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Abstract
The circadian expression of clock and clock-controlled cognition-related genes in the
hippocampus would be essential to achieve an optimal daily cognitive performance. There is some
evidence that retinoid nuclear receptors (RARs and RXRs) can regulate circadian gene expression
in different tissues. In this study, Holtzman male rats from control and vitamin A-deficient groups
were sacrificed throughout a 24-h period and hippocampus samples were isolated every 4 or 5 h.
RARα and RXRβ expression level was quantified and daily expression patterns of clock BMAL1,
PER1, RORα and REVERB genes, RORα and REVERB proteins, as well as temporal expression
of cognition-related RC3 and BDNF genes were determined in the hippocampus of the two groups
of rats. Our results show significant daily variations of BMAL1, PER1, RORα and REVERB
genes, RORα and REVERB proteins and, consequently, daily oscillating expression of RC3 and
BDNF genes in the rat hippocampus. Vitamin A deficiency reduced RXRβ mRNA level as well as
the amplitude of PER1, REVERB gene and REVERB protein rhythms, and phase-shifted the daily
peaks of BMAL1 and RORα mRNA, RORα protein and RC3 and BDNF mRNA levels. Thus,
nutritional factors, such as vitamin A and its derivatives the retinoids, might modulate daily
patterns of BDNF and RC3 expression in the hippocampus and they could be essential to maintain
an optimal daily performance at molecular level in this learning-and-memory-related brain area.
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INTRODUCTION
A vitamin A derivative, the retinoic acid (RA) has been detected at relatively high levels in
the central nervous system. The hippocampus/cortex area has been reported to contain the
highest proportion of RA in the brain (Werner and Deluca, 2002) and immunoreactivity for
the binding proteins CRBP-I and CRABP-I has been demonstrated in the dendritic layers of
the hippocampal formation and dentate gyrus (Zetterström et al., 1999). It is well known that
many of the effects of vitamin A are mediated via retinoic acid isomers which bind to
specific nuclear receptors (RARs and RXRs) and thus modulate the expression of target
genes. RARα, RXRα, -β and –γ nuclear receptors have also been detected in the
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hippocampus (Zetterstrom et al. 1994 and 1999, Fonzo et al., 2009). Additionally, very
recently, Takasaki and collaborators (2011) demonstrated that vitamin A prevents amyloid-β
oligomerization and thus it might be a key molecule for prevention of cognitive impairment
in aging and Alzheimer Disease.

Long-lasting, activity-dependent changes in synaptic efficacy are described as the cellular
mechanisms underlying memory and learning (Pasinelli et al., 1995; Schjetnan and Escobar,
2010). Interestingly, RA signaling has been implicated in changes in both long-term
potentiation (LTP) and long-term depression (LTD) of synaptic function in the hippocampus
(Lane and Bailey, 2005). It has been also shown that knockout mice for RARβ and RARβ-
RARγ display an alteration of LTP, as well as substantial performance deficits in a
hippocampal-dependent spatial learning task (Chiang et al., 1998; Mey and McCaffery,
2004; Mao et al., 2006).

Learning and memory processes underlie animals’ predictive and behavioral adaptation to
temporal fluctuations in the environment, such as light/dark period, food and water
availability, social cues or risk of predation (Chaudhury et al., 2005; Golombek and
Rosenstein, 2010). It is well known that the circadian clock synchronizes the phase of the
activity/rest cycle, but also it has been shown to control complex physiology including
thermoregulation, olfactory sensitivity, hormone secretion, glucose metabolism and even
memory processes, among others, in most regions of the brain as well as in the periphery
(Eckel-Mahan KL and Storm DR, 2009; Golombek and Rosenstein, 2010). In fact, it has
been demonstrated that memory performances for associative learning oscillate in a
circadian fashion across time, with high memory retention at multiples of 24 hours post-
learning (Holloway and Wansley, 1973). More recently, time-of-day effects on learning and
memory have been also observed in human, non-human primates and rats (Winocur and
Hasher, 1999, 2002 and 2004; Valentinuzzi et al., 2008). The suprachiasmatic nucleus
(SCN) is the anatomical centre that generates circadian rhythms and provides the necessary
synchronization of other central nervous system and peripheral tissues (Hastings et al,
2008). A long time ago, Stephan and Kovacevic (1978) observed that SCN lesions impair
hippocampus-dependent LTM in rodents, probably implicating the underlying role of the
biological clock. However, more recently, Cain & Ralph (2009) showed that circadian
modulation of conditioned place avoidance does not require the SCN in hamsters, which
would indicate that memory for time of day may involve a circadian oscillator that is distinct
from the SCN. Thus, the underlying mechanisms of time-of-day effects on learning and
memory, including the possible involvement of the circadian system, have not been
carefully investigated.

It has been demonstrated that most tissues show circadian oscillations and have their own
cellular clock machinery in mammals (Balsalobre et al., 2000; Yamazaki et al., 2000;
Hastings and Maywood, 2000). The heterodimeric basic helix-loop-helix-Per Arnt Sim
(bHLH-PAS) transcription factor: BMAL1:CLOCK (from Brain and Muscle ARNT Like
protein 1: Circadian Locomoter Output Cycles Kaput protein) drives the expression of clock
(PER1, 2 and 3 and CRY1 and 2) and clock-controlled genes by its binding to E-box
enhancers on target promoters. REVERB and ROR transcription factors, members of the
retinoic acid-related orphan receptor (ROR) family, complete the molecular clock
machinery. They bind to REVERB/ROR elements (RORE) on the promoter of target genes,
with REVERBα or REVERBβ acting as transcriptional repressors and RORα or RORγ as
transcriptional activators (Emery and Reppert, 2004). It has been shown that ROR acts
coordinately with REVERB, and their competing activities on the same promoter element,
drive the rhythm in BMAL1 transcription (Sato et al., 2004).
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There are some evidences that retinoid nuclear receptors (RARs and RXRs) can regulate
circadian gene expression, either by interacting with CLOCK and interfering with
BMAL:CLOCK transcriptional activity, as seen in the vasculature (McNamara et al., 2001),
either regulating at transcriptional level the expression of REVERBα and BMAL1, other
key components in the clock machinery. On the other hand, it has been reported that the all-
trans RA concentration vary systematically throughout the day in the serum of healthy
people, rising to a maximum before lunch (Soderlund et al., 2002). Some other evidence
points out that RA regulates the expression of two neuron-specific protein kinase C (PKC)
substrates involved in synaptic plasticity: neuromodulin or GAP43 and neurogranin or RC3
(Husson et al., 2004; Iniguez et al., 1994).

Other molecular marker of neural plasticity associated to learning and memory is the brain-
derived neurotrophic factor (BDNF). Daily rhythms of BDNF and its receptor TrkB have
been demonstrated in different areas of the brain, hippocampus among them (Schaaf et al.,
2000; Dolci et al., 2003). Day-night variations of BDNF expression suggest that this gene
might be a target of the cellular clock.

Vitamin A deficiency (VAD), the most common micronutrient deficiency worldwide, is
currently a risk for over 100 million school-aged children in over 75 countries. Moreover,
approximately 127 million preschool-aged children and 7 million pregnant women are
vitamin A deficient (Unicef, WHO, 1995, 2009; West KP, 2003). Given that memory and
learning are of central importance to the efficient acquisition of cognitive, educational and
social skills throughout childhood, it is perhaps not surprising that retinoid signaling has
been shown to have an effect on these processes and that a role for vitamin A has been
established in phenomena related to higher cognitive function (Misner et al., 2001; Cocco et
al., 2002, Etchamendy et al., 2003, Husson et al., 2004). However, at this moment, at least in
our knowledge, no report on the effects of the nutritional vitamin A deficiency on daily
expression patterns of key cognition-related factors has been published.

Taking into account above background information, we wonder whether feeding a vitamin
A-free diet could modify rhythmic endogenous clock activity and, consequently, alter
temporal patterns of BDNF and RC3 expression in the hippocampus.

MATERIALS AND METHODS
Animal Model and Diet

Male Holtzman rats were bred in our animal facilities (National University of San Luis,
Argentina), and maintained in a 21–23 °C controlled environment with a 12h-light:12h-dark
(L:D) cycle. They were weaned at 21 days of age and immediately assigned randomly to
either the experimental diet, devoided of vitamin A [vitamin A-deficient (DE) group] or the
same diet with 4000 IU of vitamin A (8 mg retinol as retinyl palmitate) per Kg of diet
[control (CO) group]. Feeding the animals with a vitamin A-free diet during three months,
guarantees subclinical plasma retinol concentration and depleted retinol stores in liver
(Anzulovich et al., 2000; Oliveros et al, 2000; Aguilar et al. 2009; Vega et al. 2009). Rats
were given free access to food and water throughout the entire experimental period. All
experiments were conducted in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications No. 80-23) and the National
University of San Luis Committee’s Guidelines for the Care and Use of Experimental
Animals. Diets were prepared according to the AIN-93 for laboratory rodents (Reeves et al,
1993). Both, vitamin A-deficient and control diets had the following composition (g/kg):
397.5 cornstarch, 100 sucrose, 132 dextrinized cornstarch, 200 lactalbumin, 70 soybean oil,
50 cellulose fiber, 35 AIN-93 mineral mix, 10 AIN-93 vitamin mix (devoided of vitamin A
for the vitamin A-deficient diet), 3 L-cystine, 2.5 choline bitartrate, and 0,014 tert-
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butylhydroquinone. After the treatment period, four rats from each group were sacrificed at
different time points throughout a 24-h period. Those time points are referred to as zeigeber
times (ZT) with ZT=0 when animal room light is on. Hippocampi were removed on an ice-
chilled plate, weighed and immediately placed in liquid nitrogen. All the experiments were
repeated at least twice.

mRNA isolation and RT-PCR
Total RNA was extracted from three pools of two hippocampi each. Hippocampus samples
were isolated every 4 or 5 h starting at ZT2, from control and vitamin A-deficient groups.
All RNA isolations were performed using the Trizol reagent (Invitrogen Co) as directed by
the manufacturers. Gel electrophoresis and ethidium bromide staining confirmed the
integrity of the samples. Quantification of RNA was based on spectrophotometric analysis at
260 nm. 3 μg of total RNA were reverse-transcribed with 200 units of MMLV Reverse
Transcriptase (Promega Inc.) using random hexamers in a 25 μl reaction mixture and
following manufacturer’s instructions. Transcript levels of BMAL1, PER1, RORα,
REVERB, BDNF and RC3 were determined by RT-PCR and normalized to β-ACTIN as
endogenous control. Fragments coding for those genes were amplified by PCR in 50 μl of
reaction solution containing 0.2 mM dNTPs, 1.5 mM MgCl2, 1.25 U of Taq polymerase, 50
pmol of each rat specific oligonucleotide primer and RT-generated cDNA (1/5 of RT
reaction). The sequences of the specific primers are shown on Table 1. For RC3 cDNA
amplification, samples were heated in a thermalcycler (My Cycler, BioRad) at 94°C during
4 min followed by 28 cycles of: (1) denaturation, 94 °C for 45 seg; (2) annealing, 59°C
during 45 seg; (3) extension, 72°C for 45 seg; After 28 reaction cycles, the extension
reaction was continued for another 10 min. In the case of BDNF, samples were heated under
the following conditions: 94°C during 2 min, followed by 35 cycles of: (1) denaturation,
94°C for 1 min; (2) annealing, 59°C during for 1 min; (3) extension, 72°C for 1 min. After
35 reaction cycles, the extension reaction was continued for another 5 minutes. For clock
BMAL1, PER1, RORα and REVERB genes the thermalcycling conditions were similar but
following 40 cycles of denaturation-annealing-extension. PCR products were then
electrophoresed on 2,5% (w/v) agarose gel with 0.01% (w/v) ethidium bromide. The
amplified fragments were visualized under ultraviolet (UV) transillumination and
photographed using a Cannon PowerShot A75 3.2MP digital camera. The mean of gray
value for each band was measured using the NIH ImageJ software (Image Processing and
Analysis in Java from http://rsb.info.nih.gov/ij/) and the relative abundance of each band
was normalized according to the housekeeping β-ACTIN gene, calculated as the ratio of the
mean of gray value of each product to that of β-ACTIN.

Real Time PCR
Relative quantification of RARα and RXRβ mRNA levels was performed by Real-Time
PCR using the ABI Prism® 7500 thermocycler (Applied Biosystems, USA) as described
previously (Fonzo et al., 2009). Briefly, cDNA obtained by RT-PCR was diluted to 20ng/μl
with nuclease-free water. The diluted cDNA (5 μl) was amplified in a 25 μl final volume
reaction mix containing 1X SYBR Green I fluorescent dye (Applied Biosystems, USA) and
500 nM gene-specific primers (Table 1). Reactions were subjected to one step of 95°C for 5
min followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Relative expression of the
real-time PCR products was determined by the ΔΔCt method. In this case, β-ACTIN was
chosen as housekeeping gene and one of the control samples as calibrator. Each sample was
run in triplicate, and the mean Ct was used in the ΔΔCt equation. Data for the normalized
transcript levels of RARα and RXRβ are shown as means ± S.E.M.
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Immunobloting
Protein extracts were prepared from three pools of two hippocampi each, obtained from each
group of rats at the different ZTs during a 24-h period, in buffer C (20 mM HEPES, pH 7.9,
0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride, 1 μg/ml leupeptin, 1 μg/ml of pepstatin, 1 mM sodium
fluoride, 5 μM sodium orthovanadate, and 25% glycerol). Aliquots containing 40 μg of total
protein were subjected to electrophoresis in 4–12% NuPageTM Bis-Tris gels (Invitrogen
Life Technologies, Carlsbad, CA), and then transferred to Immobilon-PTM transfer
membranes (Millipore, Bedford, MA). Immunoblot analyses were performed as described in
the manufacturers’ protocols for the detecting antibodies. Briefly, membranes were blocked
in Blotto (5% nonfat dry milk, 10 mM Tris-HCl, pH 8.0, and 150 mM NaCl) followed by
12h overnight incubation at 10°C with either goat anti-RORα, anti-REVERB and anti-
ACTIN antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) in Blotto containing 0.05%
thimerosal. After incubation with primary antibody, the membranes were washed in TBS
(10 mM Tris-HCl, pH 8.0, and 150 mM NaCl) containing 0.05% Tween-20, before
incubation with horseradish-peroxide-conjugated donkey anti-goat IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:10,000 in Blotto for one and a half hour at room
temperature. After washing, antibody/protein complexes on membranes were detected using
Vectastain DAB Peroxidase Substrate kit from Vector Laboratories (Burlingame, CA) and
following the manufacturers indications. The mean of intensity of each band was measured
using the NIH ImageJ software (Image Processing and Analysis in Java from
http://rsb.info.nih.gov/ij/). RORα and REVERB protein levels were normalized against
ACTIN (endogenous control).

Scanning of clock and clock-controlled genes upstream regions for putative
RARE, RXRE, E-box and RORE sites—To identify putative RAR, RXR, E-box and/or
ROR DNA consensus regulatory sites, BMAL1 (NCBI Gene ID # 29657), PER1 (NCBI
Gene ID # 287422), RORa (NCBI Gene ID # 300807), REVERB (NCBI Gene ID #
252917), BDNF (NCBI Gene ID # 24225) and RC3 (NCBI Gene ID # 64356) gene
regulatory regions, up to 1500 bp upstream of the translation start codon, were scanned for
significant matches using the MatInspector software from Genomatix
(http://www.genomatix.de, Quandt et al., 1995).

Statistical Analysis
Time point data were expressed as means ± standard errors of the mean (SE) and pertinent
curves were drawn. Time series were computed by one-way ANOVA followed by Tukey’s
post-hoc test for specific comparisons. A P<0.05 was considered to be significant. When
mesor, amplitude or phase was required, a fitting technique was applied. Data were fitted by
the following function: c + a cos[2π(t – ø)/24], where c is the mesor, a is the amplitude of
the cosine wave, t is time in hours, and ø is the phase in hours from ZT 0 in the imposed
light cycle. The fitting was performed using Nonlinear Regression from GraphPad Prism 3.0
software (CA, USA). The routine also estimates the standard error of the fit parameters. The
standard error arises from scatter in the data and from deviations of the data from cosine
form. Note that the frequency was taken as the 1 cycle per 24 h of the light regime.

RESULTS
RARα and RXRβ expression levels in the hippocampus of vitamin A deficient rats

As we previously showed in Fonzo et al. (2009) vitamin A deficiency decreased the RXRβ
transcript level (P<0.001), but had no effect on the RARα mRNA expression in the
hippocampus (Figure 1).
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Putative RARE and/or RXRE sites on clock genes upstream region
Looking for putative RA responsive sites on clock genes regulatory regions, we scanned
1500 bp upstream of the translation start codon of BMAL1, PER1, RORα and REVERB
genes in the MatInspector database from Genomatix. The search revealed one RARE
(AGGTCANNNNNAGGTCA) and three RXREs (AGGTCANAGGTCA) on the BMAL1
regulatory region, one RARE and two RXREs on PER1, and four RXREs on RORα 5′
upstream region (Figure 2). Additionally, two RAREs and two RXREs sites were found on
the first intron of RORα gene. Interestingly, we also found two RORα responsive elements
(RORE, (A/G)GGTCA preceded by 6 pb A/T) on the BMAL1 and PER1 genes and four
ROREs on REVERBα promoter (Figure 2).

Daily rhythms of clock genes expression in the hippocampus of vitamin A-deficient rats
Clock genes BMAL1, PER1, RORα and REVERB, mRNA expression oscillates during a
24h period in the rat hippocampus (P<0.05, P<0.05, P<0.01 and P<0.001, respectively;
Figure 3A–E). Knowing the presence of RA responsive sites on BMAL1, PER1 and RORα
genes’ regulatory region, we continued to test to which extent vitamin A deficiency could
affect the daily expression of key clock factors. Feeding rats with a vitamin A-free diet
phase shifted BMAL1 mRNA peak from ZT 15:30±00:10 to ZT 06:20±00:10 (P<0.05;
Figure 3A and Table 2) and abolished daily rhythmicity of PER1 transcript levels in
comparison to controls (P=0.72; Figure 3B). On the other hand, VAD modified the
acrophase of RORα oscillating expression (ZT21:08 ± 01:20 vs ZT07:48 ± 00:04, P<0.01;
Figure 3C and Table 2) while it attenuated daily rhythmicity of REVERBα mRNA (P=0.45;
Figure 3D).

Daily rhythms of clock proteins expression in the hippocampus of vitamin A-deficient rats
Previously, we observed BMAL1 and PER1 proteins oscillate throughout a day in the rat
hippocampus. Amplitude of BMAL1 and PER1 rhythms was reduced in the hippocampus of
vitamin A-deficient animals in comparison to controls (Fonzo et al, 2009). Additionally,
here, we analyzed the daily patterns of other molecular clock components, RORα and
REVERB protein levels, in the hippocampus of control and vitamin A-deficient rats. We
observed RORα and REV-ERB levels vary significantly throughout a day (P<0.01 and
P<0.05, respectively) in the rat hippocampus, with maximal protein levels occurring at ZT
14:21±00:06 and ZT 03:08±02:12, respectively (Figure 4A–C, Table 3). Three months of
vitamin A deficiency, exerted differential effects on clock proteins rhythms. In the case of
these BMAL1 expression regulators, VAD phase shifted RORα protein rhythmicity
(acrophase: ZT 14:21±00:06 vs ZT 18:48±00:08, P<0.01, Figure 4A and Table 3) and
reduced REVERB oscillation’s mesor and amplitude (P<0.01 and P<0.02, respectively;
Figure 4B and Table 3).

Putative E-box and RARE sites on BDNF and RC3 genes upstream region
Once we had knowledge that clock proteins rhythms were altered in the hippocampus of
vitamin A-deficient rats, we wondered whether key molecular factors involved in memory
and learning could be under the endogenous clock control and have clock responsive, E-box,
and/or RA responsive, RARE, sites on their gene promoters. Scanning of 1500 bp upstream
of the translation start codon of BDNF and RC3 genes in the Genomatix database, revealed
thirteen perfect, CACGTG, E-box and one, CANNTG, Ebox-like sites in the BDNF
regulatory region while three perfect E-box elements and two RAREs
(AGGTCANNNNNAGGTCA) were found on the RC3 gene upstream region (Figure 5).
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Daily BDNF and RC3 expression in the rat hippocampus
We found RC3 mRNA expression displays a 24-h rhythm in the rat hippocampus (P<0.05,
Figure 6A and C). Daily RC3 mRNA levels peak at ZT 23:25±00:03 in the control rats
(Figure 6A and Table 4). As it has already been reported (Schaaf et al., 2000), BDNF
expression also display a robust daily rhythmicity in the hippocampus of our control rats
(P<0.01) peaking at ZT 00:21± 00:30 (Figure 6B and Table 4). VAD phase shifted RC3
oscillating expression (acrophase: ZT 23:25±00:03 vs ZT 03:56±01:13, P<0,001) without
affecting the amplitude or mesor parameters (Figure 6A and Table 4). Similarly, BDNF
maximal expression was delayed to ZT 08:24±00:50 (P<0.002, Figure 6B and Table 4) in
the vitamin A-deficient animals.

DISCUSSION
Differences between day and night in the expression of gene transcripts have been observed
in the hippocampus, cerebral cortex and cerebellum (Cirelli et al. 2004). In the cerebral
cortex, about 10% (1,564) of 15,459 transcribed sequences, are differentially expressed
between day and night (Katoh-Semba et al., 2008). A disturbance of the light-induced phase
shift is known to induce neuronal degeneration in the rat brain, and also in the human brain,
as it is evident by the atrophy of the temporal cortex resulting from chronic jet lag (Cho,
2001). This indicates the importance of normal oscillation of some transcript levels to
maintain normal physiological activity.

Micronutrients, such as vitamin A, might be essential to maintain the circadian expression of
clock and clock-controlled genes in peripheral oscillators such as the hippocampus. Here we
observed, for the first time at our knowledge, that a nutritional vitamin deficiency modifies
daily rhythmicity of endogenous molecular clock and cognition-related clock-controlled
factors in the brain. Previously, we observed VAD dampened rats’ daily locomotor activity
rhythm and modified daily oscillation of BMAL1 and PER1 protein levels in the rat
hippocampus and liver (Fonzo et al., 2009; Ponce et al., 2011) which indicate a putative role
for vitamin A in the regulation of the endogenous clock activity. Here, we additionally study
the temporal expression of BMAL1 regulators, RORα and REVERBα, at the mRNA and
protein levels, as well as oscillating BMAL1 and PER1 transcripts levels and daily BDNF
and RC3 expression in the hippocampus.

As expected, and similar to Feillet et al. (2008) and Wang et al. (2009), we observed
BMAL1 and PER1 transcript levels vary throughout a 24h period, peaking at the beginning
of the night and at the first half of the day, respectively, in the hippocampus (Figure 3). Even
though there are many reports that associate vitamin deficiencies with altered daily
expression patterns, just a very few report the effect of nutritional deficiencies on circadian
clock gene expression; only two of them determine the effect of vitamin A deficiency on the
oscillating BMAL1 and PER1 or 2 expression in the liver (Shirai et al., 2006; Ponce et al.,
2011). It is known that the central clock in the SCN controls the daily activity-rest cycles via
a direct route (Schibler and Sassone-Corsi 2002). It is well established that the hippocampus
is critically involved in memory formation and that synaptic connections within the
hippocampus are known to undergo activity-dependent changes in synaptic strength,
referred to as long-term potentiation (LTP, Chaudhury et al., 2005). Noteworthy, we
previously observed VAD dampened rats’ daily locomotor activity without affecting the
phase of the activity/rest rhythm (Ponce et al., 2011). VAD also reduced the amplitude of
BMAL1 and PER1 protein rhythms in the rat hippocampus (Fonzo et al., 2009).
Interestingly, we found one RARE and three RXREs on the BMAL1 regulatory region and
one RARE and two RXRE sites on the PER1 promoter. This would probably indicate these
clock genes expression might be susceptible to the VAD. In agreement with recently results
observed in liver (Ponce et al., 2011) in the present work, VAD modified BMAL1 and PER1
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expression at transcriptional level in the hippocampus. The nutritional deficiency phase
shifted circadian BMAL1 mRNA rhythm and dampened daily PER1 mRNA and protein
levels (Figure 3A and B, Table 2). Several studies suggest an association between cellular
molecular clock disruptions and impaired cognitive functions (Garcia et al., 2000; Abarca et
al., 2002; Hampp et al., 2008; Jilg et al., 2009). Changes in BMAL1 and PER1 mRNA
rhythms could probably be explained by changes in the daily expression patterns of
transcriptional regulators RORα and/or REVERB.

ROR and REVERB expression has been documented in the rat hippocampus and related to
synapses formation and developmental plasticity (Peña-de-Ortiz and Jamieson 1997;
Paganoni et al., 2010). Interestingly, and for the first time at our knowledge, we show
RORα and REVERB proteins and transcripts oscillate in a daily pattern in the rat
hippocampus (Figures 3C and D and 4A and B). It has been demonstrated these two factors
regulate BMAL1 rhythmic expression and at the same time RORα and REVERB genes are
target of the BMAL1:CLOCK transcription factor in the mammalian circadian clock
(Preitner et al., 2002; Emery and Reppert, 2004; Gillaumond et al., 2005). In this study,
peaks of REVERB and RORα mRNA levels occur at the middle and at the end of the night,
respectively, following BMAL1 expression acrophase (Figures 3A, C and D). As seen by
Preitner et al. (2002), our MatInspector analysis revealed the presence of ROR/REVERB
responsive sites on the BMAL1 gene regulatory region. As expected, we observed BMAL1
mRNA peak (ZT 15:30 ± 00:10) follows maximal levels of activating RORα protein (ZT
14:21 ± 00:06) while REVERB acrophase (ZT 03:08 ± 02:12) concurs with the nadir in the
oscillating BMAL1 expression. Others also reported the presence of RORE sites in other
clock core factors such as CRY and the CLOCK gene homologous, NPAS2, and
demonstrated RORα and REV-ERBα coordinately regulate not only BMAL1 expression
but also other molecular clock’s components (Etchegaray et al., 2003; Ueda et al., 2005;
Crumbley et al., 2010). In fact, we also found RORE sites in the PER1 and REVERB genes
promoter (Figure 2). The last is also an example of a very well coordinated circadian
regulation observed in this study. Thus, we observed REVERB mRNA rhythm acrophase
(ZT 16:56 ± 00:05) follows RORα protein peak (ZT14:21 ± 00:06) and precedes its own
protein maximal expression (ZT 03:08 ± 02:12). Consistently, REVERB transcription is
repressed at the beginning of the day by its own protein daily peak. All above observations
would suggest a putative reciprocal control between core clock factors and the retinoic acid-
related orphan receptors (RORs) family in the hippocampus.

As in Fonzo et al. (2009) here, we observed VAD significantly reduced the levels of RXRβ
in the rat hippocampus. This is consistent with ours and others previous work (Etchamendy
et al., 2003; Mao et al., 2006; Aguilar et al. 2009; Vega et al. 2009; Ponce et al., 2011) who
demonstrated nutritional VAD reduced RARβ, RXRα and/or RXRβ expression in different
tissues of rat and mouse. It has been shown that RORa-mediated transcription is activated
synergistically by RAR in Pukinje cerebellar cells (Matsui, 1997), evidencing a functional
interaction between RORα and RAR transcription factors. RARs operate as heterodimers
with RXRs (Soprano et al., 2004). In these studies, vitamin A deficiency had no effect on
the RARα mRNA expression but significantly reduced the RXRβ transcript level (Figure 1).
Taking into account the presence of RXR responsive sites on clock BMAL1, PER1 and
RORα genes upstream region (Figure 2), the lower availability of RXRβ might affect some
necessary transcriptional interactions to maintain rhythmic expression patterns of clock and
consequently, clock-controlled genes; for example, affecting either RXR heterodimerization,
either RORα mediated transcriptional activation of clock (BMAL1) or clock-controlled
(RC3 and/or BDNF) cycling genes in the hippocampus of vitamin A-deficient animals.

Since BMAL1 is a RORα target gene (Akashi and Takumi, 2005), changes in the RORα
rhythm acrophase would be responsible for the phase shifting in the BMAL1 expression
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pattern observed in the vitamin A-deficient rats. On the other hand, attenuation of BMAL1
protein rhythmicity observed by Fonzo et al. (2009) would explain dampened RevErb
mRNA and protein expression observed in this study in the VAD (Figures 3D and 4B).

At this point, we observed VAD desynchronizes the molecular clock machinery in the rat
hippocampus. It has been reported the circadian system can influence the daily performance
of cognitive functions (Valentinuzzi et al., 2004 and 2008; Chaudhury and Colwell, 2002;
Eckel-Mahan et al., 2008) and a variety of studies suggest that learning and memory
processes are sensitive to disruptions in sleep and circadian rhythms (Peigneux et al., 2004;
Ellenbogen et al., 2006; Ruby et al., 2008; Jilg et al., 2009). For example, mutations in at
least some of the genes responsible for the generation of circadian oscillations can alter
learning in mice (Garcia et al., 2000; Abarca et al., 2002; Hampp et al., 2008; Jilg et al.,
2009).

All above observations led us to question whether the clock alterations observed in the VAD
could affect the temporal organization of hippocampal cognitive functions at molecular
level. Thus, looking for some putative clock-controlled genes involved in cognition
processes, we continue to study the effect of VAD on the day/night expression of BDNF and
RC3, two key molecular factors involved in synaptic plasticity underlying memory and
learning processes. First, we recognize the presence of clock-, retinoid- and/or ROR/
REVERB-responsive sites (Ebox, RXREs and ROREs, respectively) in their regulatory
regions (Figure 5). Second, we analyzed their daily mRNA expression in the hippocampus
of control and vitamin A-deficient groups.

Diurnal rhythms on BDNF mRNA and protein levels have been reported in the cerebellum,
hippocampus and cerebral cortex (Berchtold et al., 1999; Pollock et al., 2001; Katoh-Semba
et al., 2008). Consistently, herein we found not only BDNF but also RC3 gene display
rhythmic expression patterns in the rat hippocampus (Figure 6A and B). As expected, they
are in phase with circadian BMAL1 and PER1 protein levels reported in Fonzo et al. (2009)
with a maximal RC3 mRNA expression occurring at the end of the night and preceding, as
in the known cellular events occurs for postsynaptic activation, BDNF mRNA peak at ZT
00:21 ± 00:30. Given that it takes more than 6 (six) hours for the protein level to increase
following mRNA peak (Katoh-Semba et al., 2008) we expect hippocampal BDNF-related
synaptic plasticity to be maximal during the day (rest period for rats) participating in
memory-related processes during sleep. These observations lead us to propose the existence
of a very well temporally orchestrated RC3 and BDNF cycle underlying temporal patterns of
synaptic plasticity in the hippocampus.

Even though it is difficult to link cellular/molecular research to behavioral endpoints, we
would like to discuss the possible functional significance of VAD effects on daily rhythms
of clock and clock-controlled synaptic-plasticity-related genes, in the hippocampus. Among
other functions, the hippocampus has been clearly linked to memory formation, especially
declarative memories (i.e., the encoding, storage, and recall of memories for specific events)
(Chaudhury et al., 2005). Particularly, hippocampal BDNF is involved in formation, fixation
and recall of episode memory, as revealed by decreased levels in Alzheimer’s cases with
memory dysfunction (Phillips et al. 1991). Thus, it is conceivable that daily rhythms of
BDNF and RC3 underlie daily rhythms in hippocampal-dependent learned behaviors. More
broadly, there is evidence that the time of day is an aspect of the physical environment that
can be learned much in the same way that an organism can learn spatial parameters
(Chaudhury et al., 2005). A number of studies have documented the ability of organisms to
learn to go to specific locations at specific times of the day (Daan, 2000). These learned
associations of time and place may not involve the SCN-based circadian system (as seen by
Cain and Ralph, 2009) but would be expected to be dependent on an intact clock in the
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hippocampus. The results presented here show that the expression of memory-and-learning-
related genes is in phase with daily patterns of key molecular clock factors, however, such
temporal organization would be susceptible to the nutritional vitamin A deficiency. Even
though, it has been reported vitamin A, as well as other vitamin deficiencies, reduce BDNF
and RC3 expression in the hippocampus (Husson et al., 2004, Sable et al., 2011), no study
describes the consequences of nutritional deficiencies on temporal profiles of synaptic-
plasticity-related genes. Here, we observed BDNF and RC3 oscillating expression was phase
shifted and, in the case of BDNF, also attenuated, in the hippocampus of vitamin A-deficient
rats. Probably, these changes are consequence of alterations seen in the daily patterns of key
molecular clock factors. Thus, our results suggest nutritional VAD might affect the daily
cognitive performance by disrupting daily rhythms of molecular clock and, consequently,
temporal profiles of clock-controlled cognition-related factors in the hippocampus.
However, we can not omit to discuss other putative effects of VAD. For instance, it is
known VAD affects the retina (night blindness), the conjunctiva (conjunctival xerosis, with
or without Bitot spots), and the cornea (corneal xerosis) (Diniz Ada and Santos, 2000;
McBain et al., 2007). The diurnal changes in environmental illumination are conveyed from
the retina to the brain to entrain circadian rhythms throughout the body. In sighted people,
light triggers several changes in retinal neurochemistry that are transmitted via the
retinohypothalamic tract to the SCN (Golombek and Rosenstein, 2010). In particular, retinal
ganglion cells containing a vitamin Abased chromophore, melanopsin, play a role in photic
synchronization and it has been observed that targeted destruction of photoreceptive
ganglion cells attenuated circadian responses to light (Goz et al., 2008). Contrary to
expectations, Thompson et al. (2001) demonstrated that light signaling to the SCN is
preserved in vitamin A-deficient mice, as determined by PER gene photoinduction in SCN
cells. However, as discussed above and similar to the observed by Goz and collaborators
(2008), we have shown that feeding animals with a vitamin A-free diet dampened their daily
motor activity without affecting its day-night pattern, which is naturally synchronized to the
nocturnal phase in most rodents (Ponce et al., 2011). Probably, integrity of light signaling
pathway is not completely affected by three months of feeding a vitamin A-free diet or,
other possibility is that, in the presence of less efficient retinal photoreceptors, other non-
photic stimuli are entraining peripheral clocks, such as the hippocampus, in the vitamin A-
deficient rats. The last possibility would explain that rhythms of BMAL1, RORα, BDNF
and RC3, although phase shifted, remain in the hippocampus of vitamin A-deficient animals.
On the other hand, changes in the pineal and eye indoleamine metabolism have been
observed in vitamin A-deficient rats and birds (Herbert and Reiter, 1985; Fu et al., 2001).
Since melatonin is also a circadian signal which synchronizes several physiological
functions and, as a number of animal studies demonstrated, effects of melatonin have been
seen in the hippocampus, particularly suggesting involvement in synaptic plasticity (Pandi-
Perumal et al., 2008), the effects of VAD reported here could be also a consequence of
alterations in melatonin rhythm. Thus, VAD could affect the circadian timing system at
different levels such as retina, SCN, pineal and/or directly at the peripheral clocks, such as
the hippocampus. The last would be supported by the significant reduction in the retinoic
acid receptor, RXRβ, mRNA levels and changes in the daily expression of RXR and RAR
target genes, such as BMAL1, PER1, RORα and RC3, observed in the hippocampus of
vitamin A deficient-animals.

Above observations raise the possibility that nutritional factors and food processing
products, such as vitamin A and its derivatives the retinoids, might modulate daily patterns
of BDNF and RC3 expression in the hippocampus and thus, vitamin A could be essential to
maintain an optimal daily performance at molecular level in this learning-and-memory-
related brain area.
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Learning how vitamin A deficiency affects the circadian expression of genes involved
synaptic plasticity may have an impact on the neuro and chronobiology fields, emphasizing
the importance of nutritional factors such as dietary micronutrients in the regulation of
circadian parameters in brain. While numerous epidemiological and experimental studies
have provided strong evidence that in both humans and animals, a lack or excess of vitamin
A is harmful to the embryo, the present studies will strengthen the hypothesis that a
deregulation of retinoid-mediated molecular events may be a potential factor for circadian
cognitive deterioration indicating that sufficient levels of vitamin A are also fundamental for
the maintenance of mature brain function and a daily cognitive performance. VAD is a
serious concern and has a clinical and socio-economical significance worldwide. We would
expect that the emerging data from this study will also highlight retinoid signaling pathways
as potential novel therapeutic targets for cognitive deficits and/or clock-related disorders.
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Figure 1.
Transcript levels of RARα and RXRβ in the hippocampus of control and vitamin A-
deficient rats. Basal mRNA levels were determined by Real-Time PCR and normalized to β-
actin. Each bar represents the mean ± SE of 4 samples in triplicates with ***P<0.001 in
comparison to controls.
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Figure 2.
Schematic representation of RARE, RXRE, E-box and RORE sites on the 5’ regulatory
region of BMAL1, PER1, RORα and REVERB genes. The Gene ID # for the sequences
taken from the NCBI Gene database are: rBMAL1 (NCBI Gene ID # 29657), rPER1 (NCBI
Gene ID # 287422), rRORa (NCBI Gene ID # 300807) and rREVERB (NCBI Gene ID #
252917). Arrows indicate the first translation codon, gray boxes represent exons, dashed
circles are RXRE sites, black circles are RAREs, black ovals represent perfect E-boxes,
white ovals Ebox-like elements and grey ovals are RORE sites. Negative (−) numbers
indicate regulatory sites positions relative to the start of translation (+1).
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Figure 3.
Daily rhythms of clock genes expression in the hippocampus of control and vitamin A-
deficient rats. (A–D) Cosine fitting curves for normalized BMAL1 (A), PER1 (B), RORα
(C) and REVERB (D) mRNA levels throughout a day. Horizontal bars represent the
distribution of light (open) and dark (closed) phases of a 24-h (ZT0-ZT24) photoperiod.
Each point on the curves represents the mean ± SE of three pools of two hippocampus
samples each at a given ZT (with ZT=0 when light is on). Significant daily variation was
evaluated using one-way ANOVA followed by Tukey test with *P<0.05, **P<0.01 and
***P<0.001 when indicated means were compared to the corresponding maximal value in
each group. (E) Representative patterns of PCR products at different ZTs throughout a day-
night cycle.
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Figure 4.
Daily rhythms of RORα and REVERB protein levels in the rat hippocampus. (A–B) Cosine
fitting curves for normalized RORα (A) and REVERB (B) protein levels throughout a day,
obtained from the densitometric quantitation of the Immunoblots. Horizontal bars represent
the distribution of light (open) and dark (closed) phases of a 24-h (ZT0-ZT24) photoperiod.
Each value on the curves represents the mean ± SE of three pools of two hippocampus
samples each at a given ZT (with ZT=0 when light is on). Significant daily variation was
evaluated using one-way ANOVA followed by Tukey test with *P<0.05 and **P<0.01 when
compared indicated means with the corresponding maximal value in each group. (C)
Representative Immunoblot analysis of protein extracted from CO and DE rat hippocampi
isolated at ZT2, ZT6, ZT10, ZT14, ZT18, and ZT22.
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Figure 5.
Schematic representation of E-box and RARE sites on the 5′ regulatory region of the BDNF
and RC3 genes. Genes ID # are: 24225 and 64356 for the rBDNF and rRC3 sequences taken
from the NCBI database, respectively. Arrow indicates the first translation codon, gray box
represents first exon, black ovals are perfect E-boxes, the white oval is an E-box-like and
white circles represent RARE elements. Negative (−) numbers indicate clock-and retinoic
acid-responsive sites positions relative to the start of translation (+1).
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Figure 6.
Daily RC3 and BDNF expression in the hippocampus of control and vitamin A-deficient
rats. (A–B) Cosine fitting curves for normalized RC3 (A) and BDNF (B) mRNA levels
throughout a day. Horizontal bars represent the distribution of light (open) and dark (closed)
phases of a 24-h (ZT0-ZT24) photoperiod. Each point on the curves represents the mean ±
SE of three pools of two hippocampus samples each at a given ZT (with ZT=0 when light is
on). Significant daily variation was evaluated using one-way ANOVA followed by Tukey
test with *P<0.05 and **P<0.01 when indicated means were compared to the corresponding
maximal value in each group. (C) Representative patterns of PCR products at different ZTs
throughout a day-night cycle.
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