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ABSTRACT

Object recognition memory allows discrimination between novel and familiar objects.
This kind of memory consists of two components: recollection, which depends on the hippocampus, and familiarity, 
which depends on the perirhinal cortex (Pcx). The importance of brain-derived neurotrophic factor (BDNF) for 
recognition memory has already been recognized. Recent evidence suggests that DNA methylation regulates the 
expression of BDNF and memory. Behavioral and molecular approaches were used to understand the potential 
contribution of DNA methylation to recognition memory. To that end, rats were tested for their ability to distinguish 
novel from familiar objects by using a spontaneous object recognition task. Furthermore, the level of DNA 
methylation was estimated after trials with a methyl-sensitive PCR. We found a significant correlation between 
performance on the novel object task and the expression of BDNF, negatively in hippocampal slices and positively 
in perirhinal cortical slices. By contrast, methylation of DNA in CpG island 1 in the promoter of exon 1 in BDNF 
only correlated in hippocampal slices, but not in the Pxc cortical slices from trained animals. These results suggest 
that DNA methylation may be involved in the regulation of the BDNF gene during recognition memory, at least in 
the hippocampus.
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INTRODUCTION

Recognition memory (RM) corresponds to 
the ability to remember an object that has been 
previously presented (O’Neil et al., 2009), and 
depends on the perirhinal, parahippocampal / 
postrhinal and entorhinal cortices (Lavenex et al., 
2002).

O b j e c t  r e c o g n i t i o n  m e m o r y  a l l o w s 
discrimination between novel and familiar objects 
and considers at least two processes: recollection 
and familiarity (Squire et al., 2007). Recollection 
involves the successful retrieval of the contextual 
details that accompanied the learning episode; 
familiarity involves simply knowing that an item 
was presented.

It is still not clear which temporal lobe structures 
are directly involved in both recollection and 
familiarity, however, it has been proposed that 
recollection depends on the hippocampus (Wais 
et al., 2009), whereas familiarity depends on the 
adjacent Pcx (Haskins et al., 2008).

On the other hand, the importance of brain-
derived neurotrophic factor (BDNF) for synaptic 

plasticity and recognition memory has already 
been recognized (Furini et al., 2009; Heldt et al., 
2007; Hennigan et al., 2009). Indeed, it has been 
shown that lentivirus-Cre-infected animals, with 
BDNF deletions in the dorsal hippocampus, 
exhibit an impaired ability to recognize, suggesting 
that BDNF expression in adult hippocampus is 
involved in the encoding or consolidation of some 
component of object recognition memory (Heldt et 
al., 2007).

Recent evidence suggests that epigenetic 
mechanisms, such as modification of DNA in the 
form of DNA (cytosine-5) methylation, play a critical 
role in the activity-dependent regulation of BDNF 
(Ma et al., 2009) and other genes (Kangaspeska et al., 
2008; Metivier et al., 2008).

Previous studies have shown decreases in 
methylation of BDNF3 (rat) and BDNF4 (mouse) 
promoters in response to depolarization (Chen et 
al., 2003; Martinowich et al., 2003). Moreover, it 
has been found that inhibitors of DNA methylation 
block both hippocampal long-term potentiation in 
electro-physiologic studies in vitro (Levenson et al., 
2006) and contextual fear conditioning in behavioral 
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studies in vivo (Miller and Sweatt, 2007), suggesting 
that DNA methylation could be an important 
molecular mechanism to regulate synaptic plasticity 
and memory in adult animals.

The aim of this study was to correlate DNA 
methylation status and recognition memory 
performance in different temporal lobe structures.

MATERIALS AND METHODS

Subjects: Thirty-five male rats of the Sprague 
Dawley strain, 20 and 30 days old, were obtained 
from the animal facility of the Universidad de 
Valparaíso. Twenty-four of them were used for 
preliminary behavioral studies, eight for combined 
behavioral and molecular biology studies and three 
for pharmacologic stimulation studies (Table 1). All 
experiments were performed in accordance with the 
American Psychological Society standards for the 
treatment and care of animals. They were housed 
in groups of four animals in standard conditions 
of temperature and with a 12-h light/dark cycle, 
having food and water ad-libitum. The behavioral 
tasks were made during the dark cycle for the rats.

Apparatus: The apparatus consisted of a 
polyethylene open field black box (65 x 50 x 50 cm). 
Behavioral sessions were recorded by a video camera 
located at 120 cm above the open field arena. Animal 
performance was recorded on video and saved on 
DVD in a computer for later frame-by-frame analysis. 
A set of three-dimensional similar-sized objects was 
selected, the objects being made of different materials 
(plastic, metal, glass) and having different shapes. 
The objects were heavy enough to be displaced by the 
rats and each had three identical copies. An ETOH 
70% solution was used to clean the open field arena 
and objects prior to their introduction to each animal, 
thus neutralizing olfactory cues.

Spontaneous Object Recognition (SOR) Task: 
Briefly, before the experimental task each animal 

was habituated to the open field arena with three 
consecutive 15 min daily sessions. During the 
test, animals were exposed to a single session 
where a sample exploration phase was separated 
from a choice phase by a delay (1 minute, 3 hours 
and 24 hours for group 1, group 2 and group 3, 
respectively) (Albasser et al., 2009; Stefanko et al., 
2009). In the sample phase, two copies of an object 
(A1 and A2) were presented for 3 minutes for free 
exploration. After the sample phase, the animal was 
removed and placed in a closed box for 1 minute. 
The open field was then cleaned and the animal was 
placed in the arena again and presented with two 
objects, as with the sample phase: one object (A3) 
was a third copy of one of the previous objects and 
the other a novel object (B1). Exploratory behavior 
was defined as direct contact with the nose or front 
extremities toward the object at a distance less than 
2 cm. For the SOR task, the index of discrimination 
(D1) is defined as the time spent exploring the 
novel object (B1) minus the time spent exploring 
the familiar object (A3) (Albasser et al., 2009; Willig 
et al., 1987). The delay between the sample and 
choice phases are selected to discriminate when 
Spontaneous Object Recognition is potentially 
affected. It is likely that the delay between the 
sample and choice phases will affect discrimination 
between familiar and novel objects. Using the 
above training protocol, we also expected to test the 
retention times, 1 minute for short-term memory, 3 h 
for long-term memory and 24h for consolidation.

Hippocampus and perirhinal cortex isolation: 
Two hours after the trial, the animals were deeply 
anesthetised with Halotane before decapitation. The 
brains were removed and immersed in oxygenated 
(95% O2, 5% CO2) ice-cold dissecting saline solution 
(212,7 mM sucrose, 3 mM KCl, 1.25 mM NaH2PO4, 
26 mM NaHCO3, 10 mM dextrose, 0.5 mM CaCl2, 
10 mM MgCl2) and both the hippocampus and Pcx 
were dissected from bregma, according to the atlas 

Table 1
Experimental Groups
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of Paxinos and Watson (1997), and immediately 
stored at -80 ºC.

Western blot analysis: Protein extracts were 
prepared as described in (Kemmerling et al., 
2007). Proteins were resolved in 10% Laemmli 
SDS-polyacrylamide gels, transferred to PDVF 
membranes (Millipore Corp.), and incubated 
overnight with primary antibody against BDNF, 
1:500 (N-20, Sta Cruz Biotech.). To correct for 
loading, membranes were stripped and re-probed 
with primary antibody against b-III-Tubulin, 1:5.000 
(G7121, Promega). IMAGE J software processing 
package (NIH, MD) was used for optical band 
density quantification.

Pharmacologic Stimulation of Hippocampal 
Slices: Transverse hippocampal slices (n = 3 
animals), were incubated in oxygenated ACSF 
(32°C) for 1 h prior to treatment. Slices were 
treated with either vehicle (0.001% CH3COOH) 
or 5-aza-2-deoxycytidine (30 mM) for 60 minutes 
immediately after treatment; the hippocampal area 
was microdissected for DNA methylation assay.

DNA Methylation Assay: DNA was isolated 
from both hippocampal and Pcx cortical tissue 
using the Wizard genomic DNA purification kit 
(Promega, Madison, WI), and processed for bisulfite 
modification. In bisulphite modification, through a 
process of deamination, sodium bisulphite converts 
non-methylated cytosine into uracil, keeping 
5-methylcytosine intact. Bisulphite modification 
was prepared as described by (Clark et al., 1994), 
modified to the quantities of tissue obtained in the 
hippocampus and Pcx isolations. Briefly, we i) took 
25 µL of DNA in TE buffer; ii) denatured the DNA 
by adding 2,5 µl of NaOH 3M and incubating the 
solution at 42 °C for 30 minutes; iii) added 255 µl of 
sodium bisulphite (3.9 M, pH 5), 15 µl hidroquinone 
(10mM, to prevent DNA strand breakage during 
depurization) and 2.5 µl of nanopure H2O; and 
iv) incubated the solution at 55 ºC for 16 hr. After 
this, DNA was purified (Wizard® Clean-Up de 
Promega) and then eluted in nuclease-free water. 
The isolated, modified and purified DNA was 
used as a template for the methylation-specific 
PCR of the exon I promoter BDNF gene. The 
primers used to detect methylated DNA in the 
BDNF-I promoter, at CpG island 1, were: forward: 
5 ’ - G TA G C G AT T T T G G G G A G G A A G TA C - 3 ’ , 
a n d  r e v e r s e :  5 ’ - C A A C C T C T A T A C G 
C G A C TA A AT C C G - 3 ’ .  T h e  s a m p l e s  w e re 
n o r m a l i z e d  w i t h  b - Tu b u l i n - I V:  f o r w a rd , 
5 ’ - G G A G A G T A A T A T G A A T G A T T T 
G G T G - 3 ’  a n d  r e v e r s e , 
5’-CATCTCCAACTTTCCCTAACCTACTTAA-3’. 
PCR was performed using Go-Taq Green Master 
Mix® (Promega). Each reaction was amplified using 
the following cycling conditions: 95 ºC for 3 minutes, 

40 cycles of 95 ºC for 15 s, 58.9 º C for 1 min, 72 ºC 
for 30 s and 1 cycle of 72 º C for 5 minutes, finally 
maintaining the samples at 16 ºC. Finally, amplified 
products were analyzed by electrophoresis on a 
2% agarose gel stained with ethidium bromide and 
visualized under UV light (Levenson et al., 2006).

Methylation in Vitro: Methylation in vitro was 
performed with site-specific SssI (CG) methylase 
and S-adenosylmethionine (New England Biolabs, 
Leusden, the Netherlands). Before bisulphite 
modification, two mg of isolated DNA was 
methylated in 50 ml of reaction mixture containing 6 
U of SssI and 640 mmol/L S-adenosylmethionine at 
37°C for 60 minutes (Kholod et al., 2007).

Statistical analysis: Statistical analysis was 
based on ANOVA, and Tukey’s post hoc test was 
used for further comparisons among groups. The 
behavioral data for the D1 index (see methods) 
were analyzed in separate analyses of variance. 
Associations between D1 versus BDNF expression 
and D1 versus DNA ethylation were examined using 
Pearson correlations.

RESULTS

The goal of this study was to examine the role 
of DNA methylation in recognition memory and to 
determine which temporal lobe structures could be 
involved in this type of memory. Rats were tested 
for their ability to distinguish novel from familiar 
objects using a SOR task.

First, the rats explored two similar objects (Fig. 
1, objects A1 and A2) and after a delay, two different 
objects were presented; one familiar from the sample 
phase and one novel.

R e c o g n i t i o n  w a s  a s s e s s e d  f r o m  t w o 
measurements. The recognition index D1 is the time 
exploring object B1, minus time exploring object 
A3. The recognition index D2 is the difference in 
time spent exploring the novel and familiar objects, 
divided by the total time spent exploring objects in 
the test phase, i.e., D1 divided by total exploration 
(Albasser et al., 2009). Only the results for the D1 
scores are presented, as it was found that some 
rats showed unusually low levels of exploration. 
A consequence was the generation of extreme D2 
scores (both positive and negative). The occasional 
presence of these very high or very low scores led to 
increased variance and thus increased the likelihood 
of null results.

We first examined the effect of different inter-
phase delay intervals on the performance of rats in 
the SOR test (Table 1). The 3 different groups with 
group 1 (1min), group 2 (3 hours) and group 3 (24 
hours) did not differ in their exploration time for 
objects A1 and A2 (p group 1 = 0.998, p group 2 = 0.903, 
p group 3 = 0.556; Fig. 1 B). However, the one-way 
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ANOVA showed a significant effect among groups 
during choice. Using Tukey’s post hoc test (p<0.05), 
we found that group 2 had a significantly higher 
recognition D1 index (593.0 ± 382.9, n=8) than 
group 1 (-56.7 46.2, n=8) and group 3 (-284.7 ± 141.2, 
n=8) (Fig. 1 B). Given that group 2 showed better 
discrimination scores (using a D1 index), rats were 
exposed to SOR and then subjected to biochemical 
and biomolecular tests two hours after the trial.

The next step was to determine for group 
2 whether expression and DNA methylation of 
BDNF in the hippocampus and Pcx predicted 
the degree of D1 recognition memory. We found 
a negative correlation for group 2 between 
the immunoreactivity of BDNF and D1 in the 
hippocampal area (Fig 2 A; r = - 0.825, p < 0.05), but 
a positive correlation in the Pcx area (Fig 2 B; r = 
0.707; p < 0.05).

In  order  to  evaluate  DNA methylat ion 
in hippocampal and Pcx cortical brain slices 
f rom tes ted sub jec ts ,  we used a  methyl -
sensitive PCR (MSP). The method is based on 
the bisulfite modification of tested DNA that 
converts  unmethylated cytosine  to  uraci l , 
whereas methylated cytosine remains unaltered. 
Subsequently, the modified DNA can be analyzed 
by MSP using primer specific for the CpG islands 

Figure 1: Performance at spontaneous object recognition task: (A) Schematic representation of the task. (B) 
All groups of rat were habituated and then exposed to the objects A1 and A2 for 3 min. All 3 groups exhibited 
equal exploration times for each object, in the sample phase. (C) Effect of different inter-phase delay intervals 
on the performance of rats in the SOR test. Groups of animals received 1min, 3 hours and 24 hours of delay 
between phases (n = 8, each group). Recognition index (D1) score significantly above 0 indicates recognition of 
the novel from the familiar object. During the choice phase, animals that received 3 hours of delay displayed a 
significant preference for the novel object, whereas those that received both 1 min and 24 hours of delay showed 
no significant preference. Data are presented as mean ± SEM. *P<0.05, determined by one-way ANOVA following 
multiple comparison test.

located in the promoter region for exon I of 
the BDNF gene. To verify the reliability of the 
method, we incubated rat hippocampus slices 
with a demethylating and methylation inhibitor 
agent (5AZA, 30 µM), obtaining a reduction in the 
methylation state in BDNF genes compared to non-
treated slices (Fig. 3 A and B). On the other hand, the 
DNA extracted from non-treated slices was split into 
two parts. One remained untreated, while the other 
was methylated in vitro by SssI methylase, resulting 
in a significant increase compared to untreated 
DNA (Fig. 3 A and B). This last result suggests that 
MSP is able to distinguish DNA methylation state 
variations.

Within the hippocampus, significant positive 
correlation was found between D1 and DNA 
methylation of BDNF-1 (Fig 3 C; r = 0.7391; p < 
0.05, while in the perirhinal cortex no significant 
correlation was found (Fig 3 D; r = 0. 334; p = 0.37).

DISCUSSION

In this study, we addressed the putative role 
of DNA methylation on gene expression of BDNF 
and its involvement with the medial temporal lobe 
structures during recognition memory encoding. 
During encoding, representations of distinct object 
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Figure 2. Expression levels of BDNF after object 
recognition task, in both hippocampal and perirhinal 
cortex regions: Western blot analysis showed strong 
correlation between expression levels of BDNF and 
recognition index (D1), negative in hippocampus 
(A), but positive in Pcx (B). Data are presented for 
the D1 scores from the single session. The best-fit 
slopes correspond to the Pearson correlations (p). 
Immunoreactivity of BDNF was normalized to tubulin.

attributes, such as familiarity vs novelty, are formed 
in the Pcx and lateral entorhinal area (O’Neil et al., 
2009). Furthermore, this information is combined 
with a contextual representation formed in the para 
hippocampal cortex and medial entorhinal area 
(Lavenex et al., 2002), helping the specific recovery 
of items from the perirhinal cortex and lateral 
entorhinal area (Saunders et al., 2005; Wais et al., 
2009). Despite the involvement of hippocampal 
formation in the neural circuitry supporting 
recognition memory, shown by lesion studies (Clark 
et al., 2001; Squire et al., 2007), the role played by 
the hippocampus remains controversial. Using 
SOR task, we found a strong correlation between 
D1 and the expression of BDNF, negative in the 

hippocampus, but positive in the Pcx. This suggests 
that BDNF could be involved in the mechanism 
in medial temporal lobe structures that underlies 
recognition memory. Reduced expression of BDNF 
in the hippocampus, but increased in cortical 
structures, suggests that BDNF plays differential 
roles during coding, providing different aspects 
associated with the encoding of memory. Indeed, 
it has been shown that the processing of BDNF 
is positively correlated with the acquisition, 
but negatively correlated with extinction, in 
hippocampal CA1 region (Barnes and Thomas, 
2008). Consistently, studies in vitro preparations 
have shown the differential requirements for 
mBDNF and proBDNF for hippocampal LTP and 
LTD, respectively (Pang et al., 2004; Woo et al., 2005).

Cons is tent  wi th  the  not ion  that  LTD-
like mechanisms may be crucial in recognition 
memory, studies have demonstrated that LTD 
in the CA1 region of freely moving rats can be 
facilitated by novelty acquisition (Manahan-
Vaughan and Braunewell, 1999). In addition, it has 
been demonstrated that blocking the mechanism 
of NMDAR-dependent LTD in perirhinal cortical 
slices prevents visual recognition memory in vivo, 
(Griffiths et al., 2008).

Although it has been suggested that the primary 
change underlying perirhinal familiarity is synaptic 
weakening, as occurs in LTD (Bogacz and Brown, 
2003; Brown and Bashir, 2002), an increase in 
synaptic strength could also be necessary for the 
neural network to operate efficiently. Our data 
suggest that a facilitatory mechanism through 
BDNF, such as is involved in LTP, could be operating 
in Pcx, in contrast to the hippocampus. The 
functional role of DNA methylation in regulating the 
expression of BDNF thus remains an open question.

We were not able to show significant variations 
in the levels of methylation of the BDNF gene in the 
hippocampus or Pex (data not shown), but we found 
a strong positive correlation between the recognition 
index and DNA methylation of the BDNF in the 
hippocampus, which is consistent with BDNF gene 
silencing. Similarly, previous work has shown that 
methylation levels are correlated to levels of BDNF 
gene expression (Martinowich et al., 2003).

C o n t r a r y  t o  o u r  o b s e r v a t i o n s  i n  t h e 
hippocampus, we found no correlation between 
methylation and the recognition index in Pcx, which 
led to the suggestion that an alternative pathway 
that does not involve DNA methylation supports the 
levels of BDNF production, in this area.

Thus, our data indicate that during SOR tasks 
regulation of gene expression by DNA methylation 
could be operating in the hippocampus, but not in 
Pcx. In this regard, it has been shown that within 
the hippocampus, DNA methylation levels can be 
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Figure 3. Analysis of BDNF methylation indicates significant correlation with object recognition performance, only 
in the hippocampal region: (A) Representative agarose gel electrophoresis shows the sensitivity of detection of 
methylation status. Primer sets as described, were used to amplify the CpG island 1 from exon 1 of BDNF gene 
(Levenson et al., 2006). Semi-quantitative methylation- specific PCR was used to determine the fold change in 
methylated DNA in 5AZA treated CA1 slices relative to control treatment. Isolated DNA was methylated in vitro by 
SssI methylase and compared with the same untreated DNA preparation. All samples were normalized to tubulin- 
IV. (B) Summary data showing that treatment with 5AZA or SssI methylase significantly decreased or increased 
methylated DNA (CpG island1) relative to control samples, respectively. Data are presented as mean ± SEM, n=3, 
*P < 0.05, determined by one-way ANOVA following multiple comparison test. (C) The graph shows that the 
methylation of BDNF was strongly correlated with the recognition index (D1), in hippocampal area. By contrast, 
this correlation in the Pcx slices was lost (D). The best-fit slopes correspond to the Pearson correlations (p). 
Immunoreactivity of BDNF was normalized to tubulin.
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rapidly and dynamically altered by environmental 
stimuli that induce associative learning (Miller and 
Sweatt, 2007).

In consideration of the presence of high levels of 
Dnmt3a and Dnmt1 in postmitotic neurons (Feng et 
al., 2005), we speculate that increased methylation 
in the hippocampus could be mediated by Dnmt3a 
or Dnmt1, playing an important role in DNA 
methylation in the BDNF promoter when neuronal 
activity is suppressed, as suggested during LTD-like 
mechanisms in recognition memory (Pang et al., 
2004). Whether differential expression patterns of 
Dnmt3a and Dnmt3b, between both hippocampus 
and Pcx explain dynamic regulation in DNA 
methylation levels remains to be seen.

Finally, our data support that object recognition 
memory involves the hippocampus and Pcx. 
Moreover, the regulation of BDNF expression, at 
least in the hippocampus, may be associated with 
epigenetic mechanisms of DNA methylation.
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Erratum

In the paper by DANIEL R. SOLIS, EDUARDO G. P. FOX, MÔNICA L. ROSSI and ODAIR C. BUENO 
entitled “Description of the immatures of Linepithema humile Mayr (Hymenoptera: Formicidae)” published 
in Biol Res 43: 1, 2010 in page 21, Fig. 1 has been replaced by the following figure:

Figure 1: Linepithema humile larvae on side view: (A) First instar larva, (B) Third instar larva, (C) Pre-pupa with 
meconium (black arrow). White arrows indicate the dorsal protuberance; (D) Spiracle of a first instar larva; (E) Anus 
and surrounding region of a third instar larva. Scale bars: (A) 0.100 mm; (B) 0.150 mm; (C) 0.225 mm; (D) 0.002 
mm; (E) 0.054 mm.
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