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Abstract: Despite considerable progress on the study of the effect of standardized extract of Gingko
biloba (EGb) on memory processes, our understanding of its role in the persistence of long-term
memory (LTM) and the molecular mechanism underlying its effect, particularly episodic-like memory,
is limited. We here investigated the effects of EGb on the long-term retention of recognition memory
and its persistence and BDNF expression levels in the dorsal hippocampal formation (DHF). Adult
male Wistar rats (n = 10/group) were handled for 10 min/5 day. On day 6, the animals were treated
with vehicle or 0.4 mg/kg diazepam (control groups) or with EGb (250, 500 or 100 mg/kg) 30 min
before the training session (TR1), in which the animals were exposed to two sample objects. On
day 7, all rats underwent a second training session (TR2) as described in the TR1 but without drug
treatment. Object recognition memory (ORM) was evaluated on day 8 (retention test, T1) and day
9 (persistence test, T2). At the end of T1or T2, animals were decapitated, and DHF samples were
frozen at −80 ◦C for analyses of the differential expression of BDNF by Western blotting. EGb-treated
groups spent more time exploring the novel object in T2 and showed the highest recognition index
(RI) values during the T1 and T2, which was associated with upregulation of BDNF expression in the
DHF in a dose-and session-dependent manner. Our data reveal, for the first time, that EGb treatment
before acquisition of ORM promotes persistence of LTM by BDNF differential expression.

Keywords: memory; object recognition; Ginkgo biloba; dorsal hippocampus formation; brain-derived
neurotrophic factor

1. Introduction

Flavonoids (isoflavones, flavanones, anthocyanins, flavanols, flavones and flavonols)
are bioactive molecules from plants or foods that, along with non-flavonoid compounds
(phenolic acids and other phenols), are widely used to prevent or treat cognitive deficits.
Extracts rich in flavonoids or flavonoid fractions have been associated with improvements
in memory formation and stress-related memory processes [1–3]. A recent study showed
that standardized extract of Ginkgo biloba (EGb), which is obtained from the dried leaves
of the plant and is standardized to contain 24% to 27% ginkgo-flavonoglycosides and 6%
ginkgo-terpenoid lactones [4], increases BDNF expression, which has a protective effect on
neurons [5–7]. Standardized extract of Ginkgo biloba (EGb) has been used as a therapeutic
alternative for the treatment of Alzheimer’s disease and multi-infarct dementias and has
significant positive effects on cognitive function in patients with Alzheimer’s disease [8,9].
Similar results have been observed after Ginkgo terpene trilactone (GTTL) treatment. GT-
TLs increase BDNF expression in the hippocampus, which protects hippocampal neurons
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against epilepsy and improves spatial memory, as evaluated by the Morris Water Maze
(MWM) test [5,10].

Studies from our group have shown that acute or chronic treatment with EGb modu-
lates fear memory formation, which is associated with increased levels of cAMP-dependent
response element binding protein (CREB) in the hippocampal formation [11,12]. Conversely,
our group reported an impairment in conditioned fear memory following diazepam treat-
ment, which was associated with reduced CREB-1 expression (both mRNA and protein) in
the dorsal hippocampus [11]. In addition, we showed that the mRNA and protein expres-
sion of the serotonin type-1A (5-HT1A) receptor and the GluN2B and GluN2A subunits
of the N-methyl-D-aspartate (NMDA)-type glutamate receptor in the dHF are modulated
after EGb treatment and fear memory acquisition [13]. We also showed that flavones
modulate fear memory formation and persistence through gamma-aminobutyric acid type
A receptor (GABAAR) modulation [14,15]. Furthermore, GABAAR agonists impair the
expression of object recognition memory (ORM), which seems to be correlated with BDNF
expression and the persistence of LTM [16].

The ability of an animal to recognize a familiar object using the physical character-
istics of the stimulus or the contextual information concerning the object (spatial and/or
temporal order) involves discriminative memory formation. Recognition memory for an
object or object-in-context in animals has been termed episodic-like memory and reflects an
experience-dependent internal representation of what happened and where and when the
event occurred. When the original memory is re-experienced, we recall details of the expe-
rience [17–20]. In this regard, recognition memory formation involves both familiarity and
recollection of an episode, i.e., quantitative or qualitative information about a previously
encountered item or event [21]. Both the familiarity and recollection components become
less persistent over time [22,23].

The ORM task has been employed to investigate the effects of drug treatments on
memory as well as the neuroanatomical, neurophysiological and neurochemical changes
underlying spontaneous exploratory behavior in animals [24–26]. Numerous studies have
explored the contribution of the perirhinal and parahippocampal cortices and the hip-
pocampal formation (HF) to familiarity and recollection [18,27–31]. Recent advances have
led to substantial improvements in our understanding of the role of the hippocampus in
processing and integrating multisensory information and encoding long-term novel object
recognition (NOR) memory, novel location memory (NLM) or temporal order memory
(recency) [17,18,29,32–34], but the debate undoubtedly continues [35]. Moreover, the role
of the hippocampus in the reconsolidation and persistence of ORM as well as molecular
changes underlying these processes has been shown [16,36–38].

It was recently shown that reduced expression of brain-derived neurotrophic factor
(BDNF) in the hippocampus is associated with impaired long-term ORM [39]. Activity-
dependent secretion of BDNF has been associated with both hippocampus-dependent
long-term memory formation and long-term biochemical and morphological dendritic
changes [40,41] since it is crucial for long-term memory consolidation [42,43]. A growing
body of evidence has shown that BDNF overexpression and activity modulate the differen-
tiation, maturation, survival and maintenance of different populations of neurons and glial
cells and has identified the main effects of BDNF on short- and long-term memory-related
processes [44,45] and neurogenesis [46]. De novo synthesis of BDNF has been shown to be
essential and sufficient for promoting late-phase long-term potentiation (L-LTP) [47] and
improving long-term memory (LTM) [48]. Increased BDNF expression (mRNA and protein)
in the hippocampus (1 or 12 h after training, respectively) is critical for LTM formation in a
hippocampus-dependent acquisition task [24]. In addition, BDNF is a key molecule for
the prevention of memory loss, the generation of persistent fear and long-lasting memory
traces and the extended maintenance of LTM [22] and is also required for reconsolidation
of NOR memory [16,49].

Together, these data show that BDNF/TrKB receptor-induced synaptic plasticity,
survival and dendritic and axonal growth during hippocampal-dependent memory pro-
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cesses are mediated by distinct signalling pathways in both pre- and post-synaptic cells,
which involve increases in extracellular signal-regulated protein kinase (ERK) expression
and phosphorylation and activation of cyclic AMP response element-binding protein
(CREB) [22,50,51].Despite the findings of these studies, little is known about novel ther-
apeutic strategies for modulating the cellular and molecular processes that mediate the
persistence of recognition memory. Flavonoids have long been targeted as prospective
therapeutic agents for memory improvement [1].

Considering recent findings from our group describing the effects of EGb on the
persistence of fear memory [52,53], we investigated the effects of the administration of
EGb before the acquisition of object recognition memory (ORM), a non-aversive memory
task, on the long-term retention of ORM and its persistence. Episodic-like memory loss is
correlated with both early-stage Alzheimer’s disease (AD) and normal aging. We wondered
whether rats treated with EGb would have improved their original memory, i.e., does EGb
affect memory consolidation and promote object recognition memory persistence? We
analysed retrieval and within-session maintenance of ORM during the T1 phase, as well as
the persistence of memory in the T2 phase. We also examine potential roles for diazepam, a
GABAAR agonist, in modulating the acquisition of non-aversive memory and in mediating
memory retention and persistence through alterations in BDNF expression. Last, given
the pivotal role of BDNF in the neurochemical and morphological changes associated with
LTM and the persistence of LTM, we analysed BDNF expression in the dorsal hippocampal
formation of the control and EGb-treated groups after retention and persistence tests.

2. Results
2.1. Behavioral Analysis

To examine the cognition-enhancing effect of EGb on long-term memory for novel
objects in rats, we employed two 10-min sessions (T1 and T2) of the NOR test, a non-
aversive task, with an intertrial interval of 24 h. Memory formation and memory persistence
were assessed by different analyses of total spontaneous exploration time for both objects
in the T1 and T2 sessions (Figure 1).

Two-way RM ANOVA, indicated significant main effects of time exploring the familiar
and novel objects (F1.95 = 59.84; p < 0.0001) and effects of group (F4.95 = 2.967; p = 0.0234) but
no interaction between object and group (F4.95 = 0.4771; p = 0.7524). Comparative analyses
of the mean total time spent (min) exploring each of the objects during the retention session
(T1) between and within groups showed that the control groups (vehicle- and diazepam-
treated group; n = 20 rats/group) and EGb-treated groups (250, 500 and 1000 mg/kg
EGb-treated groups; n = 20 rats/group) spent more time exploring the novel object than
the familiar object in the T1 session (Figure 1A). Based on our data, all rats recalled the
familiar object and preferred to explore the novel object.

During T2 session when the animals were re-exposed to the objects, Two-way RM
ANOVA indicated significant effects of time spent exploring the familiar object vs novel
objects within groups (F1.45 = 31.12; p < 0.0001). Bonferroni’s multiple comparisons test
revealed the rats that had been treated with 1000 mg/kg EGb spent more time exploring
the novel object than the familiar object compared with the vehicle- and diazepam-treated
groups, as shown in Figure 1B. However, no interaction was observed between the factors
group and object (F1.45 = 1.385; p = 0.2549) and no difference was observed between groups
(F4.45 = 1.144; p = 0.3496).

Additionally, the time spent interacting with the sample object (A) and the novel
object (C) were used to calculate the recognition index [RI = time spent exploring the
novel object/total object exploration time (novel vs familiar)] [28,54,55]. RI represents a
relative measure of discrimination between objects. The EI values in each session (T1 and
T2) are shown in Figure 1C. The RI value in the first minute is shown for each session
since the effects of novelty might decrease over time. The subsequent data points are the
mean RI value over a three-minute period within a given session (three blocks of 3 min
each as follows: trial 2–4 min; trial 5–7 min; and trial 8–10 min). Furthermore, within-
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session comparisons (min-by-min) at T1 using two-way RM ANOVA showed an interaction
between groups and time (F36, 855 = 1.756; p = 0.0043, with a difference only in the first
minute in relation to subsequent times (min 2–10) (F7.9833, 758.4 = 1.914; p = 0.05), as well
as effects of the groups (F4, 95 = 43.572; p = 0.0093). Concerning the min-by-min analysis
of the recognition index (RI) in T2, two-way RM ANOVA showed no interaction between
groups and time (F36, 405 = 1.411; p = 0.06), no within-session difference (min-by-min), i.e.,
first minutes in relation to subsequent minutes (2–10) (F7.706, 346.8 = 1.581; p = 0.1320) and
no effects of the groups (F4, 45 = 0.5821; p = 0.6772). Thus, this procedure evaluates the
mean of a combination of 3 min to help reduce variance within sessions and has been
systematically used in our lab since it allows us to evaluate retention of short- and long-
term memory. An RI value of 1.0 indicates that the animal spent the majority of time
exploring the novel object relative to the sample object, and a value of ≤0.5 indicates
random exploration, i.e., no discrimination between objects or decreasing novelty. Two-
way repeated-measures ANOVA followed by Tukey’s multiple-comparison test revealed
that all groups spent more time exploring the novel object than the previously explored
(familiar) object (250 mg/kg EGb, RI1 = 0.66; 500 mg/kg EGb, RI1 = 0.66; 1000 mg/kg EGb,
RI1 = 0.81; vehicle, RI1 = 0.59; 4 mg/kg diazepam, RI1 = 0.61) There was an interaction
between group and time (F12.285 = 3.045; p = 0.0005) and a main effect of time (F3.285 = 11.76;
p < 0.0001) for the T1 session (Figure 1C, left panel). Moreover, the high-dose EGb-treated
group spent more time exploring the novel object than the control groups (diazepam- and
vehicle-treated groups). Furthermore, an intragroup comparison of the 1000 mg/kg EGb
group showed that the RI in the first minute was significantly lower than that in any of the
all three-minute blocks. Although our data showed difference between in first minute and
last three minutes during T1, the RI was maintenance > 0.5, indicating that within-session
the animals treated with 1000 mg/kg EGb spent more time exploring novel object. Because
vehicle and EGb treatments were given only before TR1, our data suggest that 1000 mg/kg
EGb improved the original memory, i.e., memory for early familiar object (object A) in
relation to late object (object C). Our present data is consistent with previous results from
our lab that show effects of EGb on persistence of fear memory [52,53].

Memory persistence was analyzed based on the data obtained in the T2 session
(Figure 1C, right panel). Two-way RM ANOVA revealed no interaction between group or
trial (F12.135 = 1.49; p = 0.133), but there was a main effect of group (F4.45 = 2.932; p < 0.0308).
Rats treated with EGb (250 mg/kg, RI1 = 0.69; 500 mg/kg, RI1 = 0.61; 1000 mg/kg,
RI1 = 0.71) and vehicle (RI1 = 0.57) spend more time exploring the novel object than the
familiar object during the first minute. Conversely, rats treated with diazepam spend
similar amounts of time exploring both objects (RI1 = 0.48). Tukey’s multiple comparison
test revealed a significant decrease in the EI in the diazepam group compared to the
250 mg/kg EGb (p < 0.05) and 1000 mg/kg EGb (p < 0.01) groups. Analysis of the within-
session data showed that the RI in the first minute was significantly lower than that in the
second three-minute block for the 250 mg/kg EGb-treated group at (p < 0.01) and the third
three-minute block for the 1000 mg/kg EGb group. The mean (and S.E.M) of the RI of the
EGb-treated and control groups in both sessions are presented in the supplementary data
(Table S1).

Moreover, to substantiate our results regarding the effects of EGb on the persistence
of LTM, we also investigated recognition index (RI) between sessions by comparing the
mean RIs from the first minute of the persistence test session with those from the last block
of the three min of the retention test (Figure 1D). Two-way ANOVA revealed no interaction
between group and session (F4.45 = 2.095; p = 0.0969), no effect of group (F4.45 = 1.187;
p = 0.3292), and a main effect of time (F1.45 = 6.249; p = 0.0161).

Our present data corroborate previous findings and shows that rats treated with
1000 mg/kg EGb exhibit a higher RI during the first trial of the T2 session than during last
three-minute block in the T1 session, indicating maintenance of the original memory, i.e.,
the information regarding the object appeared to be preserved (old vs. novel) 48 h after
acquisition (T2).
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Figure 1. (A). Comparison of the mean of total time spent exploring/min the novel and sample objects in the retention test
(day 8, n = 20/group), and the persistence test (B) (day 9, n = 10/group) between the control (diazepam- and vehicle-treated)
and EGb-treated (250, 500 and 1000 mg/kg) groups. (C). The recognition index (RI) during the retention and the persistence
sessions. The first points indicate the mean RI values during first min of the control (4 mg/kg diazepam- and vehicle-treated)
and EGb-treated (250 mg/kg, 500 mg/kg and 1000 mg/kg) groups before the acquisition of ORM (n = 20/group) and the
persistence test session (n = 10/group). The subsequent data points represent the mean DI values of nine min in blocks
of 3 min (trials) each (2–4,5–7,8–10). EGb, diazepam and vehicle were administered orally 30 min prior to training session.
No drugs were administered before retention test (T1) and persistence test (T2) sessions (D). Persistence of long-term
memory (LTM) was inferred based on a comparison of the time spent spontaneously exploring sample object and that spent
spontaneously exploring the novel object during the last three trial blocks at the end of the retention session and during the
first trial of the initial persistence session. (E). Frequency of contact with the sample and novel objects during the retention test
(n = 20/group) and persistence test (n = 10/group) for the groups treated with EGb (250 mg/kg, 500 mg/kg or 1000 mg/kg),
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diazepam or vehicle (n = 10/group). Analyses of the sample vs novel object and group interaction, the time and group
interaction (A, B, C, and D panels, respectively) and one random factor (rat) was performed using GraphPad Prism
Software®. The values are presented as the means/min (± SEMs) (A, B, D, and E) and/or a block of three minutes (±SEMs)
(C). * p < 0.05, ** p < 0.01 and *** p < 0.001; two-way repeated measures ANOVA with the post hoc Sidak multiple comparison
test (A,B). Two-way repeated measures ANOVA was conducted for within- and between-group comparisons followed by
Tukey’s multiple comparisons test (C). Within-group comparison # p < 0.05; two-way ANOVA followed by Bonferroni’s post
hoc test (D,E). Comparisons between groups are presented * p < 0.05, ** p < 0.01 and *** p < 0.001.

Because a number of studies have shown that animals have preferences for any one
object [56,57], we also examined the frequency of contact with each sample and novel object
(Figure 1E). Two-way RM ANOVA revealed no interaction between the group and object
in the T1 session (F4.72 = 0.05093; p = 0.9950) but showed main effects of frequency of con-
tacting the object (F1.18 = 9.996; p = 0.0055) and treatment (F3.237, 58.27 = 4.573; p = 0.0050).

Our data showed that all groups contacted both objects with a similar frequency.
Tukey’s multiple comparisons test indicated a significant difference in the frequency of
contact with the sample object between the 1000 mg/kg EGb group and the diazepam
group. Comparative analyses of the frequency of contact with both the familiar and novel
objects in the T2 session revealed no interaction between the group and object (F4.36 = 1.082;
p = 0.3800) and no effect of treatment (F4.36 = 2.454; p = 0.0633), but a main effect of frequency
of contact with both objects (F1.9 = 36.46; p = 0.0002). The EGb-treated groups exhibited a
higher frequency of contact with the novel object than the familiar object. No differences
were observed in the diazepam and vehicle groups.

Additionally, we investigated exploratory behaviors such as the amount of ambulation
(lateral and central squares) and rearing and grooming of all animals during the retention
test and persistence test (Figure 2). The data showed significantly increased ambulation
in the lateral squares compared with the central squares in both the retention session
(F1.18 = 266; p < 0.0001) and persistence session (F1.18 = 6.663; p = 0.0191). Two-way RM
ANOVA revealed no interaction between group and area (F4.72 = 0.4444; p = 0.7761) and
no effect of treatment (F2963, 53.33 = 0.3472; p = 0.7875) in the T1 session. Similarly, no
interaction between group and area (F4.72 = 0.6991; p = 0.5951) and no effects of treatment
(F2.941, 5293 = 1.352; p = 0.2676) were found in the T2 session (Figure 2).
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Figure 2. Number total of central and lateral square crossings (ambulation) in the control groups
(4 mg/kg diazepam- and vehicle-treated group) and the groups treated with EGb (250 mg/kg;
500 mg/kg and 1000 mg/kg) during the retention test (n = 20/group) and persistence test
(n = 10/group). The values are expressed as the mean values/ min (± SEMs). *** p < 0.0001;
two-way ANOVA followed by post hoc Tukey’s multiple comparison test. # p < 0.05 denotes a
difference within groups. between sessions comparisons.
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One-way RM ANOVA indicated that the total level of rearing behavior was similar
for all groups in the T1 (F4.45 = 2.424; p = 0.0619) and T2 session (F4.45 = 0.8002; p = 0.5315).
All data are shown as the means ± SEMs in Supplementary Table S2.

Finally, we examined the level of grooming, and the two-way RM ANOVA showed an
effect of time (F4.45 = 1647; p = 0.1790) in T1 and in T2 session (F4.45 = 0.7617; p = 0.5557).
All data are shown as the means ± SEMs in Supplementary Table S2.

2.2. Molecular Analysis

We also evaluated the levels of the BDNF protein in relation to tubulin in the hippocam-
pal formation after the retention and persistence sessions. Compared with no treatment
(naïve group), treatment with all doses of EGb before the acquisition of object recognition
memory upregulated BDNF expression in animals subjected to ORM retrieval in the re-
tention test. One-way ANOVA revealed that a main effect of the treatment (F5.21 = 5.810;
p = 0.0016) on performance in the retention test.

Furthermore, increased levels of BDNF were observed in the 250 and 1000 mg/kg EGb-
treated groups compared with the naïve group in the T2 session (F5, 23 = 4.005; p = 0.0093)
(Figure 3). Our data in line with previous data about key role of BDNF on persistence of
memory [18], since control and 500 mg/kg EGb groups didn’t have differential expression
of BDNF during retrieval of memory, which suggest that upregulation of BDNF during
both sessions is required to persistence of memory.
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Figure 3. (A). Representative Western blot images. (B). Quantitative analysis of BDNF and α-tubulin expression in homogenates
of the hippocampal formation obtained from the control (the 4 mg/kg diazepam (b), vehicle (a) and naïve (m) groups and the
groups treated with EGb (250 mg/kg (c), 500 mg/kg (d) or 1000 mg/kg (e)), as determined by immunoblotting. The data were
normalized to the level of α-tubulin in the retention and persistence test sessions (n = 5 rats/group). The values are presented
as the mean values (± SEMs). * p < 0.05 one-way ANOVA followed by post hoc Tukey’s multiple comparison test.
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3. Discussion

Our present data show that all groups spent more time exploring the novel object
than the familiar object in the retrieval (T1) session, but only the EGb-treated group at dose
1000 mg/kg spent more time exploring the novel object during the persistence session
(T2). In addition, discrimination ability was evaluated within and between sessions by
employing the recognition index (RI). Within-session analysis showed that RI was higher in
the 1000 mg/kg EGb-treated group than the vehicle and diazepam groups during the first
minute of the retrieval test. Similarly, the modulatory effect of EGb was observed during
re-exposure of the animals to the same objects. Rats treated with 250 or 1000 mg/kg EGb
had the highest RI values during the persistence session. The maintenance of memory for
“novel” and familiar objects 96 h after acquisition of ORM was observed in the EGb-treated
groups but not in the other groups.

Our data also revealed that rats treated with diazepam exhibit poor performance
during the T2 session because the animals spent similar amounts of time exploring both the
novel and familiar object, exhibiting an RI < 0.5. A reduced ability to recollect a previously
experienced item suggests that diazepam prevented the persistence of ORM. To assess the
effects of EGb on the persistence of ORM, we compared the RI data from the first min with
those from the last three min of the retention test.

These data substantiate the findings regarding the total exploration time since the rats
treated with the high dose of EGb exhibited an DI value similar to that observed during
the first trial of the retention test. These effects suggest that EGb treatment led the animals
to favor the innate novelty of the object, as reported in the literature [58]. Moreover, the
number of line crosses in the central and lateral squares in the open field arena (Figure 2)
and the levels of rearing and grooming (Supplementary Table S2) within sessions were eval-
uated to investigate whether or not the rats exhibited changes in spontaneous exploratory
behavior or some aspects of emotionality including anxiety, which might lead to changes
in object exploration and thus impair recognition memory. Based on the number of squares
crossed, all groups of treated rats preferred to enter the lateral squares rather than the
central squares, as the lateral squares elicited less anxiety than the central squares. Thus,
EGb did not have an effect against anxiety. However, the size of open-field arena was
chosen to reduce the levels of anxiety/aversion and to prevent potential interference with
object exploration [59].

Because no difference in these behaviors was found between the treated groups and
the control group (vehicle), it is unlikely that the findings observed following EGb or
diazepam treatment were associated with motivation to explore or motor impairments. In
addition, we evaluated the number of times (the frequency) the animals contacted each
object since the number of contacts is a potential indicator of object recognition memory.
During the T1 session, all groups had exhibited an increased frequency of contact with the
novel object compared to the familiar object. However, during the T2 session, only the
EGb-treated groups spent more time contacting the more recently encountered object than
the familiar object.

Taken together, these results corroborate previous data from our group showing
that that treatment with EGb improves long-term memory in a dose-dependent manner,
as assessed by conditioned suppression of licking behavior as well as modulation of
the spontaneous recovery of conditioned fear [11–13,52]. Here, we reveal a relationship
between acute EGb treatment and the persistence of non-aversive memory for the first
time. EGb-treated rats exhibit improvements in the recovery of memory for objects (what)
and temporal order of the items (when). Moreover, we showed that maintenance of
ORM caused by EGb treatment was associated with upregulation of BDNF in the dorsal
hippocampal formation. However, no difference was detected in BDNF protein expression
in the dHF between the vehicle, diazepam and naïve groups.

As mentioned in the introduction, novelty detection is associated with the hippocam-
pus [60] and entorhinal cortex [61]. Here, we found that EGb treatment resulted in up-
regulation of BDNF expression in the dorsal hippocampal formation 72 and 96 hr after
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acquisition of ORM, which was associated with the persistence of ORM and was not seen
in the control group [49,62,63].

Studies have shown that low levels of BDNF impair memory formation in animals
subjected to an object recognition task. Reduced expression of BDNF in the hippocampus
and parietal, entorhinal and frontal cortices results in noticeably reduced plasticity and
cognitive impairment, which are correlated with progression of neurodegeneration and
dementia [64]. In addition, it has been shown that EGb treatment can significantly enhance
the levels of BDNF expression in the mouse hippocampus, leading to reversal of neural
damage induced by acrylamide treatment [39]. The critical role of BDNF in the persistence
of fear memory was previously described. Increased expression of BDNF may reverse
memory deficits [22].

At the molecular level, BDNF is a modulator with a well-known effect on synaptic
transmission and plasticity in different areas of the central nervous system [65], which
contribute to the adaptative processes involved in consolidation of memory. CREB ex-
pression is modulated by multiple signalling pathways, including pathways associated
with PKA-MAPKs, CaMK, and N-methyl-D-aspartate receptors (NMDA-Rs), which can
converge to increase BDNF expression and modulate cytoskeleton protein synthesis and
anti-apoptotic activity and are involved in molecular adaptation processes such as den-
dritic growth and ramification and the formation of stable long-term potentiated synapses
necessary for consolidation processes.

Interactions of these different pathways, which converge on CREB and BDNF expres-
sion, are thought to be crucial for the effects of flavonoids on memory enhancement [1,66].
In previous studies from our group, we analysed the neural circuits and neurochemical
changes following EGb treatment and fear memory formation [13,15,57,60] as well as the ef-
fects of crude extract of erythrina (CE), flavonoidic fraction or isolated compounds from CE
on conditioned suppression [14,67]. EGb treatment prior to conditioning was subsequently
evaluated after 72 or 96 h during the extinction retention test, and EGb was demonstrated to
have effects on the spontaneous recovery of extinction. Furthermore, we showed that EGb
treatment (acute or chronic) before conditioning increased the levels of CREB expression
in the dorsal hippocampal formation. These data suggest that CREB expression might
be correlated with the upregulation of BDNF observed in the present study. Although
further studies are needed to better identify the mechanisms underlying object recognition
memory, our data show for first time that BDNF in the dorsal hippocampal formation is an
important target of EGb in promoting the persistence of object recognition memory.

4. Materials and Methods
4.1. Animals

A total of 120 experimentally naïve male Wistar rats (10 to 12 weeks old) were obtained
from the Center for the Development of Experimental Medicine and Biology (Universidade
Federal, São Paulo, Brazil). The animals were housed four per cage and provided food and
water ad libitum during the acclimatization period (15 days) and experimental procedure.
The animals were kept at a controlled temperature (21 ◦C ± 3) and relative humidity
(55 ± 10) on a 12-h light/dark cycle (lights on at 6:00). The experiments were performed
during the light cycle. All experimental procedures were approved by the local Committee
Governing the Ethics on the use of Animal Experimentation of the Federal University of
Sao Paulo (CEUA Unifesp 3447100417) and were conducted in accordance with the national
animal care legislation and guidelines (Brazilian Law 11794/2008), as suggested by the
APA Guidelines for Ethical Conduct in the Care. The animals were randomly assigned
to control and EGb-treated groups. The animals in the control groups were distributed
into the following three subgroups (n = 20/group): (I) the naïve group (no training/no
treatment; protein expression control); (II) the vehicle group (0.9% saline; control) and, (III)
diazepam-treated group (4 mg/kg, negative control). The animals in the EGb groups were
further divided into subgroups according to the dose administered: (I) 250 mg/kg; (II)
500 mg/kg, or (III) 1000 mg/kg (n = 20/group).
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4.2. Drug Administration

A previously described standardized Ginkgo biloba extract obtained from the green
leaves of Ginkgo biloba (EGb) that contained 24% ginkgo-flavoglycosides and 6% ginkgo-
terpenoid lactones [52] was used in all experiments. This extract has a formulation and
composition identical to the products registered in Germany (Dr. Willmar Schwabe Pharma-
ceuticals, Karlsruhe, Germany). The dose range of EGb was chosen according to previous
studies conducted in our laboratory [11,12,15,60]. According to previous data from our
group, 4 mg/kg diazepam impairs the acquisition of fear memory in rats, and for this
reason it was used as a negative control. EGb and diazepam were re-suspended in saline
0.9% (vehicle) and administered orally via an intragastric (IG) tube 30 min before the
training session (TR1). No substances were administered in the other trial sessions.

4.3. Apparatus and Objects

The novel object recognition (NOR) task was conducted in a white square arena made
of wood (40 × 40 × 40 cm), the floor of which was divided into different sections (central
and lateral squares). A video camera fixed 100 cm above the apparatus was used to record
all sessions for behavioral analysis. The objects used as the “sample objects” (old objects)
for the training session and as the “novel object” (recent object) for the test session were
chosen according to weight and size based on the literature [58]. The sample objects were
always placed in the same corner (right or left) of the open field and positioned at the
same place in the room to allow the use of distal cues. To minimize bias resulting from
individual preference for the specific objects, we chose objects with a similar texture and
colour pattern. In both the familiarization and test phases, rats were individually placed
at the midpoint of the opposite wall of the box facing the wall to prevent coercing the
rats to explore the objects. All experimental sessions were conducted using one rat from
each group (control or treated). After each rat was tested, the apparatus and objects were
carefully cleaned with 10% ethanol solution to remove odour cues [3,54,55].

4.4. Novel Object Recognition (NOR) Procedure

The testing protocol consisted of three phases (4 consecutive days): habituation,
familiarization (two days) and the test phase (two days). All behavioral sessions were
carried out between 8 a.m. and 1 p.m., including habituation of the animals to the testing
room and to the researchers (the handling period).

4.4.1. Handling

Prior to beginning the experimental sessions, all animals were subjected to handling
for a period of 20 min/day over 5 days (~2 min per rat each day) to avoid the effects of
excessive handling after transport, as the novelty of handling has been shown to affect the
acquisition of memory [58]. For the NOR test, the rats were individually transferred to and
maintained in the adjacent room under light of a controlled intensity for 10 min before the
sessions (Figure 1A).

4.4.2. Acquisition

On the 6th and 7th day all rats except those in the naïve group were allowed to freely
explore the sample objects in order for 15 min to allow habituation to the objects (sample
objects A and B) and the arena. This was considered the familiarization phase (F1 and
F2) and is when the acquisition of object recognition memory occurs [68]. To prevent bias
related to object exploration, the rats were placed against the centre of the opposite wall
with their back to the objects. After the animals were placed in the open field arena, the
experimenter left the room to avoid interfering with the animal’s behavior (Figure 1B,C).
Rationale for choosing of the familiarization procedure used in this study was based on
previous data from the literature, such as the study by Shimoda and colleagues. [69], which
showed no difference between the length of familiarization in the sample phase (5, 15 and
30 min) and subsequent novelty recognition performance at the test phase with a 24-h
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delay period. Complementarily, data from the study by Ozawa and colleagues suggest
that longer exploration of the objects in the familiarization period may allow animals to
make associations between each element of information, such as objects [70]. Moreover,
another study revealed that a sample session of 10 min each for three days supports the
encoding of strong object memory [60,71], and promotes persistence of object memory.
Consistent with these data and previous data from our lab showing the effects of EGb as a
cognitive enhancer [13,14,56,57] we hypothesized that associated effects, such as a longer
sample phase and EGb treatment, would improve recognition memory formation and
support the persistence of long-term recognition memory in rats in the object recognition
test (ORT), since both the familiarity and recollection components become less persistent
over time [22,23].

In addition, we counterbalanced the objects serving as A and B (e.g., a bottle served
as object A and a statuette served as object B for half of the rats; the pattern was reversed
for the remaining rats). Furthermore, the two objects had similar patterns (e.g., size and
no odour cues). As defined by Ennaceur and Delacour [72], the exploration of an object
was considered when the rat directed its nose at a distance ≥ 2 cm to the object and/or
touched it with the nose, while turning around or sitting on the object was not considered
an exploration.

4.4.3. Retention Test

All rats except those in the naïve group, were returned to the same chamber for
analysis of long-term memory (LTM) for the objects (8th day) (n = 20/group) (Figure 1A–E).
Each rat underwent a test trial that was identical to the second familiarization session
except that one object was identical to the sample trial (object A or B) and one object was
the novel object (object C). Twenty-four h after the end of the T1 session, half of the rats
were euthanized (n = 10/group). The remaining half (n = 10/group) was subjected to the
persistence test to evaluate the effects of EGb on the maintenance of memory.

4.4.4. Persistence Test

Previous data from the literature showed that long intervals of time lead to the deterio-
ration of LTM for objects and that the hippocampus is required for object memory encoding
after long intertrial intervals [73] and persistence of object recognition memory [74]. Thus,
we hypothesized that treatment with a cognitive enhancer could result in the maintenance
of LTM for objects over time. To evaluate the persistence of LTM (T2), an additional object
recognition test session was performed 24 h following the T1 session. Similar to the T1
session, one sample object (object A) and one novel (object C) were placed in the opposite
corners of the open field arena (right or left corner) in the T2 session. The session lasted
10 min (Figure 1A–E). Afterwards, the animal was removed from the test environment and
returned to the vivarium (n = 10/group).

4.5. Molecular Analysis
4.5.1. Total Protein Extraction and Quantification by the Bradford Assay

Twenty-four hours after the T1 (day 8) or T2 (day 9) session ended, the animals
(n = 5/group) were euthanized by decapitation. The dHF was rapidly removed, immedi-
ately frozen in liquid nitrogen and stored at −80 ◦C until extraction. Briefly, the samples
were homogenized in 1 mL of extraction buffer containing 50 mM Tris HCl, 100 mM NaCl,
50 mM NaF, 1 mM NaVO4, 0.5% NP-40, 10 µg/mL leupeptin, 10 µg/mL aprotinin and
0.5 mM PMSF and were incubated with the buffer for 20 min on ice. The sample lysates
were centrifuged at 4 ◦C and 14,000 rpm for 15 min. The supernatants were collected,
aliquoted and stored at −80 ◦C. Sodium orthovanadate (NaVO4) was used as a phos-
phatase inhibitor, and leupeptin, aprotinin and PMSF were used as protease inhibitors.
The protein concentrations of the supernatants were quantified with a NanoDrop 200c
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) using Bradford reagents
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(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s recommendations
and bovine serum albumin (BSA) as a standard.

4.5.2. Western Blotting

Homogenates (50µg of protein) were subjected to SDS-PAGE on a 12% polyacrylamide
gel (12% acrylamide, 0.1% w/v SDS, 0.1% (NH4) 2S2O8, Temed, 0.39 M Tris pH 8.8); 10% of
the elution volume of each extract was mixed with 4× buffer (100 mM Tris-HCl pH 6.8, 10%
v/v 2-mercaptoethanol, 4% w/v SDS, 0.02% w/v bromophenol blue, and 20% glycerol). Prior
to being added to the gel, the samples were denatured by heating at 100 ◦C for 5 min. The
potential difference applied was 200 V, and the current intensity was 150 mA. The running
buffer contained 25 mM Tris-base, 250 mM glycine and 0.1% SDS. After electrophoresis,
the proteins were transferred to a nitrocellulose membrane in transfer buffer (48 mM Tris,
39 mM glycine, 0.037% SDS and 20% methanol) and subjected to a potential difference
of 60 V and a current intensity of 150 mA. The transfer was performed at 4 ◦C for 3 h.
Nonspecific binding was then blocked by incubating the membrane with 5% skimmed milk
powder in PBS-T (phosphate-buffered saline, 137 mM NaCl, 10 mM phosphate, 2.7 mM
KCl, pH 7.4, and 0.1% Tween) for 1 h at room temperature under constant stirring. After
blocking, the membrane was washed (3×) in PBS-T solution for 10 min and cut based on
the size of the proteins to be evaluated. For BDNF detection, the membrane was incubated
with a BDNF primary antibody (dilution, 1:700) (700 rabbit Abcam®, Inc., Cambridge,
MA, USA) for 16 h at 4 ◦C under constant stirring. An anti-α-tubulin antibody) (dilution,
1: 10.000) (Sigma-Aldrich, St Louis, MO, USA) was used as the loading control. After
incubation, the membrane was incubated with a conjugated anti-rabbit secondary antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1: 10.000 in 5% skimmed milk
powder in PBS-T for 1 h at room temperature under constant agitation.

Finally, the membrane was washed (3×) times in PBS-T for 10 min. Immunoreac-
tivity was evaluated with the Immobilon Western Chemiluminescent HRP Substrate kit
(Millipore, Billerica, MA, USA). The bands were quantified using ImageQuant LAS 4000
(GE, Buckinghamshire, UK). The data were analysed using repeated-measures ANOVA
followed by Dunnett’s multiple comparisons.

5. Conclusions

Based on the findings from the present study, the persistence of memory is a process
associated with mechanisms initiated during consolidation that persist over time. Fur-
thermore, we reveal for the first time that EGb treatment before the acquisition of ORM
increases BDNF expression in the hippocampus in a dose-dependent manner, which is
associated with the persistence of object recognition memory. This finding was substanti-
ated by the different levels of BDNF expression observed during the T1 and T2 sessions
following treatment with 250 or 1000 mg/kg EGb. Conversely, rats treated with 500 mg/kg
EGb showed upregulation during the T2 session, which was not sufficient to maintain the
storage of recognition memory traces over time.

Supplementary Materials: The following are available online. Table S1: Recognition Index (RI)
values in the retention and persistence tests. Table S2: The levels of rearing and grooming during
analysis of long-term memory for objects sessions.

Author Contributions: Conceptualization, S.M.C. and J.M.C.; methodology, B.G.M., C.R.Z., T.B.M.
and B.H.N.N.; formal analysis, B.G.M., C.R.Z., T.B.M. and B.H.N.N.; investigation, B.G.M., S.M.C. and
J.M.C.; resources, B.G.M., C.R.Z., J.M.C. and S.M.C.; data curation, B.G.M., C.R.Z., T.B.M., B.H.N.N.,
J.M.C. and S.M.C.; writing—original draft preparation, B.G.M., J.M.C. and S.M.C.; writing—review
and editing, B.G.M., J.M.C. and S.M.C.; supervision, S.M.C. and J.M.C.; project administration,
S.M.C.; funding acquisition, S.M.C. All authors have read and agreed to the published version of
the manuscript.



Molecules 2021, 26, 3326 13 of 16

Funding: This study was supported by the São Paulo State Research Foundation (FAPESP) (grant
2016/18039-9 to SMC). BGM is a scholar from Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior-Brasil (CAPES)—Finance Code 001. CRZ is a Postdoctoral fellow from CNPq.

Institutional Review Board Statement: All procedures were approved by the Local Committee
Governing the Ethics on the Use of Animal Experimentation of the Federal University of Sao Paulo
(CEUA UNIFESP 2076240914) and were conducted in accordance with the Brazilian Law for the use
of animals in scientific research (Nº11.794) as suggested by the APA Guidelines for Ethical Conduct
in the Care.

Informed Consent Statement: Not applicable for studies not involving humans.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Spencer, J.P. Flavonoids: modulators of brain function? Br. J. Nutr. 2008, 99, ES60–ES77. [CrossRef] [PubMed]
2. Bakoyiannis, I.; Daskalopoulou, A.; Pergialiotis, V.; Perrea, D. Phytochemicals and cognitive health: Are flavonoids doing the

trick? Biomed. Pharmacother. 2019, 109, 1488–1497. [CrossRef] [PubMed]
3. Walesiuk, A.; Trofimiuk, E.; Braszko, J.J. Ginkgo biloba extract diminishes stress-induced memory deficits in rats. Pharmacol. Rep.

2005, 57, 176–187. [PubMed]
4. Shen, Y.-F.; Chou, Y.-H.; Yang, Y.-L.; Lu, K.-T. The role of the dorsal hippocampus on the Ginkgo biloba facilitation effect of fear

extinction as assessed with fear-potentiated startle. Psychopharmacology 2011, 215, 403–411. [CrossRef] [PubMed]
5. Sangiovanni, E.; Brivio, P.; Dell’Agli, M.; Calabrese, F. Botanicals as Modulators of Neuroplasticity: Focus on BDNF. Neural

Plast. 2017. [CrossRef]
6. Martin, Z.S.; Neugebauer, V.; Dineley, K.T.; Kayed, R.; Zhang, W.; Reese, L.C.; Taglialatela, G. α-Synuclein oligomers oppose

long-term potentiation and impair memory through a calcineurin-dependent mechanism: Relevance to human synucleopathic
diseases. J. Neurochem. 2012. [CrossRef]

7. Zhao, L.; Wang, J.L.; Liu, R.; Li, X.X.; Li, J.F.; Zhang, L. Neuroprotective, anti-amyloidogenic and neurotrophic effects of apigenin
in an Alzheimer’s disease mouse model. Molecules 2013, 18, 9949–9965. [CrossRef]

8. Maurer, K.; Ihl, R.; Dierks, T.; Frölich, L. Clinical efficacy of Ginkgo biloba special extract EGb 761 in dementia of the Alzheimer
type. J. Psychiatr. Res. 1997, 31, 645–655. [CrossRef]

9. Oken, B.S.; Storzbach, D.M.; Kaye, J.A. The efficacy of Ginkgo biloba on cognitive function in Alzheimer disease. Arch. Neurol. 1998.
[CrossRef]

10. Chen, Y.; Feng, Z.; Shen, M.; Lin, W.; Wang, Y.; Wang, S.; Li, C.; Wang, S.; Chen, M.; Shan, W.; et al. Insight into Ginkgo biloba L.
Extract on the Improved Spatial Learning and Memory by Chemogenomics Knowledgebase, Molecular Docking, Molecular
Dynamics Simulation, and Bioassay Validations. ACS Omega 2020. [CrossRef]

11. Oliveira, D.R.; Sanada, P.F.; Saragossa, F.A.C.; Innocenti, L.R.; Oler, G.; Cerutti, J.M.; Cerutti, S.M. Neuromodulatory property
of standardized extract Ginkgo biloba L. (EGb 761) on memory: Behavioral and molecular evidence. Brain Res. 2009, 1269.
[CrossRef]

12. Oliveira, D.R.; Sanada, P.F.; Filho, A.C.S.; Conceição, G.M.S.; Cerutti, J.M.; Cerutti, S.M. Long-term treatment with standardized
extract of Ginkgo biloba L. enhances the conditioned suppression of licking in rats by the modulation of neuronal and glial cell
function in the dorsal hippocampus and central amygdala. Neuroscience 2013, 235. [CrossRef] [PubMed]

13. Zamberlam, C.R.; Tilger, M.A.S.; Moraes, L.; Cerutti, J.M.; Cerutti, S.M. Ginkgo biloba treatments reverse the impairment of
conditioned suppression acquisition induced by GluN2B-NMDA and 5-HT1A receptor blockade: Modulatory effects of the
circuitry of the dorsal hippocampal formation. Physiol. Behav. 2019. [CrossRef]

14. de Oliveira, D.R.; Zamberlam, C.R.; Rêgo, G.M.; Cavalheiro, A.; Cerutti, J.M.; Cerutti, S.M. Effects of a Flavonoid-Rich Fraction on
the Acquisition and Extinction of Fear Memory: Pharmacological and Molecular Approaches. Front. Behav. Neurosci. 2016, 9.
[CrossRef]

15. de Oliveira, D.R.; Todo, A.H.; Rêgo, G.M.; Cerutti, J.M.; Cavalheiro, A.J.; Rando, D.G.G.; Cerutti, S.M. Flavones-bound in
benzodiazepine site on GABAAreceptor: Concomitant anxiolytic-like and cognitive-enhancing effects produced by Isovitexin
and 6-C-glycoside-Diosmetin. Eur. J. Pharmacol. 2018, 831, 77–86. [CrossRef]

16. Radiske, A.; Rossato, J.I.; Gonzalez, M.C.; Köhler, C.A.; Bevilaqua, L.R.; Cammarota, M. BDNF controls object recognition memory
reconsolidation. Neurobiol. Learn. Mem. 2017. [CrossRef]

17. Barbosa, F.F.; de Oliveira Pontes, I.M.; Ribeiro, S.; Ribeiro, A.M.; Silva, R.H. Differential roles of the dorsal hippocampal regions in
the acquisition of spatial and temporal aspects of episodic-like memory. Behav. Brain Res. 2012. [CrossRef] [PubMed]

http://doi.org/10.1017/S0007114508965776
http://www.ncbi.nlm.nih.gov/pubmed/18503736
http://doi.org/10.1016/j.biopha.2018.10.086
http://www.ncbi.nlm.nih.gov/pubmed/30551400
http://www.ncbi.nlm.nih.gov/pubmed/15886416
http://doi.org/10.1007/s00213-011-2244-1
http://www.ncbi.nlm.nih.gov/pubmed/21404038
http://doi.org/10.1155/2017/5965371
http://doi.org/10.1111/j.1471-4159.2011.07576.x
http://doi.org/10.3390/molecules18089949
http://doi.org/10.1016/S0022-3956(97)00022-8
http://doi.org/10.1001/archneur.55.11.1409
http://doi.org/10.1021/acsomega.9b03960
http://doi.org/10.1016/j.brainres.2008.11.105
http://doi.org/10.1016/j.neuroscience.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/23321541
http://doi.org/10.1016/j.physbeh.2019.04.023
http://doi.org/10.3389/fnbeh.2015.00345
http://doi.org/10.1016/j.ejphar.2018.05.004
http://doi.org/10.1016/j.nlm.2017.02.018
http://doi.org/10.1016/j.bbr.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22546523


Molecules 2021, 26, 3326 14 of 16

18. Eacott, M.J.; Gaffan, E.A. The roles of perirhinal cortex, postrhinal cortex, and the fornix in memory for objects, contexts, and
events in the rat. Q. J. Exp. Psychol. Sect. B 2005, 58, 202–217. [CrossRef]

19. Dere, E.; Huston, J.P.; De Souza Silva, M.A. Episodic-like memory in mice: Simultaneous assessment of object, place and temporal
order memory. Brain Res. Protoc. 2005, 16, 10–19. [CrossRef] [PubMed]

20. Crystal, J.D. Episodic-like memory in animals. Behav. Brain Res. 2010, 215, 235–243. [CrossRef] [PubMed]
21. Yonelinas, A.P.; Aly, M.; Wang, W.C.; Koen, J.D. Recollection and familiarity: Examining controversial assumptions and new

directions. Hippocampus 2010. [CrossRef]
22. Bekinschtein, P.; Cammarota, M.; Igaz, L.M.; Bevilaqua, L.R.M.; Izquierdo, I.; Medina, J.H. Persistence of Long-Term Memory

Storage Requires a Late Protein Synthesis- and BDNF- Dependent Phase in the Hippocampus. Neuron 2007, 53, 261–277.
[CrossRef]

23. Mandler, G. Familiarity Breeds Attempts: A Critical Review of Dual-Process Theories of Recognition. Perspect. Psychol. Sci. 2008.
[CrossRef] [PubMed]

24. Ennaceur, A.; Neave, N.; Aggleton, J.P. Spontaneous object recognition and object location memory in rats: The effects of lesions
in the cingulate cortices, the medial prefrontal cortex, the cingulum bundle and the fornix. Exp. Brain Res. 1997. [CrossRef]
[PubMed]

25. Dere, E.; Huston, J.P.; De Souza Silva, M.A. Integrated memory for objects, places, and temporal order: Evidence for episodic-like
memory in mice. Neurobiol. Learn. Mem. 2005. [CrossRef] [PubMed]

26. Dere, E.; Kart-Teke, E.; Huston, J.P.; De Souza Silva, M.A. The case for episodic memory in animals. Neurosci. Biobehav. Rev. 2006,
30, 1206–1224. [CrossRef]

27. Langston, R.F.; Wood, E.R. Associative recognition and the hippocampus: Differential effects of hippocampal lesions on object-
place, object-context and object-place-context memory. Hippocampus 2010. [CrossRef]

28. Mumby, D.G.; Glenn, M.J.; Nesbitt, C.; Kyriazis, D.A. Dissociation in retrograde memory for object discriminations and object
recognition in rats with perirhinal cortex damage. Behav. Brain Res. 2002. [CrossRef]

29. Balderas, I.; Rodríguez-Ortiz, C.J.; Salgado-Tonda, P.; Chávez-Hurtado, J.; McGaugh, J.L.; Bermúdez-Rattoni, F. The consolidation
of object and context recognition memory involve different regions of the temporal lobe. Learn. Mem. 2008, 15, 618–624. [CrossRef]

30. Miranda, M.; Morici, J.F.; Gallo, F.; Piromalli Girado, D.; Weisstaub, N.V.; Bekinschtein, P. Molecular mechanisms within the
dentate gyrus and the perirhinal cortex interact during discrimination of similar nonspatial memories. Hippocampus 2021.
[CrossRef]

31. Callaghan, C.K.; Kelly, Á.M. Differential BDNF signaling in dentate gyrus and perirhinal cortex during consolidation of
recognition memory in the rat. Hippocampus 2012. [CrossRef] [PubMed]

32. Dees, R.L.; Kesner, R.P. The role of the dorsal dentate gyrus in object and object-context recognition. Neurobiol. Learn. Mem. 2013.
[CrossRef] [PubMed]

33. Squire, L.R.; Wixted, J.T.; Clark, R.E. Recognition memory and the medial temporal lobe: A new perspective. Nat. Rev.
Neurosci. 2007. [CrossRef] [PubMed]

34. Barker, G.R.I.; Warburton, E.C. When is the hippocampus involved in recognition memory? J. Neurosci. 2011. [CrossRef]
35. Yonelinas, A.P.; Ranganath, C.; Ekstrom, A.D.; Wiltgen, B.J. A contextual binding theory of episodic memory: Systems consolida-

tion reconsidered. Nat. Rev. Neurosci. 2019. [CrossRef] [PubMed]
36. Rossato, J.I.; Bevilaqua, L.R.M.; Myskiw, J.C.; Medina, J.H.; Izquierdo, I.; Cammarota, M. On the role of hippocampal protein

synthesis in the consolidation and reconsolidation of object recognition memory. Learn. Mem. 2007. [CrossRef]
37. Kelly, A.; Laroche, S.; Davis, S. Activation of mitogen-activated protein kinase/extracellular signal-regulated kinase in hippocam-

pal circuitry is required for consolidation and reconsolidation of recognition memory. J. Neurosci. 2003. [CrossRef]
38. Martínez-Moreno, A.; Rodríguez-Durán, L.F.; Escobar, M.L. Late protein synthesis-dependent phases in CTA long-term memory:

BDNF requirement. Front. Behav. Neurosci. 2011. [CrossRef]
39. Wang, C.; Li, Z.; Han, H.; Luo, G.; Zhou, B.; Wang, S.; Wang, J. Impairment of object recognition memory by maternal bisphenol A

exposure is associated with inhibition of Akt and ERK/CREB/BDNF pathway in the male offspring hippocampus. Toxicology 2016.
[CrossRef]

40. Alonso, M. ERK1/2 Activation Is Necessary for BDNF to Increase Dendritic Spine Density in Hippocampal CA1 Pyramidal
Neurons. Learn. Mem. 2004, 11, 172–178. [CrossRef]

41. Leal, G.; Afonso, P.M.; Salazar, I.L.; Duarte, C.B. Regulation of hippocampal synaptic plasticity by BDNF. Brain Res. 2015.
[CrossRef] [PubMed]

42. Dudai, Y.; Eisenberg, M. Rites of passage of the engram: Reconsolidation and the lingering consolidation hypothesis. Neuron
2004, 44, 93–100. [CrossRef] [PubMed]

43. Tyler, W.J.; Alonso, M.; Bramham, C.R.; Pozzo-Miller, L.D. From acquisition to consolidation: On the role of brain-derived
neurotrophic factor signaling in hippocampal-dependent learning. Learn. Mem. 2002, 9, 224–237. [CrossRef] [PubMed]

44. Alonso, M.; Vianna, M.R.M.; Depino, A.M.; Mello E Souza, T.; Pereira, P.; Szapiro, G.; Viola, H.; Pitossi, F.; Izquierdo, I.; Medina,
J.H. BDNF-triggered events in the rat hippocampus are required for both short- and long-term memory formation. Hippocampus
2002, 12, 551–560. [CrossRef]
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