � SEM.

Figure 6. Learning performance in quinone reductase 2 knock-out mice (QR2�/�) in the Morris water maze task. A, Escape
latencies to find the hidden-platform are shorter for QR2�/� mice (n � 19) than WT (n � 20) on days 2– 4 (*p � 0.05, two-way
ANOVA). No differences were detected between WT and QR2�/� for the percentage time spent in target quadrant (B) or in the
number of platform crossings (C).

12696 • J. Neurosci., September 22, 2010 • 30(38):12690 –12700 Benoit et al. • QR2 and Learning Behaviors



haviors related to anxiety, depression, and psychosis are not
altered in QR2�/� mice. Together, these data strongly suggest
that QR2 should be considered as a novel and potent modulator
of cognitive processes in the mammalian brain. Selective QR2
inhibitors should possibly be considered as cognition enhancers
in the treatment of brain disorders associated with learning
deficits, including various forms of dementias.

Our cDNA microarray study revealed that few genes were
apparently upregulated or downregulated in both the AI versus
AU rat and scopolamine-induced amnesia models. This suggests
the likely functional relevance of these alterations. Indeed, be-

sides data shown here on the upregulated
gene QR2, we have recently reported on
the role of the downregulated gene transt-
hyretin (TTR) in learning behaviors via
the modulation of the availability of
retinoids (Brouillette and Quirion,
2008). Moreover, TTR appears to act as a
potent scavenger of amyloid proteins, its
gene deletion accelerating the develop-
ment of an Alzheimer’s disease-like phe-
notype in mouse models (Choi et al.,
2007; Brouillette and Quirion, 2008; Bux-
baum et al., 2008). Hence, a comparative
analysis of genes that are similarly altered
in at least two models of learning behav-
iors has proven to be a successful strat-
egy to uncover novel genes and gene
products possibly involved in learning
and cognition.

QR2-like immunoreactivity was shown
here to be similarly distributed in both ro-
dent and human brains. QR2 staining is
particularly abundant in brain regions in-
volved in cognition, such as the hip-
pocampal formation and various cortical
areas. Interestingly, the cellular localiza-
tion of QR2 is apparently restricted to the
cytoplasm of neurons with no or very low
staining observed in glia. These results
suggest that QR2 is likely to preferentially
regulate neuronal functions.

Recently, the successful development
of highly selective inhibitors of QR2 was
reported (Mailliet et al., 2005). These
molecules were originally targeted for the
treatment of peripheral disorders, includ-
ing a better understanding of the role of
QR2 in various physiological or patholog-
ical conditions, because it was shown that
QR2 expression and activity would lead to
an enhanced production of ROS (Gong et
al., 2008). The used inhibitors were co-
crystallized with QR2 with a complete set
of data of the characteristics of these com-
pounds as well as the currently used sub-
strates and co-substrates (Ferry et al.,
2010). In the present study, we demon-
strated that these molecules could also
prove to be useful as neuroprotective
agents and cognitive enhancers. Indeed,
the selective QR2 inhibitors S26695 and
S29434 were shown to protect neurons

against death induced by the deprivation of nutrients or by men-
adione, an enzyme substrate known to be very damaging to cells
after being reduced and activated by the catalytic activity of QR2
(Long et al., 2002). The toxic effects of menadione most likely
involve the increased production of ROS inside the cells and the
alteration of mitochondrial metabolism, thus affecting the prop-
erties of cell plasma membranes (Morgan et al., 1998; Gerasi-
menko et al., 2002; Criddle et al., 2006; Kawamura et al., 2006).
We also found that the QR2 inhibitors were able to reduce
menadione-induced apoptosis, probably through the inhibi-
tion of the intrinsic (i.e., mitochondrial) pathway (Degterev

Figure 7. Learning performances in C57BL/6 and quinone reductase 2 knock-out (QR2�/�) mice determined using both novel
object recognition and rotarod tests. A, Novel object recognition in wild-type and QR2�/�. Exploration ratios reveal that QR2�/�

mice display preference for the novel object compared with controls (*p � 0.05, two-way ANOVA with Bonferroni’s post hoc tests.
n � 8). B, Learning behaviors on day 2 in the rotarod test. On day 1, no difference is detected between groups, whereas on day 2,
QR2�/� show improvement in apparent learning compared with WT (*p � 0.05, paired t test; n � 12).

Figure 8. Comparative performance of QR2�/� and wild-type mice in schizophrenia-, anxiety-, and depression-related be-
haviors. No difference was seen between QR2�/� and wild-type littermates in the magnitude of startle response using PPI (n �
12), a behavior associated with psychosis (A). Similarly, no difference was observed in the elevated plus maze test, an anxiety-like
behavior (B), or in the forced swim test, a depression-associated behavior (C).
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and Yuan, 2008; Gorman, 2008; Zhivotovsky and Orrenius,
2010).

Interestingly, the two QR2 inhibitors were shown to be highly
effective in vivo in both rat and mouse models of learning. These
inhibitors significantly reversed scopolamine-induced amnesia
in the rats and facilitated object recognition in the mouse after
single or repeated administration of the molecule. The produc-
tion of a QR2 knock-out mouse model provided additional key
evidence on the selective role of QR2 in learning paradigms. Most
importantly, adult QR2�/� mice demonstrated improved cogni-
tive performances in various models of learning behaviors. In-
deed, QR2�/� displayed increased capacities in models of spatial

(MWM and passive avoidance), motor (rotarod), and attentional
(object recognition) behaviors. These are rather unique observa-
tions because it is very rare that knock-out animals of any type
will demonstrate improved cognitive performances even in only
one learning task (more typical to observe decreased abilities).
Few examples have been reported in the literature included in
HDAC2 histone deacetylase (Guan et al., 2009) and Ncx2 calcium
exchanger protein mice (Jeon et al., 2003). The finding that facil-
itated learning capacities is rather selective with other types of
behavior related to anxiety, depression, and psychosis not being
affected in QR2�/� mice makes our observations even more ex-
citing, highlighting the possibly unique role of this enzyme in
cognitive behaviors.

Quinone reductase 2 knock-out provides protection against
menadione toxicity in vivo (Long et al., 2002). This indicates that
QR2 is involved in the activation of this particular quinone. QR2
does not recognize nicotinamide adenine dinucleotide (NADH)
as a co-substrate (Zhao et al., 1997) in contrast to QR1, the major
quinone detoxification enzyme. Instead, QR2 recognizes a break-
down product of NADH, N-ribosyl-dihydronicotinamide
(NRH). This has been enforced by in vivo experiments in which
the coinjection of NRH with menadione in QR2�/� mice led
greater toxicity of the quinone (Long et al., 2002). It has been
shown in neurodegenerative diseases that QR2 is overexpressed,
suggesting that enhanced activity of QR2 could lead to neuronal
cell death (Harada et al., 2001; Wang et al., 2008). This is likely
attributable to two independent factors, namely the induction of
the protein and the availability of NRH. QR2 activity leads to
hydroquinone and semi-quinone, the latter being a deleterious
species for the cell (Chomarat et al., 2007). Its activity is also
accompanied by increased production of ROS deleterious for the
cell (Gong et al., 2008). Accordingly, under stress and challenging
conditions, QR2 is overexpressed and catalytically active, poten-
tially leading to altered mechanisms of defense such as catalase
and glutathione (Dröge and Schipper, 2007).

Although both spatial and object recognition learning were
improved after knocking down QR2, this genetic manipulation
did not enhance two commonly studied forms of hippocampal
plasticity, which are HFS–LTP and LFS–LTD. One possible ex-
planation is that the gain in learning performance could be attrib-
utable to factors that are unrelated to CA1 hippocampal synaptic
plasticity. For instance, rodents displayed spatial learning during
MWM acquisition (decrease in escape latency with training) even
when synaptic plasticity was abolished by NMDA receptor block-
ade or knockdown (Morris et al., 1986; Silva et al., 1992). These
findings suggest that nonspatial strategies could be used by ro-
dents to resolve a spatial task. Similarly, evidences have been
reported demonstrating that alteration of learning could occur
without evident changes in LTP or LTD (Bannerman et al., 1997).
For example, although intracerebroventricular infusion of an
NMDA receptor-associated glycine site antagonist 7-chloroky-
nurenate impaired MWM performances, this drug has no effect
on hippocampal LTP. Additional studies will need to examine
whether QR2�/� enhance the flexibility of rodents to use multi-
ple behavioral approaches to solve learning tasks that are used in
this study. Finally, our electrophysiological findings do not rule
out potential effects of QR2 deficiency on untested forms of syn-
aptic plasticity such as late-LTP and short-term synaptic plastic-
ity or on plasticity at CA3 and dentate gyrus synapses (Kandel,
2001; Zucker and Regehr, 2002).

The inhibition of the enzyme by specific blockers has been
suggested as a possible novel approach in the treatment of various
diseases associated with learning deficits. Indeed, QR2 inhibitors

Figure 9. Bidirectional hippocampal synaptic plasticity in quinone reductase 2 knock-out
mice (QR2�/�). A, Long-term potentiation was induced by HFS (100 Hz, 100 pulses). No dif-
ference between WT (n � 11) and QR2�/� (n � 9) mice was found. B, Long-term depression
(induced by LFS: 1 Hz, 900 pulses) was examined in both young (top) and adult (bottom) WT
(n � 5) and QR2�/� (n � 5) mice. We observed no changes in LTD between these two types
of mouse in both age groups.
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and QR2�/� mice demonstrated the unique and selective role of
this enzyme in the regulation of various types of learning behav-
iors in rodents.
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