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Abstract
Objective: To study the relationship of the expression of phosphorylated cyclic AMP response
element-binding protein (pCREB) and early growth response protein 1 (Egrl) in the hippo-
campus of aged mice with retrieval of consolidated spatial memory in a water maze. Methods:
Twenty-four aged mice were allocated into no training or probe test (naive), no training but
exposed to the same probe test (NTPRT), received training and probe test (PRT), and received
training but no probe test (NPRT) groups. Twelve mice were trained in a water maze over 14
days. After the final probe trial on day 15, all mice were anesthetized and the brains were re-
moved. pCREB immunoreactivity (pCREB-ir) and Egrl immunoreactivity (Egrl-ir) in the hip-
pocampal CALl and CA3 areas were examined. Results: pCREB-ir and Egrl-ir in the CAl and
CA3 areas of the NPRT and PRT groups were significantly higher than those of the naive and
NTPRT groups, and those in the PRT group were significantly higher than in the NPRT group.
In all groups, pCREB-ir was significantly higher in the CA3 area compared to the CA1 area,
while Egrl-ir was significantly higher in the CA1 area compared to the CA3 area. Conclusion:
Retrieval, as well as formation, of consolidated spatial memory in the water maze is corre-
lated with expression of pCREB and Egrl in the hippocampus of aged mice.
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Introduction

According to their temporal stability, memories can be divided into at least 2 distinct
forms: short-term memory (STM) and long-term memory (LTM). Formation of LTM is
dependent on gene regulation and de novo protein synthesis that are required for synaptic
enhancement [1]. The cyclic AMP response element-binding protein (CREB) is a key tran-
scription factor that has been implicated in LTM formation across different species [2-5].
Phosphorylation/activation of the transcription factor CREB (pCREB) on Ser 133 by cyclic
AMP- or Ca?*-dependent protein kinase is critical for LTM consolidation [6-8]. Numerous
studies have shown that spatial memory formation was associated with increased pCREB
within the hippocampus [9-11], while decreased levels of CREB or disruption of CREB-
dependent transcription in the dorsal hippocampus interferes with spatial memory without
affecting STM [5, 12-14]. The early growth response protein 1 (Egr1), also known as zif268,
Krox24, TZs8, Zenk, or NGF-I-A [15], is an immediate early gene encoding the zinc finger tran-
scription factor of the Egr family and is regulated by CREB activity [16].

Previous work has shown that CREB is crucial for the consolidation of long-term condi-
tioned fear memories, but not for encoding, storage, or retrieval of these memories [17]. The
present study is aimed to investigate the expression of pCREB and Egrl in aged mice during
spatial probe test to evaluate retrieval of consolidated spatial memory in the Morris water maze.

Animals and Methods

This study was approved by the Committee on the Care and Use of Laboratory Animals,
Zhongshan Hospital, Fudan University, Shanghai, China.

Animals

A total of 24 male mice of the C57BL/6 strain (8 months old at arrival; Shanghai Labo-
ratory Animal Center, Chinese Academy of Sciences) were studied. Mice were housed in
groups of 6 to a cage. They were maintained on a 12-hour light-dark artificial cycle (lights on
at 7:00 a.m.) in a temperature (22°C)- and humidity-controlled (60%) colony room and had
ad libitum access to food and water. The experiment started when the mice were 16 months
old and weighing approximately 25-35 g. They were tested during the light phase between
7:00 a.m. and 7:00 p.m.

C57BL/6 mice were chosen because they are one of the background strains commonly
used to construct transgenic mouse models with the goal of identifying molecular mecha-
nisms critical for learning and memory function. In the strategy preference test, C57BL/6
mice preferred a place strategy and expressed higher levels of pCREB in the hippocampus
after place training [18].

Apparatus

The water maze consisted of a swimming pool based on that described by Morris [19]
and adapted for mice. It consisted of a circular tank (120 cm in diameter, 50 cm in height),
filled to a depth of 30 cm with water maintained at 25 + 1°C. We chose a white maze to
improve the image quality and avoid the addition of white nontoxic paint or milk which might
have had an impact on the results. The pool was located in a room uniformly illuminated by
ahalogenlampand equipped with various distal cues. Located inside the pool wasaremovable,
circular (10 cm in diameter) platform made of transparent Plexiglas, positioned such that its
top surface was 1.0 cm below the water surface. The platform, which served as refuge from
the water, is generally located in the center of an arbitrarily defined quadrant of the maze.
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The located quadrant platform was defined to be the target quadrant. Data were collected
using a video camera fixed to the ceiling of the room and connected to a video recorder and
to a video tracking system (Videotrack; Viewpoint).

Behavioral Procedures

Pretraining

Three days prior to the acquisition phase, each mouse received a pretraining session that
consisted of (1) placing the mouse on the platform where it had to stay for atleast 15 s, (2) a
60-second swimming period, and (3) several trials of climbing onto the platform until each
animal was able to climb without help. This nonspatial procedure was required to avoid
confusion between procedural aspects of the task and subsequent spatial performance [20].

General Training Procedure

During the place navigation test, which lasted for 14 days, mice were subjected to a daily
4-trial session. Each trial consisted of releasing the mouse into the water facing the outer edge
of the pool at one of the quadrants and letting the animal escape to the submerged platform
before 60 s had elapsed. A trial terminated when the animal reached the platform, where it
remained for 15 s. Mice that failed to find the platform within this time limit were placed onto
the platform by the experimenter and had to stay there for 15 s before being removed and
placed back in their home cage for an equal intertrial interval. The releasing point differed in
each trial and different sequences of releasing points were used from day to day. On the 4th,
7th, 11th, and 14th day, the animals underwent probe trials at 2 different releasing points,
replacing the 4-trial session, which consisted of letting the mouse swim in the pool while the
platform was removed for a fixed duration (60 s) as averaged. Animal movements were
recorded using the video track system. The computer data were processed using Excel. This
processing allowed us to calculate the escape latency (time required to find the platform, in
seconds) and the percentage of time spent in the target quadrant. In percentages, more than
30% meant the acquisition of the spatial reference memory. On day 14, all 12 aged mice were
familiar with the maze and they were randomized into the no probe test (NPRT) group and the
probe test (PRT) group. On day 15, the PRT group was subjected to a probe test while the NPRT
group was not. Mice of the NTPRT (no training but exposed to the same probe trial experience)
group (n = 6) were submitted to a probe test after a 3-day pretraining session and sacrificed
together with the PRT and NPRT groups. The undisturbed mice of the naive group (n = 6) were
handled similarly to the other trained animals prior to the acquisition phase, and taken out of
their home cages to be sacrificed altogether with the PRT, NPRT and NTPRT groups.

All behavioral measures were analyzed on day 14 by a repeated measure analysis of
variance (ANOVA) and measures of the NPRT and PRT groups using the independent samples
t test (SPSS Statistics 17.0), with p < 0.05 considered statistically significant.

Immunohistochemical Procedures

On day 15, mice were deeply anesthetized at 15 min after the probe trial and perfused
transcardially with ice-cold phosphate-buffered solution (PBS) and 4% paraformaldehyde. The
brains were removed, postfixed overnight in 4% paraformaldehyde/PBS, and placed in 30%
sucrose until they sank. Coronal sections (30 um) were cut on a microtome and collected in PBS.

Immunofluorescence

Blocking of nonspecific epitopes was performed with 3% serum and 0.1% bovine serum
albumin in PBS with 0.3% Triton X for 30 min at room temperature and then in the primary
antibody (Phospho-CREB Rabbit mAb, 1:200 or Egrl Rabbit mAb, 1:200; Cell Signaling).
Sections were incubated for 48 h at 4°C and then washed in PBS and incubated for 2 h with a
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1:200 dilution of Cy3 goat anti-rabbit IgG antisera (Jackson). Nuclear counterstaining was
performed with 4’,6-diamidino-2-phenylindole (DAPI; Sigma) for 30 min at room temper-
ature before 3 washes with dH,0 for 1 min each. Afterwards the sections were coverslipped.

Quantification and Analysis of Inmunohistochemical Data

Quantitative analysis was performed using an imaging analysis system (Leica QWin). The
experimenter was blind to the experimental groups of the examined mice. For all analyses of
regions, counts were taken bilaterally with a 20x objective from atleast 5 consecutive sections
per animal and the grey of positive nuclei per square micrometer was averaged to produce a
mean. Quantification of pCREB- and Egrl-immunoreactive neurons was performed in the
CA1 and CA3 area of the dorsal hippocampus. Immunohistochemical data were expressed as
mean + SEM and analyzed by ANOVA (4 groups) and the paired samples t test (CA1 vs. CA3;
SPSS Statistics 17.0). Significance of results was accepted at p < 0.05.

Results

Behavioral Results

The training protocol led to a good consolidated spatial memory of the platform location.
Figure 1 shows the performance of the mice from day 1 to day 14. The mice progressively
learned the task, as indicated by decreasing latencies from day 1 to day 13 and increasing
percentages from day 4 to day 14. This was confirmed by analyses of variance performed on
data from the whole training period (from day 1 to day 14), yielding the main effect time
(F9,126=22.08,p < 0.0001; fig. 1a), and the main effect was on day 12 (F = 152.41, p < 0.0001).
When analyzing performance from day 4 to day 14, statistical analyses showed significant
effect times (F3 30 =11.32, p < 0.0001; fig. 1b), preceding the asymptotic level of performance
reached at day 11 (data not shown). Memory of the platform location was assessed with the
probe trial on days 4, 7, 11, and 14. Percentages of the time spent in the target quadrant
relative to the opposite quadrant (t = 229.448, p < 0.0001; fig. 1c) revealed a great retention
of the platform location. There was no difference in the performance of day 14 between the
NPRT and PRT groups (t = 0.075, p = 0.789; fig. 1d). There was no thigmotaxis and floating
behavior during training, and statistical analyses of the mean swim speed during training did
not reveal any significant group effect (F < 1, p > 0.3).

Immunohistochemical Results

Can the probe test trigger the expression of pCREB and Egr1 in the hippocampus of mice?
To solve this question, we compared the levels of pCREB and Egr1 in the naive, NTPRT, NPRT
and PRT groups. All mice were sacrificed at 15 min after the final probe trial on day 15 (fig. 2).
Activation of the ERK/CREB pathway in the CA1 area was at 0-15 min after paired condi-
tioning, but at 0-1 and 9-12 h after unpaired conditioning as revealed by immunocytochem-
istry and Western blotting. Egrl protein induction reached its maximum levels after approx-
imately 1-2 h by various types of stimulation [21, 22] and a biphasic pattern of CREB phos-
phorylation in the hippocampal CA1 area (at 15 min and 9 h), whereas a monophasic pattern
was detected in the CA3 area (15 min) after the final probe trial on day 9 [23]. So we selected
the time point of 15 min after the final probe test on day 15 to sacrifice the mice. The results
showed that the levels of pCREB immunoreactivity (pCREB-ir; fig. 2a, c) and Egr1 immunore-
activity (Egrl-ir; fig. 2b, c) in the CA1 and CA3 areas of the NPRT group were significantly
lower than those of the PRT group (all p values <0.05). The pCREB-ir and Egrl-ir levels in
both the CA1 and CA3 areas of the NPRT and PRT groups were significantly higher than those
of the naive and NTPRT controls (all p values <0.05), and there was no difference between
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Fig. 1. Acquisition of the spatial reference memory task. a Mice acquired the reference memory task as ex-
pressed by the mean escape latency after training sessions. b, ¢ Memory of the platform location was as-
sessed by probe tests on days 4, 7, 11, and 14. The percentages of the time spent in the target quadrant reveal
a great retention of the platform location. d No difference was observed in the percentages of time spent in
the target quadrant between the PRT and NPRT groups. Data are mean * SEM; n = 6 for the NPRT or PRT
groups. Behavioral measure data of both groups on day 14 were analyzed using the independent samples
ttest: p = 0.982, and other data were analyzed using a repeated measure ANOVA: *p < 0.0001.

naive and NTPRT groups (all p values >0.05). In all groups, the level of pCREB-ir (fig. 2a, c)
was significantly higher in the CA3 area compared to the CA1 area (all p values <0.05), while
the level of Egrl-ir (fig. 2b, c) was significantly higher in the CA1 area compared to the CA3
area (all p values <0.05).

Discussion
The present study demonstrated an increased expression of pCREB and Egrl in the
dorsal hippocampus during spatial probe test to evaluate retrieval of consolidated spatial

memory. In this study, all mice in the PRT and NPRT groups acquired spatial memory and did
not differ in the acquisition of a platform location in the Morris water maze by the end of
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Fig. 2. The probe tests triggered upregulation of pCREB and Egrl in the hippocampus of the PRT group.
a pCREB-ir levels in the CA1 and CA3 areas of all groups. b Egrl-ir levels in the CA1 and CA3 areas of all
groups. ¢ Representative photomicrographs illustrating pCREB-ir and Egr1-ir in the CA1 and CA3 areas of all
groups. Data are mean * SEM; n = 6 for each experimental group. Immunohistochemical data were analyzed
by ANOVA (p > 0.05: naive vs. NTPRT; * p < 0.05: NPRT and PRT vs. naive or NTPRT; ° p < 0.05: NPRT vs. PRT)
and by the paired samples t test (¥ p < 0.05: CA1 vs. CA3).
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training. Therefore, we can conclude that in the PRT group, the increase of pCREB and Egr1l
in the hippocampus is due to the probe test rather than enhanced learning. However,
expression of pCREB and Egrl in the NTPRT group is significantly lower than in the PRT
group. Our findings are supported by a previous study, which found that a strong CA1 CREB
phosphorylation was observed immediately after training irrespective of acquisition of the
behavior. In contrast, at 15 min after training, the changes in the CA1 CREB phosphorylation
state were specifically related to the individual behavioral performance [23].

Considerable studies have reported that acquisition of spatial learning was associated
with a progressive increase in pCREB in the hippocampus [11, 23-25], and place learning was
facilitated by expression of CREB in the dorsal hippocampus [7]. Overexpression of dCREB2-q,
the Drosophila equivalent of mammalian CREB, enhanced the formation of long-term olfactory
learning [26]. Blockade of ERK1/2 activation disrupted retention of unpaired and paired
conditioning, but did not affect STM [8]. Since CREB is a downstream target of ERK1/2, inhi-
bition of ERK1/2 activation led to the blockade of CREB activation [27, 28]. In addition, over-
expression of dominant negative CREB in the dorsal hippocampus eliminated spatial bias in
the water maze [12], and overexpression of mutant CREB blocked LTM, but not STM, for a
socially transmitted food preference [29]. Costa-Mattioli et al. [30] examined the effects of
forskolin or 4 trains at 100 Hz [both induce late long-term potentiation (LTP) and stimulate
CREB-mediated gene expression] in wild-type and GCN2-/- slices. Both protocols showed
that ATF4 was increased and that CREB and expression of the immediate early gene Egr-1,
regulated by CREB, were decreased in the GCN2-/- mice, which was associated with a specific
impairment of hippocampus-dependent learning and memory, including contextual fear
conditioning and spatial memory tested in the Morris water maze after more intense training.
CREB inactivation at approximately 4 h after training blocked memory storage of different
tasks [5, 12] and also LTP late maintenance (i.e. persistence beyond 2-4 h) [31, 32]. The study
of Guzowski and McGaugh [5] showed that pretraining intrahippocampal infusion of CREB
antisense oligodeoxynucleotides produces disruptions in CREB protein levels, and this
disruption impairs retention in rats trained in the Morris water maze, suggesting an impor-
tance of CREB in the consolidation of memory processes. The activation of Egr1 is necessary
for the generation of late LTP or for the formation of LTM [33]. Genetic studies in mice have
also supported the conclusion that Egr1 is critical for memory formation. Egrl knockout mice
show impaired LTM but intact STM, including spatial learning [15].

We used immunohistochemistry to investigate whether probe trials induce expression
of pCREB and Egr1 in the dorsal hippocampus (both in the CA1 and CA3 areas). We chose the
hippocampus because it has been demonstrated that the CA3 network can support a recall
mechanism named pattern completion [34], which could be involved in some instances of
contextual fear recall [35]. Our results show that expression of Egr1 is significantly higher in
the CA1 area compared to the CA3 area, while pCREB is significantly higher in the CA3 area.
An in situ hybridization study [36] demonstrated that basal expression of Egrl, without
intentional neuronal stimulation, is strongest in the CA1 area but very low in the dentate
gyrus. Our findings are consistent with the view that has emerged from a previous study in
contextual fear memory, which reports that contextual information is rapidly processed in
the autoassociative CA3 network and sent to the CA1 network to be stored ultimately in the
neocortex [37]. Our results are also strengthened by previous work showing that CA3 NMDA
receptors are crucial for rapid hippocampal encoding of unique events [38]. The levels and
activities of CREB in the neuron might differ dramatically during acquisition and retrieval.
The current results show that the expression of pCREB and Egrl increases in the hippo-
campus during probe test after retrieval of consolidated spatial memory. Several studies have
shown that the expression of Egrl increases in several corticolimbic brain structures after
retrieval of consolidated fear memories [39, 40]. Nevertheless, lesion studies in contextual
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fear memory did not show any disruption of contextual fear retrieval following inactivation
of the dorsal hippocampal CA1 or CA3 subregions during a contextual memory test [37].
The molecular events underlying learning and memory have increasingly become an
area of intense interest. The present findings provide evidence for spatial probe test-induced
changes in pCREB and Egr1 in the hippocampus of aged mice. The findings of this and other
studies [41] support the hypothesis that expression of pCREB and Egr1 in the hippocampus
is a crucial step for spatial memory reactivation. Hippocampus-dependent memory impair-
ments are prevalent in both aged humans and rodents [42]. Based on these findings, we are
currently carrying out further experiments to examine whether retrieval is impaired when
pCREB and Egr1 expression is pharmacologically abolished, and to show whether there is a
causal relationship between pCREB and Egr1 expression and retrieval of spatial memory.
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