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An increasing body of evidence indicates that the vitamin A metabolite retinoic acid (RA) plays a role in adult brain plasticity by activating
gene transcription through nuclear receptors. Our previous studies in mice have shown that a moderate downregulation of retinoid-
mediated transcription contributed to aging-related deficits in hippocampal long-term potentiation and long-term declarative memory
(LTDM). Here, knock-out, pharmacological, and nutritional approaches were used in a series of radial-arm maze experiments with mice
to further assess the hypothesis that retinoid-mediated nuclear events are causally involved in preferential degradation of hippocampal
function in aging. Molecular and behavioral findings confirmed our hypothesis. First, a lifelong vitamin A supplementation, like short-
term RA administration, was shown to counteract the aging-related hippocampal (but not striatal) hypoexpression of a plasticity-related
retinoid target-gene, GAP43 (reverse transcription-PCR analyses, experiment 1), as well as short-term/working memory (STWM) dete-
rioration seen particularly in organization demanding trials (STWM task, experiment 2). Second, using a two-stage paradigm of LTDM,
we demonstrated that the vitamin A supplementation normalized memory encoding-induced recruitment of (hippocampo-prefrontal)
declarative memory circuits, without affecting (striatal) procedural memory system activity in aged mice (Fos neuroimaging, experiment
3A) and alleviated their LTDM impairment (experiment 3B). Finally, we showed that (knock-out, experiment 4) RA receptor � and
retinoid X receptor �, known to be involved in STWM (Wietrzych et al., 2005), are also required for LTDM. Hence, aging-related retinoid
signaling hypoexpression disrupts hippocampal cellular properties critically required for STWM organization and LTDM formation, and
nutritional vitamin A supplementation represents a preventive strategy. These findings are discussed within current neurobiological
perspectives questioning the historical consensus on STWM and LTDM system partition.
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Introduction
Most of the vitamin A functions are performed by its metabolite
retinoic acid (RA) (Malik et al., 2000; Marill et al., 2003; Blomhoff
and Blomhoff, 2006). RA regulates gene expression in numerous
cells and tissues by binding to nuclear RA receptors (RAR�,
RAR�, and RAR�) and retinoid X receptors (RXR�, RXR�, and
RXR�), which act as transcription factors (Kastner et al., 1995;

Lefebvre et al., 2005). Retinoid signaling is well known to be
involved in brain development (Maden et al., 1998). It has re-
cently come to light, however, that retinoid signaling continues to
play a role in certain areas of the mature brain, by its involvement
in cellular and synaptic plasticity processes sustaining learning
and memory capabilities (for review, see Mey and McCaffery,
2004; Lane and Bailey, 2005; McCaffery et al., 2006).

Functional implication of retinoid signaling in hippocampal
plasticity and spatial memory was demonstrated in rodents by
knock-out of RAR� or RXR�/� receptors (Chiang et al., 1998;
Wietrzych et al., 2005), vitamin A deprivation (Misner et al.,
2001; Cocco et al., 2002; Etchamendy et al., 2003b), and RA ad-
ministration (Crandall et al., 2004). Furthermore, dysfunction of
retinoid signaling pathway has been hypothesized to be involved
in human neurodevelopmental pathologies such as schizophre-
nia or late-onset Alzheimer’s disease (for review, Goodman,
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1998, 2006; Goodman and Pardee, 2003; Palha and Goodman,
2006).

We previously demonstrated that pharmacological activation
of retinoid signaling by short-term RA administration to aged
mice restored their hippocampal retinoid target-gene hypoex-
pression as well as their long-term declarative memory (LTDM)
and hippocampal long-term potentiation deficits (Etchamendy
et al., 2001). Conversely, nutritional vitamin A deficiency in
young mice produced an LTDM impairment like the one ob-
served in aged or hippocampectomized (Etchamendy et al.,
2003a,b) mice. These findings (see also Brouillette and Quirion,
2007) suggest that retinoid hyposignaling may contribute to
aging-related deterioration of hippocampal function (for review,
see Rosenzweig and Barnes, 2003; Driscoll and Sutherland, 2005).
The present work was aimed at further assessing this hypothesis
by using knock-out, pharmacological, and nutritional
approaches.

Prompted by a recent literature questioning the historical par-
tition between LTDM and short-term/working memory
(STWM) systems (for review, see Blumenfeld and Ranganath,
2007), we recently showed that the LTDM deficit seen in aged
mice was secondary to an STWM impairment at encoding in
association with hippocampal (and prefrontal) dysfunction (our
unpublished data). We speculated that faster decay of incoming
event traces in (hippocampo-prefrontal) short-term episodic
buffer may hinder relational encoding of temporally discontigu-
ous events into a unified mnemonic representation sustaining
LTDM (Wallenstein et al., 1998; Eichenbaum, 2004; Mingaud et
al., 2007).

Here we demonstrated that RAR�/RXR�, which were shown
previously to be involved in STWM (Wietrzych et al., 2005), are
required for LTDM and that, like RA treatment, nutritional vita-
min A supplementation prevents the age-related decline in both
STWM and LTDM performances, as well as in molecular markers
of hippocampal function. The present findings support the hy-
pothesis that hippocampal retinoid receptor signaling is critically
implicated in cellular mechanisms sustaining STWM organiza-
tion and LTDM formation.

Materials and Methods
Animals
In all aging experiments, subjects were naive male mice of the C57BL/6
Jico inbred strain obtained from Janvier (Le Genest-Saint-Isle, France) at
the age of 2 months. The RAR�/RXR� knock-out mice were produced by
crosses of double heterozygous mice as described previously (Wietrzych
et al., 2005). All mice were socially housed in standard conditions: room
temperature (23°C), 12 h light/dark cycle, and ad libitum food and water.
For aging experiments, mice were used when they were 4 –5 months
(young), 11–12 months (middle-aged), or 21–23 months (aged) old.
RAR�/RXR� double knock-out mice were tested at the age of 4 –5
months.

Experiments were performed in accordance with the European Com-
munities Council Directive of November 24, 1986 (8616091 EEC).

Diets
For aging experiments, half the animals were fed with a control diet (5 IU
retinol/g), which was the same as those described previously (Husson et
al., 2003); the second half received the vitamin A-enriched diet (45 IU
retinol/g). The composition of the control diet was the same as the vita-
min A-enriched diet, excepted for retinol content. The 45 IU diet was
chosen on the basis of literature (Zolfaghari and Ross, 1995; Ross and
Zolfaghari, 2004) as a moderate supplementation to avoid potential tox-
icity of hypervitaminosis (for review, see Penniston and Tanumihardjo,
2006). Diets started as soon as mice arrived in the laboratory (i.e., at the
age of 2 months) and continued throughout the entire experiment.

RA treatment
Retinoic acid (Sigma, St. Louis, MO) was dissolved in a vehicle solution
containing polyethylene glycol, NaCl (0.9%), and ethanol mixed in a
proportion of 70:20:10 by volume. RA was administered subcutaneously,
once a day (�6:00 P.M. to 7:00 P.M.) during 3 weeks at 150
�g � kg �1 � d �1. We showed previously that RA administered in the
same way to aged mice was able to restore retinoid signaling expression,
CA1 long-term potentiation efficacy, and LTDM to presenescent (adult)
levels. Moreover, we demonstrated that these beneficial effects of RA
were mediated by RA nuclear receptors because they were abolished by
the coadministration of an RAR antagonist (Etchamendy et al., 2001).
Accordingly, the rationale for using subcutaneous injections of RA either
alone or in combination with vitamin A supplementation was to deter-
mine whether the effects of supplementation was mediated via brain
retinoid receptors, thereby occluding the effects of RA.

Reverse transcription-PCR analysis of retinoid
genes expression
Selection of genes and brain structures
The mRNA coding for two retinoic acid receptors RAR� and RXR�/�,
and GAP 43, the transcriptional target of retinoid receptor signaling,
were measured in samples of the hippocampus and striatum.

Hippocampus and striatum were chosen among the adult brain areas
in which retinoid signal is likely to play a role (for review, see Lane and
Bailey, 2005) for the following reasons. First, each structure is known to
be involved in working memory through its interactions with prefrontal
cortex (Newman and Grace, 1999). Second, they are key structures of
distinct long-term memory systems (declarative and procedural mem-
ory, respectively) (for review, see White and McDonald, 2002) that are
known to be differentially affected by aging.

RARs are specific of the retinoid pathway, whereas RXRs are not spe-
cific because they heterodimerize with other nuclear receptors such as
those for thyroid hormone and vitamin D (Kliewer et al., 1992), as well as
the peroxisome proliferator-activated receptor-type receptors (Keller et
al., 1993) and can function in the absence of ligand (Rowe, 1997). As
members of each category, RAR� and RXR�/� genes were chosen be-
cause knock-out studies and our previous work in aged mice have dem-
onstrated their functional implication in hippocampal plasticity and
learning and memory.

Neuromodulin GAP43 was chosen as a functional indicator of retinoid
signaling expression because it is a plasticity-related gene, and its expres-
sion appears to be specifically regulated by retinoid receptors (Taneja et
al., 1995; Encinas et al., 2000; Anderson et al., 2001).

Biochemical procedure
Mice were killed by decapitation. Their hippocampi and striata were
removed and stored at �80°C. Extraction of RNA was conducted using
an extraction kit (RNAplus; Q.BIO Gene, Illkirch, France).

The preparation of cDNA and quantification of mRNA by reverse
transcription (RT)-PCR were performed as described previously (Hus-
son et al., 2003). The forward and reverse primers for glyceraldehyde-3-
phosphate dehydrogenase (housekeeping gene) and for RAR� and
RXR�/� were the same as those used previously (Boucheron et al., 2006).
For GAP43, the primers were as follows: GAP43 forward, GTGATG-
CACCAGCTGCTGAGG; reverse, GGGGAGTTATCAGTGGTAGC.

Behavioral testing
The different types of memory tested
As a form of short-term memory, working memory temporarily stores
information provided by an environmental cue for the execution of an
act in the near term (Baddeley and Hitch, 1974). It comprises a mainte-
nance and organizational component.

Long-term memory is classically divided into declarative and proce-
dural memory. In humans, declarative memory is the memory of facts
and events that can be consciously remembered and explicitly expressed.
Procedural memory consists in bias and habits, which are most of the
time acquired by repetition and expressed automatically. Flexibility is a
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cardinal property of declarative memory (Cohen, 1984) that can be as-
sessed in animals.

Apparatus
Apparatus was a fully automated, elevated and open eight-arm radial
maze, the dimensions and construction of which have been described
previously (Marighetto et al., 1999). The movement of each door, located
at the entrance to each arm, is controlled by a computer program that
continuously tracks the position of the subject within the maze. This
enables a real-time control of the accessibility to the maze arm(s) accord-
ing to a predetermined test schedule.

Habituation
Mice were put on a food restriction diet so that their individual body
weights were reduced to and maintained at 88 – 85% of the ad libitum
weights. Before behavioral testing, they were habituated to the apparatus
over 2 d by allowing them free exploration until all the food pellets in the
food well of each arm were collected.

The STWM memory task
Each mouse was separately assigned six arms, which were grouped into
three pairs of adjacent arms (A, B, and C). Each training session consisted
of repeated alternate presentations of these pairs and taxed the short-
term retention of arm visits made during preceding trials. Indeed, the
location of food among the two arms varied according to an alternation
rule between successive trials: on each trial, one pair of arms was opened
and the baited arm was the one that has not been visited during the
preceding trial with the same pair. Therefore, the mouse had to remem-
ber which arm of a given pair was visited in a particular trial until the next
presentation of this pair to alternate its choices among successive presen-
tations of the same pair (Fig. 1). As soon as the mouse had reached the
end of the chosen arm, the door of the alternative arm was closed. When
back onto the central platform, the door of the chosen arm was closed
and the mouse was confined there for 10 s before the next trial (intertrial
interval).

Each daily session of working memory testing comprised 23 trials
(seven to eight presentations of each pair). The first three trials of each
session consisted of acquisition trials: for each pair (A, B, and C), both
arms were baited. Each of the following trials was, at the same time, a
memory test trial (recall of the arm visit made during the preceding trial
with the same pair) and an acquisition trial (for the following test trial
with the same pair).

Mice were submitted to 18 consecutive daily sessions of such STWM
testing

Correct/incorrect response. Correct/incorrect response was recorded
for each trial. Performance was averaged by blocks of three consecutive
sessions to analyze the effect of training. For studying STWM mainte-
nance and organizational components, the effects of retention interval
and proactive interference levels were analyzed respectively.

Retention interval. Because three pairs were used concurrently, the
memory interval for one specific arm-visit retention depended on
the number of intervening trials (with the other pairs) occurring between
the acquisition trial and the test trial. Hence, correct responses were
expected to decrease as the number of intervening trials increased be-
tween two successive presentations of the same pair. To analyze this
effect, performances were averaged by trials of retention interval levels:
“short” (zero intervening trial between the acquisition trial and the test
trial), “medium” (one to two intervening trials), and “long” (three to
four intervening trials).

Proactive interference/STWM organization. Given that the same three
pairs were reused seven to eight times with a session, proactive interfer-
ence was potentially produced by preceding trials. Specifically, at any one
n trial, the mouse had to recall the specific arm visit made in the n-1 trial
with the same pair and not to confound it with the visit made in the n-2
trial with the same pair. Proactive interference level depended on the
distance between the interfering trial, n-2, and the to-be-remembered
trial, n-1: the shorter the distance, the higher the probability of proactive
interference. To analyze such potential effects, performances were aver-
aged by trials of proactive interference (PI) levels: “low PI” (big distance

between n-2 and n-1: three to four trials were interposed) and “high PI”
(short distance between n-2 and n-1: zero to one trial was interposed).

The LTDM task: a two-stage discrimination learning paradigm
assessing memory flexibility
A two-stage discrimination learning paradigm used in our previous
study on retinoid signaling function in aging (Etchamendy et al., 2001)
was used again here. This paradigm comprises an initial learning phase
(stage 1, encoding) followed by a test phase (stage 2) assessing flexibility,
a cardinal property of declarative memory. Flexibility is exemplified in
the ability to compare and contrast separately acquired information to
guide inferential decision in novel situations (Cohen, 1984). In stage 1,
the mice learn the constant locations of food reward through successive
and separate exposures to individual arms using a “go/no-go” discrimi-
nation procedure. In stage 2, they are challenged with novel arm presen-

Figure 1. The STWM task. Each session consisted of alternate presentations of pairs A, B, and
C. The first three trials with each pair were acquisition trials (both arms rewarded). Each of the
following trials was at the same time an acquisition trial (for the following trial with the same
pair) and a test trial (for the arm visit made during the preceding trial with the same pair); the
rewarded arm was the one that has not been visited on the preceding trial with the same pair.
Memory demand varied across successive trials according to the retention interval (i.e., the
number of intervening trials with other pairs between two successive presentations of the same
pair). Three retention interval levels were distinguished: short (0 intervening trial), medium
(1–2 intervening trials), and long (3– 4 intervening trials). Organizational demand varied
across trials according to proactive interference level [i.e., the number of intervening trials
between the to-be-remembered trial (n-1) and the interfering trial (n-2): the more trials be-
tween them, the lower the proactive interference effect]; two proactive interference levels were
distinguished: low PI (3– 4 trials between n-2 and n-1) and high PI (0 –1 trial between n-2 and
n-1)

Mingaud et al. • Vitamin A, Hippocampus, and Mnemonic Aging in Mice J. Neurosci., January 2, 2008 • 28(1):279 –291 • 281



tations that require explicit choices among adjacent arms that were ex-
perienced separately in stage 1 and are now presented by pairs
(simultaneous “two-choice” discrimination test).

Each mouse was separately assigned six adjacent arms of the radial
maze. The reward valence of the arms (three baited, three nonbaited)
remained constant throughout the experiment, but the manner of pre-
senting the arms to the mouse (i.e., one-by-one vs by pair presentation)
was changed between the two stages of the experiment (Fig. 2).

Stage 1 (encoding): acquisition of successive go/no-go discrimination be-
tween rewarded and nonrewarded arms. On each trial, the door to only
one arm was opened and the latency to enter the arm was automatically
recorded. Each daily session comprised 24 trials, with each of the six arms
presented four times according to a pseudorandomized order. The
mouse was confined on the central platform for 20 s between successive
trials. Consecutive daily training continued until achievement of crite-
rion performance, when the median latency to enter nonbaited arms
exceeded that to the baited ones by 25% in the last 2 d. For statistical
analysis, go/no-go discrimination performance was indexed by a nor-
malized discriminative ratio: (latency for nonbaited � latency for bait-
ed)/(latency for nonbaited � latency for baited).

Stage 2 (test): simultaneous two-choice discrimination assessing mne-
monic flexibility (i.e., LTDM). On each trial, one of the three possible
pairs of adjacent arms (one baited, one nonbaited) was opened, and the
mouse was required to enter one of the two arms. As soon as the mouse
reached the end of the chosen arm, the door to the alternative arm was
closed. On return to the central platform, all doors were closed and the

mouse was confined there for 20 s before the next trial began. There were
a total of 20 trials, and performance was indexed by percentage correct
choices (of baited arms).

Fos immunohistochemistry
A neuroimaging approach based on the activity-dependent expression of
the Fos protein was used (Morgan and Curran, 1989; McCabe and Horn,
1994; Touzani et al., 2003) to map memory encoding-related patterns of
activity in brain areas known to be involved in long-term declarative
memory (hippocampus and prefrontal cortex) and procedural memory
(dorsal striatum).

Ninety minutes after the last behavioral session, mice were deeply
anesthetized and perfused with 4% paraformaldehyde in a 0.1 M phos-
phate buffer (PB), pH 7.4. Brains were removed, postfixed overnight, and
then sectioned on a vibratome (50 �m). Sections were stocked in a cryo-
protective solution (ethylene glycol/glycerol/PB) until proceeded for im-
munodetection of Fos protein.

Free-floating sections were rinsed in PBS (PB with 0.9% NaCl), and
they were incubated in PBS with 0.5% H2O2 for 30 min and then in a
blocking solution containing 3% bovine serum albumin and 0.2%, Tri-
ton X-100 in PBS. Sections were incubated with the rabbit polyclonal
antibody anti-c-Fos (1:20,000; Ab-5 #PC38; Oncogene Research, San
Diego, CA) in a PBS–BSA–Triton X-100 solution during 24 h at 4°C.
After extensive washes in PBS, sections were incubated in biotinylated
goat anti-rabbit IgG (1:2000; Jackson Immunoresearch, West Grove, PA)
for 2 h at room temperature. Sections were then incubated in avidin–
biotinylated horseradish peroxidase complex (Vectastain Elite kit; Vec-
tor Laboratories) for 2 h at room temperature. After sections were rinsed,
the peroxidase reaction end product was visualized in 0.05 M PB contain-
ing diaminobenzidine tetrahydrochloride (0.025%) and 0.03% H2O2.
Finally, sections were mounted on gelatin-coated glass slides, dehydrated
through a graded series of ethanol, cleared in toluene, and coverslipped
with Eukitt mounting medium.

For each animal, the number of Fos-immunoreactive neurons was
counted bilaterally using three to four sections taken through the dorsal
hippocampus [CA1–CA3 and dentate gyrus (DG)], the dorsal striatum
[mediodorsal striatum (MDStr), laterodorsal (LDStr)], and the prelim-
bic and infralimbic parts of prefrontal cortex (PFC). The number of
positive nuclei was quantified using a computerized imaging analysis
system (Visiolab 2000 version 4.50; Biocom, Paris, France). Positive Fos-
immunoreactive cells were expressed as the number of positive nuclei per
square millimeter.

Experimental design
Experiment 1: vitamin A supplementation and RA effects on
hippocampal and striatal mRNA expression of retinoid genes
at different ages
In this experiment, quantitative real-time RT-PCR analyses were per-
formed on hippocampal and striatal samples to study the effects of nu-
tritional vitamin A supplementation, RA treatment, and their combina-
tion on mRNA expressions of selected genes in memory-related brain
areas during aging. There were 12 groups of mice (two diets � two
treatments � three ages). The final number of subjects in each group was
as follows: control � vehicle young, n � 9; control � RA young, n � 10;
enriched � vehicle young, n � 8; enriched � RA young, n � 10; control
� vehicle middle-aged, n � 10; control � RA middle-aged, n � 7;
enriched � vehicle middle-aged, n � 9; enriched � RA middle-aged, n �
7; control � vehicle aged, n � 6; control � RA aged, n � 7; enriched �
vehicle aged, n � 8; enriched � RA aged, n � 7.

Experiments 2A and 2B: vitamin A supplementation and RA
effects on STWM at different ages
Given the vitamin A supplementation and RA beneficial effects on reti-
noid signaling molecular markers in aged mice (demonstrated by exper-
iment 1), the following experiments were performed to study the poten-
tial memory effects of the same nutritional and pharmacological
treatments in the radial-maze STWM task.

Experiment 2A examined the effects of nutritional vitamin A supple-

Figure 2. The LTDM paradigm. In stage 1, the six arms were presented one by one, succes-
sively; in stage 2, the same arms were combined into three pairs. Stage 2 testing assesses
memory flexibility exemplified in the ability to compare and contrast information pieces that
were acquired separately.
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mentation on STWM in young, middle-aged, and aged mice. Six groups
of mice were tested in parallel in the STWM paradigm. After two repli-
cations, the final number of mice in each group was as follows: control
young, n � 10; enriched young, n � 10; control middle-aged, n � 13;
enriched middle-aged, n � 13; control-aged, n � 9; enriched-aged, n �
8.

Experiment 2B compared the effects of vitamin A supplementation,
RA treatment, and their combination on STWM in middle-aged and
aged mice. After three replications, the final number of subjects in each
group was as follows: control � vehicle middle-aged, n � 5; control �
RA middle-aged, n � 8; enriched � vehicle middle-aged, n � 5; enriched
� RA middle-aged, n � 8; control � vehicle aged, n � 4; control � RA
aged, n � 7; enriched � vehicle aged, n � 4; enriched � RA aged, n � 8.

Experiments 3A and 3B: vitamin A supplementation effects on
aging-related LTDM deficit
Given the vitamin A supplementation and RA beneficial effects on
STWM in aged mice (demonstrated in experiments 2A and 2B), the
following experiments examined vitamin A supplementation effect on
LTDM by using the two-stage discrimination learning paradigm in
which the beneficial RA effect against the aging-related deficit was dem-
onstrated previously (Etchamendy et al., 2001). In this paradigm, the
age-related impairment in flexible memory expression (as revealed by
stage 2 testing) was shown recently to derive from a primary STWM
decline during (stage 1) learning; this STWM deficit was associated with
an hypoactivity of the (hippocampo-prefrontal) declarative memory sys-
tem and was believed to hinder relational encoding of individual arm
experiences made during learning, into a unified LTDM representation
(Mingaud et al., 2007) (our unpublished data).

Experiment 3A examined the patterns of (stage 1) learning-induced
brain activation in declarative memory system (hippocampus, prefrontal
cortex) and procedural memory system (striatum) using a Fos neuroim-
aging approach in control young, control aged, and enriched aged
groups. Half of the mice were killed 90 min after the beginning of third
session of go/no-go training for immunodetection of Fos protein. These
mice were referred to as radial arm maze (RAM) groups and compared
with animals that were submitted to repeated locomotor activity on a
treadmill (TM) and killed after such training. TM training is used as
control condition for measuring neuronal activity unrelated to memory
processes engaged by RAM tasks (cf. Touzani et al., 2003; Mingaud et al.,
2007). Both apparatus were located in the same room, and each TM
mouse was run in parallel with an RAM mouse. The final number of
animals in each group was as follows: RAM control young, n � 6; TM
control young, n � 4; RAM control aged, n � 6; TM control aged, n � 5;
RAM enriched aged, n � 7; TM enriched aged, n � 5.

Experiment 3B examined the effect of vitamin A supplementation on
the age-related deficit in (stage 2) LTDM expression. Control young (n �
9), control aged (n � 6), and enriched aged (n � 7) mice were trained in
the two-stages of our radial-maze discrimination learning paradigm.

Experiment 4: retinoid receptor knock-out effects on LTDM
This experiment examined LTDM in adult RAR�/RXR� double knock-
out mice that were shown previously to display a working memory deficit
(Wietrzych et al., 2005). Knock-out mice (n � 9) and their controls (n �
8) were trained in the two-stage discrimination paradigm.

Statistical analysis
Data were submitted to ANOVAs. When appropriate, post hoc compar-
isons were performed using Fisher’s PLSD tests.

Results
Experiment 1: vitamin A supplementation and RA effects on
selected retinoid gene mRNA expression in the hippocampus
and striatum at different ages
RT-PCR analysis of RAR� and RXR�/� expression was presented
in Table 1.

The specific receptor for RA signaling, RAR�
When administered alone, the enriched diet or, to a lesser
extent, short-term RA tended to enhance the hippocampal
expression of RAR� mRNAs in middle-aged and aged mice,
this effect being larger in the aged mice. However, the coad-
ministration of enriched diet and RA did not lead to further
enhancement of RAR� mRNA expression. In fact, the treat-
ment with RA tended to reduce RAR� mRNA levels in the
enriched groups.

These observations were supported by a three-way ANOVA of
hippocampal mRNAs with the factors age (young, middle-aged,
and aged), diet (control and enriched), and treatment (vehicle
and RA). This analysis revealed a significant diet � treatment
interaction (F(1,86) � 4,3; p � 0.04). Analyses restricted to each
treatment condition showed that the diet effect was significant in
the vehicle condition (F(1,46) � 4; p � 0.05) but not RA condition
( p � 0.14). Whereas analyses restricted to each diet condition
showed that the treatment effect approached statistical signifi-
cance in the enriched (F(1,44) � 3.4; p � 0.07) but not control
condition (F(1,45) � 2.6; p � 0.11). Finally, analysis restricted to
each age showed that diet � treatment approached statistical
significance in the aged groups ( p � 0.06) but not in the other
groups of age (all p values �0.38). Namely, compared with con-
trol � vehicle mice, aged mice fed with the enriched diet or
treated with RA displayed, respectively, �39% ( p � 0.057, NS)
and �30% ( p � 0.11, NS) increase of RAR� mRNA expression,
whereas the combination of enriched diet and RA led to only
�15% increase.

When considering striatal levels of RAR� mRNA expression,

Table 1. RT-PCR data for RAR� and RXR�/� mRNAs (mean � SEM calibrator normalized data) in the hippocampus and striatum for young (Y), middle-aged (MA), and aged
(A) groups in the four experimental conditions: control � vehicle, control � RA, enriched � vehicle, and enriched � RA in experiment 1

RAR�, hippocampus RAR�, striatum RXR�/�, hippocampus

Young control � vehicle 0.584 (0.059) 1.164 (0.067) 0.751 (0.065)
Middle-aged control � vehicle 0.538 (0.047) 1.103 (0.052) 0.718 (0.039)
Aged control � vehicle 0.495 (0.040) 1.112 (0.077) 0.628 (0.070)
Young enriched � vehicle 0.595 (0.041) 1.129 (0.068) 0.780 (0.064)
Middle-aged enriched � vehicle 0.656 (0.074) 1.087 (0.049) 0.719 (0.065)
Aged enriched � vehicle 0.688 (0.087) 1.029 (0.053) 0.843 (0.081)
Young control � RA 0.608 (0.033) 1.220 (0.082) 0.690 (0.043)
Middle-aged control � RA 0.593 (0.034) 1.146 (0.090) 0.744 (0.100)
Aged control � RA 0.608 (0.052) 1.104 (0.122) 0.778 (0.116)
Young enriched � RA 0.576 (0.032) 1.200 (0.062) 0.798 (0.055)
Middle-aged enriched � RA 0.571 (0.058) 1.108 (0.037) 0.651 (0.041)
Aged enriched � RA 0.571 (0.062) 1.074 (0.080) 0.866 (0.195)
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no between-group difference was observed. This observation was
confirmed by the statistical analysis: age, p � 0.14; diet, p � 0.37;
treatment, p � 0.36 for main group effects and F � 1 for all
interactions analyzed by three-way ANOVA.

Concerning a nuclear receptor unspecific for RA
signaling, RXR�/�
Slight between-group variations of its hippocampal mRNA ex-
pression were observed only in aged samples. RXR�/� mRNA
levels in control � vehicle aged mice seemed to be lower than in
the other aged groups (control � RA, enriched � vehicle, or
enriched � RA). However, neither the three-way ANOVA nor
analysis restricted to one-factor condition revealed any statisti-
cally significant effect of age, diet, or treatment (all p values
�0.13).

A functional indicator of the retinoid receptor signaling: expression
of a synaptic plasticity-related gene, GAP-43
Hippocampal levels of GAP43 mRNAs for the different groups of
age, diet, and treatment are shown in Figure 3A. When consider-
ing only animals treated with vehicle, it clearly appears that aging
was associated with a progressive decline in hippocampal GAP43
mRNA levels in the control condition of feeding, whereas the
same biochemical measure regularly increased between young
adulthood, middle age, and old age in mice fed with the vitamin
A-enriched diet. In fact, the enriched diet tended to reduce
GAP43 mRNA expression in young adults, whereas it obviously
increased this expression in aged mice. Concerning the treatment
with RA alone, it can be seen that this treatment had no effect in
young or middle-aged groups but tended to enhance hippocam-
pal mRNA expression of GAP43 in aged mice, although with less
efficiency than the enriched diet (high between-subject
variability).

These observations were supported by a three-way ANOVA of
hippocampal GAP43 mRNA levels, which revealed that only the
age � diet interaction approached statistical significance (F(2,86)

� 3,04; p � 0.053; for all other factors and interactions, p � 0.27).
Analyses restricted to each treatment condition showed that the
age � diet interaction was significant in vehicle ( p � 0.02) but
not RA condition (F � 1). This interaction in vehicle groups was
linked to the fact that GAP43 mRNA expression was reduced by
the enriched diet in young adults (�20%, NS) but was increased
by 59% in aged mice ( p � 0.014). Analyses restricted to each diet
and treatment condition showed that there was a significant ef-
fect of age only in the control � vehicle condition ( p � 0.04) in
which, compared with the adult group, the middle-aged and aged
groups displayed, respectively, �20% (NS) and �34.2% ( p �
0.012) reduction of GAP43 expression. This age-related decrease
was not seen in groups fed with the enriched diet or treated with
RA.

When considering the striatal levels of GAP43 mRNAs (Fig.
3B), no significant between-group variation was observed (age,
p � 0.11; diet, F � 1; treatment, p � 0.21; all interactions, F � 1).

Taken as a whole, real-time RT-PCR data of experiment 1
indicated the following. (1) In the control feeding condition,
aging was associated with a reduction of retinoid signaling in the
hippocampus but not in the striatum. Although aging-related
variations were moderate concerning retinoid receptor expres-
sion, a functional alteration of hippocampal retinoid receptor
signaling was clearly evidenced in aged control mice by hypoex-
pression of a retinoid receptor transcriptional target gene,
GAP43. (2) Lifelong feeding with the vitamin A-enriched diet
prevented this aging-related hypofunction of retinoid signaling
pathway in the hippocampus without affecting retinoid gene ex-

pression in the striatum. (3) Systemic administration of RA to
aged mice produced the same pattern of molecular effects as vi-
tamin A supplementation, although with less efficacy and in a
manner that was not additive to the enriched-diet effect.

Experiment 2: vitamin A supplementation and RA effects on
STWM at different ages
Experiment 2A: vitamin A supplementation effects in young,
middle-aged, and aged mice
Evolution of performance over training. We can observe in Figure
4A that the performance progression over the six blocks of train-
ing sessions was clearly dependent on the group considered.

Figure 3. A, B, GAP43 mRNA expression in the hippocampus (A) and striatum (B) for young
(Y), middle-aged (MA), and aged (A) groups in the four experimental conditions: control �
vehicle, control � RA, enriched � vehicle, and enriched � RA in experiment 1. Comparison of
two age groups in the same experimental condition, °p � 0.05. Comparison of two groups of
the same age, *p � 0.05.
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In control groups (Fig. 4A, left), a clear age-related difference
appeared. In young and middle-aged groups, response accuracy
improved over the first three blocks and reached approximately
the same asymptotic level of performance (74 –78% correct). In
contrast, performance of the aged control group did not improve
and remained below adult and middle-aged ones over the entire

course of training. These findings were confirmed by an ANOVA
on repeated measures with block as an internal factor and age as a
between factor. This analysis yielded significant effects of age
(F(2,29) � 6.96; p � 0.003; post hoc, aged vs young, p � 0.001; aged
vs middle aged, p � 0.032), block (F(5,145) � 13.42; p � 0.0001),
and their interaction (F(10,145) � 2.43; p � 0.01). Analyses re-
stricted to each age showed that the block effect was highly sig-
nificant in the young and middle-aged groups ( p � 0.0001in
each case) but not in the aged group ( p � 0.09).

A clearly different picture emerged in the enriched-diet con-
dition (Fig. 4A, right), wherein the aged group was indistinguish-
able from the middle-aged one; these two groups performed just
slightly below the adult group and reached �75% correct re-
sponses in the final session blocks. An ANOVA conducted on
these data revealed a significant effect of block (F(5,140) � 20.13;
p � 0.0001), with no effect of age ( p � 0.29) and interaction (F �
1), because each group improved response accuracy as training
progressed (block, p � 0.012 in each case).

There was a significant between-diet difference on overall per-
formance (mean over the entire training period) in aged groups
(diet, F(1,15) � 5.93; p � 0.028) but not adult or middle-aged ones
(diet, F � 1 in both cases).

These results showed that the vitamin A-enriched diet pre-
vented the occurrence of a performance deficit in aged mice with-
out affecting the performance of younger (young and middle-
aged) subjects. To assess the mnemonic specificity of both the
deleterious effect of aging and the preventive effect of vitamin A
supplementation, additional detailed behavioral analyses were
performed.

Detailed analyses of performances at the end of training. These
analyses were restricted to the final (five to six) blocks of training
sessions, i.e., at a time when all groups except the control aged
one reached approximately the same asymptotic level of
performance

Retention interval. As explained in Materials and Methods,
retention interval for one specific arm visit depended on the
number of intervening trials (with other pairs) between the ac-
quisition trial and the test trial for this specific arm visit. Perfor-
mances were averaged by trials of retention interval levels: short
(zero intervening trial), medium (one to two intervening trials),
and long (three to four intervening trials).

Expected effects of retention interval on performances were
confirmed by the results: as depicted in Figure 4B, regardless of
the diet and age condition, response accuracy clearly decreased
with increasing retention intervals. Nevertheless, the magnitude
of between-age differences in control groups and between-diet
difference in the aged group was not equivalent across the differ-
ent retention intervals. In fact, such differences were larger for the
short retention interval than for the longer ones.

These observations were confirmed by an ANOVA that in-
cluded the between-subject factors age and diet together with the
within-subject factor retention interval (three levels: short, me-
dium, and long). This analysis revealed significant effects of re-
tention interval (F(2,114) � 84.86; p � 0.0001), retention inter-
val � age (F(4,114) � 2.45; p � 0.049), and age � diet (F(2,57) �
3.36; p � 0.042).

Analyses restricted to each diet and interval condition showed
that the effect of age in control groups reached statistical signifi-
cance for both short (F(2,29) � 12.2; p � 0.0001; post hoc, young vs
middle-aged, p � 0.049; young vs aged, p � 0.0001; middle-aged
vs aged, p � 0.003) and long (age, F(2,29) � 5.7; p � 0.008; post
hoc, young vs middle-aged, p � 0.5; young vs aged, p � 0.004;
middle-aged vs aged, p � 0.01) retention intervals but not me-

Figure 4. Performance in the STWM task for each age group in control and vitamin
A-enriched conditions in experiment 2A. A–C, Performance across blocks of sessions (A), as a
function of retention interval (short, medium, and long; B) and proactive interference levels
(low and high; C). Comparison of two age groups in the same nutritional condition, #p � 0.05,
##p � 0.01, ###p � 0.001. Comparison of two diet groups of the same age, **p � 0.01.
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dium retention intervals (age, p � 0.08). In contrast, no between-
age difference was observed in enriched-diet groups (age, p �
0.18, whichever the retention interval considered).

Analyses restricted to each age and interval condition showed
that the effect of diet reached statistical significance in the aged
groups only and for short (F(1,15) � 12.3; p � 0.003) and long (F(1,15)

� 14.8; p � 0.003) but not medium ( p � 0.08) retention intervals.
In conclusion, these detailed analyses showed that, regardless

of age and feeding conditions, the performance was modulated in
the expected direction by mnemonic demand: the longer the re-
tention interval, the poorer the performance. However, the sur-
prising observation that the age- (or diet-) related differences
were maximal when the difficulty (retention interval) was mini-
mal suggested that another factor produced variations in task
demand (and performance) between trials. As demonstrated by
the following analyses, the level of proactive interference also
modulated choice accuracy.

Proactive interference was potentially produced by reusing of
the same items (pairs of arms) across trials. In any n trial, the
probability of effective proactive interference was dependent on
the distance separating the acquisition trial (n-1) from the pre-
ceding trial with the same pair (n-2): the shorter the distance, the
higher the probability of effective proactive interference. To an-
alyze such potential effects, we distinguished two proactive inter-
ference levels: low PI (three to four trials with other pairs inter-
posed between n-2 and n-1) and high PI (zero to one trial
interposed between n-2 and n-1).

As can be seen in Figure 4C, regardless of the diet condition,
young and aged mice displayed better accuracy in low PI than high
PI trials. This modulation of performance by proactive interference
level was particularly observed in control aged mice. Hence, in high
PI trials, aged mice fed with the control diet were impaired relative to
adult and middle-aged groups of the same nutritional condition
(�28.4 and �25.6%, respectively), as well as to aged mice fed with
the enriched diet (�21.6%). In contrast, in low PI trials, the control
aged group performed at only �12.2 and �4.6% of performances of
younger control adult and middle-aged groups and at approxi-
mately the same level as enriched aged mice (�4%).

These observations were supported by an ANOVA, including
the between-subject factors age and diet together with the within-
subject factor proactive interference. This analysis revealed a sig-
nificant effect of proactive interference (F(1,57) � 7.5; p � 0.008)
and proactive interference � age interaction (F(2,57) � 5.2; p �
0.008). ANOVAs restricted to each condition of proactive inter-
ference revealed significant effects of age (F(2,57) � 5.54; p �
0.006) and age � diet (F(2,57) � 4.4; p � 0.017) in high PI trials
but not in low PI trials (age, p � 0.08; diet and age � diet, F � 1).

These findings demonstrated that (1) control aged mice were
more sensitive to proactive interference than their younger con-
trols, and (2) vitamin A supplementation was protective against
this aging-related enhancement of susceptibility to proactive
interference.

In conclusion, results of experiment 2A showed the following.
First, in conditions of control diet, aging was associated with a
progressive decline of performance. This age-related impairment
appeared to be memory specific because it was observed when
proactive interference level was high only. Second, the vitamin
A-enriched diet was protective against this STWM decline be-
cause no age-related difference was observed in enriched-diet
groups. The diet effect was specific of the aging-related memory
decline because (1) no effect of the diet was noticeable in adult or
middle-aged animals, and (2) the beneficial effect observed in
aged mice was not global but seen in high PI trials only.

Experiment 2B: comparative effects of vitamin A supplementation
and RA in middle-aged and aged mice
Progression of STWM performances over training. It can be seen in
Figure 5A that performance levels increased with repeated train-
ing, but this progression was dependent on the group considered.
Indeed, in each condition of age, the control � vehicle group did
not reach the same level of choice accuracy as the other three
groups (i.e., control � RA, enriched � vehicle, and enriched �
RA) in the final two blocks of sessions.

An ANOVA including the between-subject factors age (two
levels: middle-aged and aged), diet (two levels: control and en-
riched), and treatment (two levels: vehicle and RA), and the

Figure 5. Performance in the STWM task for aged and middle-aged groups treated with RA
or vehicle in control feeding and vitamin A-enriched diet conditions in experiment 2B. A–C,
Performance across blocks of sessions (A), as a function of retention interval (short, medium,
and long; B) and proactive interference levels (low and high; C). Comparison of two diet groups
of the same age, *p � 0.05, **p � 0.01, ***p � 0.001.
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within-subject factor block (six blocks of three sessions each)
revealed significant effects of block (F(5,205) � 43.71; p � 0.0001)
and diet (F(1,41) � 4.57; p � 0.039). When the analysis was re-
stricted to the final two blocks, a significant diet � treatment
interaction emerged (F(1,41) � 4.16; p � 0.048) because the ben-
eficial effect of treatment was significant in control ( p � 0.019)
but not enriched groups (F � 1). These effects were mainly at-
tributable to the aged groups because no significant difference
was observed among the middle-aged groups (all p values �0.17)
whereas, in the aged, the control � vehicle group displayed sig-
nificantly lower performance than each other group (all p values
�0.01). It can also be seen that performance levels were identical
between the two aged groups fed with the enriched diet (i.e.,
enriched diet alone vs enriched diet � RA), whereas the mean
performance of control � RA mice was slightly below.

Detailed analyses of final performance in the aged groups. De-
tailed analyses of performances measured in the two final blocks
of sessions were limited to the aged groups because no between-
group difference was observed in middle-aged animals.

Retention interval. In line with observations made in experi-
ment 2A, we observed (Fig. 5B) that, whichever the group con-
sidered, performance diminished as retention intervals increased
(retention interval, F(2,38) � 19.2; p � 0.0001). Furthermore, the
difference between the control � vehicle group and the three
other ones was larger for the short retention interval than for the
medium and long intervals (group effect for short interval, F(3,19)

� 4.7, p � 0.012; post hoc, control � vehicle group significantly
different from each of the other groups; group effect for medium
interval, p � 0.15; for long interval, p � 0.055).

Proactive interference. Also confirming observations made in
experiment 2A, the analysis of proactive interference effects (Fig.
5C) showed that the deficit of control � vehicle aged mice relative
to each other aged group was statistically significant in high PI
trials (group, F(3,19) � 3.4; p � 0.04; post hoc, control � vehicle vs
each other group, p � 0.03) but not in low PI trials (group, p �
0.31).

In conclusion, findings from experiment 2B confirmed and
extended the conclusions of experiment 2A in showing that (1)
the STWM paradigm evidenced specific memory deficits in aged
mice, (2) vitamin A supplementation selectively prevented such
aging-related STWM decline because it did not significantly
change performance of middle-aged mice nor those of aged mice
in low PI trials, (3) short-term pharmacological treatment with
RA produced the same pattern of beneficial effects although with
slightly less efficiency, and (4) vitamin A supplementation mem-
ory benefits were not further increased by the coadministration
of RA, suggesting that the nutritional supplementation did main-
tain an optimum level of retinoid signaling function. This con-
clusion is in line with molecular findings of experiment 1.

Experiment 3: vitamin A supplementation effects on aging-
related LTDM deficiency
Experiment 3A: vitamin A supplementation effect on age-related
defect of the recruitment of hippocampal and prefrontal areas by
LTDM encoding, as revealed by Fos immunochemistry
Control young, control aged, and enriched aged groups of mice
were killed for immunohistochemical detection of Fos protein
after (the third) go/no-go discrimination learning session to map
encoding-related activity in brain areas known to be involved in
long-term declarative (dorsal hippocampus and prefrontal cor-
tex) and procedural (dorsal striatum) memory systems. Quanti-
tative data are presented in Figure 6A–C.

In young controls, it can be seen that, compared with TM

condition, RAM training induced significant increases in Fos
protein levels measured in the dorsal hippocampus (CA1–CA3,
�133%, p � 0.014; DG, �75%, p � 0.05), PFC (�110%, p �
0.035), and MDStr (�237%, p � 0.001) but not LDStr. In control
aged mice, RAM-induced activation was only slightly attenuated
in the DG (�38,4%, p � 0.137) and MDStr (�221%, p � 0.09)
but totally absent in CA1–CA3 (�1.3%, F � 1) and PFC (�20%,
F � 1). This deleterious aging effect on learning-induced activa-
tion of hippocampal and prefrontal areas was not observed in
aged mice fed with the enriched diet (CA1–CA3, �150%, p �
0.049; DG, �73.3%, p � 0.018; PFC, �77%, p � 0.048). In the
MDStr, however, the learning-induced activation failed to reach
statistical significance in the enriched-aged group (�248%; p �
0.123). In this area, the amplitude of the task-related activation
was similar to the one seen in control aged mice and control
young mice. These findings were supported by two-way ANO-
VAs with the between-subject factors group (control adult, con-
trol aged, and enriched aged) and behavior (RAM vs TM). These
analyses revealed significant effect of behavior for CA1–CA3
(F(1,27) � 10.63; p � 0.003), DG (F(1,27) � 15.34; p � 0.0006),
PFC (F(1,27) � 8.85; p � 0.006), and MDStr (F(1,27) � 10.77; p �
0.003) and a significant group � behavior interaction for CA1–
CA3 only (F(2,27) � 3.38; p � 0.049). This interaction resulted
from the fact that the group effect was significant in the RAM
condition (F(2,16) � 5.77; p � 0.014; post hoc, control young vs
control aged, p � 0.004; control aged vs enriched aged, p � 0.08)
but not TM condition (F � 1). Indeed, it can be seen that, com-
pared with control adult and enriched aged levels, the densities of
Fos-positive cells within CA1–CA3 were reduced in control aged
mice submitted to RAM training but was comparable between
the three groups submitted to TM training.

The sole area for which the analysis revealed no significant
effect of behavior (F � 1) and a main effect of group (F(2,27) �
9.23; p � 0.0009; post hoc, control young vs control aged, p �
0.0001; control young vs enriched aged, p � 0.003) was LDStr, in
which, regardless of the behavioral condition, Fos expression was
lower in the two aged groups.

Figure 6. Quantitative measurements of Fos protein for young and aged groups in control
and vitamin A-enriched diet conditions in experiment 3A. A–C, Results are expressed as mean
number of Fos-immunopositive cells per square millimeter (�SEM) in the hippocampus (CA1,
CA3, and DG; A), PFC (B), and dorsal striatum (lateral and medial parts; C). Comparison of two
age groups of the same behavioral condition, °°p � 0.01. Comparison between RAM and TM
groups of the same age, *p � 0.05, **p � 0.001.
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These Fos imaging data demonstrated first that brain activity
was increased by the go/no-go discrimination learning task in
memory-related areas, and age-related changes in task-related
activations were specific to hippocampal areas (and, to a lesser
extent, prefrontal cortex), which are known to be critically in-
volved in declarative memory. Second, vitamin A supplementa-
tion prevented this deficiency in encoding-induced declarative
memory system recruitment without affecting learning-related
activity in the striatum, a brain region involved in procedural
learning.

Experiment 3B: vitamin A supplementation effect on the age-
related impairment in LTDM
In stage 1 (successive go/no-go discrimination), the six arms were
presented one by one successively. Discrimination between pos-
itive and negative arms was evidenced by the difference in the
latency to enter between the two sets of arms. The three groups
(control young, control aged, and enriched aged) reached the
learning criterion with a similar number of training sessions
(one-way ANOVA on sessions to criterion, group effect, F(2,19) �
1.4; p � 0.27). In the final two sessions, significant between-arm
discrimination was reflected in over chance discriminative ratio
for each group (Fig. 7B) (one-way ANOVA, group effect, F � 1;
mean discriminative ratio vs chance, p � 0.035 for each group).

These findings supported the conclusion that the three groups
of mice similarly learned the initial go/no-go discrimination task.
Neither the age nor the feeding condition in aged mice affected
discriminative performance at this stage.

In stage 2 (simultaneous two-choice discrimination), the
arms were presented by pairs (Fig. 7B). When faced with a choice
between two familiar arms that were always experienced sepa-
rately during initial learning, control aged mice behaved as if they
were naive. As opposed to control young mice, they failed to
choose the positive arm more often than the negative one. This

two-choice deficit was not observed in enriched aged mice; they
displayed over-chance performance and performed at approxi-
mately the same level of choice accuracy as young mice. These
findings were confirmed by a one-way ANOVA of percentage
correct choices, which revealed a significant group effect (F(2,19)

� 3.63; p � 0.046; post hoc, control young vs control aged, p �
0.016; control young vs enriched aged, p � 0.52; enriched aged vs
control aged, p � 0.07).

In conclusion, experiment 3B demonstrated that the selective
impairment in long-term memory flexibility (LTDM) observed
in control aged mice was alleviated by the vitamin A-enriched
diet. Altogether, molecular and behavioral findings of experi-
ment 3 showed that vitamin A supplementation was preventive
against aging-related deficiency in hippocampo-prefrontal en-
coding processes and associated LTDM impairment.

Experiment 4: LTDM in adult RAR�/RXR� double
knock-out mice
In stage 1 (successive go/no-go discrimination learning), all mice
acquired the task after a similar number of training sessions (one-
way ANOVA on sessions to criterion, group effect, F(1,14) � 1.13;
p � 0.31). In the final sessions, the levels of between-arm discrim-
ination reflected in the mean discriminative ratio were not differ-
ent between the two groups (Fig. 8A) (group effect, F(1,14) � 3.02;
p � 0.10).

In stage 2 (simultaneous two-choice discrimination test), the
animals were challenged with novel arm presentations testing the
flexibility of their acquired knowledge about individual arm va-
lence. In this two-choice discrimination test, a clear deficit was
observed in knock-out mice (Fig. 8B); their choice performance
was close to chance level. These findings were confirmed by one-
way ANOVA of percentage correct choices, which yielded a sig-
nificant group effect (F(1,14) � 23.37; p � 0.0003).

Figure 7. Performance in the LTDM paradigm for young and aged groups in the control
feeding condition and an aged group in the vitamin A-enriched diet condition in experiment 3B.
A, Normalized discriminative ratio over the last two sessions of training before reaching the
criterion in stage 1. All groups of mice entered significantly faster into baited arms than un-
baited ones. B, Mean � SEM percentage of correct choices over the two sessions of the two-
choice tests. Comparison of young and aged control groups, °p � 0.05.

Figure 8. Performances in the LTDM paradigm for wild-type and knock-out (RAR�/RXR�)
groups in experiment 4. A, Normalized discriminative ratio over the last two sessions of training
before reaching the criterion in stage 1. All groups of mice entered significantly faster into
baited arms than unbaited ones. B, Mean � SEM percentage of correct choices over the two
sessions of the two-choice tests. Comparison of wild-type and knock-out groups, ***p�0.001.
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Discussion
The present series of experiments in mice were aimed at further
assessing the hypothesis that compromised retinoid signaling at-
tributable to hypoexpression of retinoid receptors contributes to
hippocampal dysfunction and associated memory impairment
occurring during senescence. Converging molecular and behav-
ioral evidence provided by nutritional, pharmacological, and
knock-out manipulations of retinoid signaling pathway support
our hypothesis. In experiment 1, RT-PCR analyses of retinoid
gene mRNA expressions in control and vitamin A-enriched mice
of different ages showed that the lifelong nutritional supplemen-
tation prevented aging-related decrease in hippocampal (but not
striatal) (Fig. 3A,B) expression of GAP43, a plasticity-related ret-
inoid receptor target gene. Furthermore, short-term RA admin-
istration to aged mice produced similar (although less marked)
molecular effects that were occluded by the enriched diet, hence
suggesting that vitamin A supplementation maintained optimal
activation of retinoid nuclear receptors in aged mice. In experi-
ment 2, both vitamin A supplementation (Fig. 4C) and RA treat-
ment (Fig. 5C) were shown to alleviate the age-related perfor-
mance deficit in organizational demanding trials (high proactive
interference level) of the STWM radial-maze task. In the follow-
ing experiments, we used a two-stage radial-maze discrimination
paradigm in which RA was shown previously to alleviate the se-
lective aging-related impairment in LTDM flexibility (Etcha-
mendy et al., 2001). Here, the beneficial effects of vitamin A
supplementation in aging were demonstrated by experiment 3.
First, Fos immunohistochemistry revealed that the enriched diet
counteracted aging-related defect in (stage 1) learning-induced
hippocampal (and to a lesser extent prefrontal) activation, with-
out affecting striatal activity (Fig. 6A–C). Second, this positive
effect on encoding-related activity was associated with an allevi-
ation of the age-related deficit in LTDM expression (stage 2 test-
ing) (Fig. 7B). In experiment 4, using a genetic approach, we
demonstrated that RAR� and/or RXR� are the key retinoid re-
ceptors mediating such vitamin A signaling because concomitant
null mutation of both receptors led to a behavioral deficit in
LTDM similar to the one seen in control aged mice (Fig. 7B).
Such findings are complementary to the critical role of retinoid
receptors in normal STWM function (Wietrzych et al., 2005).

The coherence of present findings suggests the conclusion that
hippocampal retinoid receptor hyposignaling contributes to
aging-related deterioration in organizational information pro-
cesses that normally protect STWM against interference and en-
able LTDM formation. Furthermore, this study demonstrated for
the first time that nutritional vitamin A supplementation can be a
successful strategy in preventing aging-related decline in mne-
monic function.

Vitamin A supplementation prevents aging-related retinoid
signaling hypoexpression in the hippocampus
Retinoid signaling hypoactivity was evidenced in aged hip-
pocampi (but not striatal samples) by (�20 to 30%) reduction of
RAR� and GAP43 mRNA expressions and was reversed by vita-
min A supplementation or (to a lesser extent) by short-term RA.
This RA effect was in agreement with our previous aging study
(Etchamendy et al., 2001) wherein both behavioral and molecu-
lar RA benefits were shown to result from nuclear receptor acti-
vation because they were totally suppressed by coadministrating
a specific RAR antagonist. Here, the similarity between nutri-
tional supplementation and short-term RA effects, together with
the occlusion of RA benefits by the enriched diet, suggested that

the lifelong vitamin A supplementation has acted through main-
taining optimal activation of retinoid nuclear receptors.

Interestingly, retinoid signaling expression in the striatum was
not modified by manipulations of age, vitamin A intake, and RA
administration. This observation supports the conclusion that
the mature hippocampus is distinctly prominent site of RA ac-
tion. This conclusion is in agreement with recent findings show-
ing that this region is particularly rich in RA (for review, see
McCaffery et al., 2006).

Our correlative approach did not enable us to establish which
specific proteins were causally involved in memory effects;
among the multitude of retinoid target genes, GAP43 is one pro-
tein that may contribute to these effects given its implication in
synaptic and cellular plasticity (for review, see Biewenga et al.,
1996; Benowitz and Routtenberg, 1997; Mosevitsky, 2005). How-
ever, our present findings indicated that normal hippocampal
function requires precise adjustment of retinoid-mediated tran-
scription control, and vitamin A nutritional intake is one factor
involved in this regulation. Although retinoid signaling hypoex-
pression could account for aging-related hippocampal dysfunc-
tion (Brouillette and Quirion, 2007), vitamin A or RA in excess
during adulthood might have disruptive effects (Crandall et al.,
2004).

Hippocampal retinoid signaling hypoexpression is associated
with specific cognitive disturbances
In the present experiments, retinoid signaling hypoexpression
was associated with behavioral deficits observed only in trials
with high proactive interference in the STWM task (aged mice)
(Figs. 4C, 5C) and in the critical test of mnemonic flexibility in
the LTDM paradigm (aged and knock-out adult mice) (Figs. 7B,
8B).

Concerning STWM, detailed performance analyses demon-
strated that choice accuracy decreased with increasing retention
intervals whichever the group (Figs. 4B, 5B), but the age-related
deficit was more particularly observed at short retention inter-
vals. This unexpected deficit in low retention demanding trials
might be explained by the temporal proximity of preceding trials
maximizing organizational demand with regard to proactive in-
terference. We indeed observed here that aged mice displayed
enhanced sensitivity to proactive interference as previously
shown in aged rats (Winocur, 1984; Dunnett et al., 1990), mon-
keys (Moss et al., 1988), and humans (Smith, 1979; Craik and
Rabinowitz, 1985; Daigneault and Braun, 1993; Bowles and Salt-
house, 2003; McCabe et al., 2005). In summary, the impairment
of aged mice was not equivalent among STWM trials but was
particularly observed when organizational demand was high; it is
therefore likely to reflect an overloading of STWM capacity.

In the LTDM paradigm, a robust performance deficit was
observed in stage 2 two-choice testing, in which aged (and adult
knock-out) mice behaved as if they were naive of previous arm
experiences despite the fact that they exhibited normal acquisi-
tion of (go/no-go) between-arm discrimination in stage 1 (Figs.
7A,B, 8A,B). This specific loss of mnemonic flexibility, revealed
by a test situation demanding an explicit comparison between
separately acquired information, has been proposed as a mouse
model for the preferential declarative memory loss in senescence
(Marighetto et al., 1999, 2000) and in association with hippocam-
pal dysfunction (Etchamendy et al., 2001, 2003; Touzani et al.,
2003; Mingaud et al., 2007). The deficit selectivity enables us to
rule out trivial explanations (such as deterioration in motivation,
perception, and locomotion) for observed changes in behavior
(and concomitant brain activity, see below) in the aged mice. The
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selective two-choice deficit is interpreted as a loss in the ability to
encode individual arm experiences into a relational representa-
tion sustaining mnemonic flexibility, i.e., LTDM (Cohen and
Eichenbaum, 1993; Eichenbaum, 2004), with the sparing of pro-
cedural learning capabilities relying on rigid and separate mem-
ory representations (for aged monkeys, see also Rapp et al., 1996).
As demonstrated recently (Mingaud et al., 2007) and further con-
firmed by present Fos imaging data, mnemonic inflexibility as
revealed by stage 2 testing is associated with a defect in (stage 1)
learning-induced activation of hippocampal and prefrontal ar-
eas, known for subserving declarative memory.

Aging-related deficits in STWM organization and LTDM
were both alleviated by the vitamin A-enriched diet, which also
selectively normalized learning-related activity in brain regions
involved in declarative memory without affecting (striatal) pro-
cedural memory (Fig. 6A–C). Interestingly, this dietary manipu-
lation did not result in general memory enhancement: perfor-
mances of younger mice were not affected nor were those of aged
mice in low PI trials (STWM task) or go/no-go discrimination
learning (LTDM design). Hence, although vitamin A is known to
be involved in various physiological functions (for review, see
Blomhoff and Blomhoff, 2006) that could possibly influence
radial-maze performance, vitamin A supplementation was
shown here to counteract selectively aging-associated deteriora-
tion in specific mnemonic processes.

Short-term pharmacological activation of RA signaling simi-
larly alleviated aging-related deficits in organizational function of
STWM (present study) and the flexibility property of LTDM
(Etchamendy et al., 2001) without enhancing other memory per-
formance aspects. Taken with the present demonstration of an
“aged-like” LTDM deficit in RAR�/RXR� knock-out mice
known to exhibit working memory deficit (Wietrzych et al.
2005), these findings suggest the interpretation that the cognitive
benefits of the diet resulted from its preventive action against
aging-related reduction of RA transcriptional function. This con-
clusion is in agreement with existing evidence from nutritional
deprivation rodent models of retinoid signaling hypofunction:
various LTDM forms were found to be deteriorated in vitamin
A-deprived animals (Misner et al., 2001; Cocco et al., 2002;
Etchamendy et al., 2003), although no working memory failure
was detected when using a supposedly low organization-
demanding STWM task (Stancampiano et al., 2007).

Hippocampal retinoid signaling and
organizational capabilities
Concerning the nature of cognitive processes involved in aging-
related deficits and their reversal by nutritional or pharmacolog-
ical retinoid signaling activation, our findings pointed to STWM
organization. A current literature questioning the historical con-
sensus of STWM and LTDM system partition (for review, see
Blumenfeld and Ranganath, 2007) supports the view that hip-
pocampal and prefrontal regions are commonly involved in
short-term maintenance and organization of incoming event
traces. Such “short-term episodic buffer,” by permitting associa-
tions and relations to be made among events, may be critical for
both STWM protection against interference and the formation of
unified memory representation sustaining LTDM. Within this
view, we hypothesize that a critical level of retinoid-mediated
transcription events may maintain specific hippocampal (and
probably prefrontal) cellular properties underlying STWM orga-
nization and LTDM formation.

In conclusion, our work usefully complemented current liter-
ature on retinoid function in the adult brain. It pointed to a

moderate reduction of RA-mediated nuclear events in the hip-
pocampus as a likely explanation for aging-related deterioration
of organizational processes involved in both STWM and LTDM.
In humans, the demonstration that brain retinoid signaling is
affected by aging remains to be done. Nevertheless, the potential
relevance of our findings for understanding the molecular bases
of human senescence is strengthened by a recent report on pe-
ripheral retinoid hyposignaling in aged humans (Feart et al.,
2005). Furthermore, at the cognitive level, the predictive validity
of our LTDM model was demonstrated recently by a translational
approach. Hence, the present demonstration that nutritional vi-
tamin A supplementation can counteract aging-related mne-
monic decline in mice potentially opens a novel avenue in the
search for preventing strategy against cognitive aging.
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