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Abstract

memory depends.

precision of remote place memory.

the memory depends.

Background: During permanent memory formation, recall of acquired place memories initially depends on the
hippocampus and eventually become hippocampus-independent with time. It has been suggested that the quality
of original place memories also transforms from a precise form to a less precise form with similar time course. The
question arises of whether the quality of original place memories is determined by brain regions on which the

Results: To directly test this idea, we introduced a new procedure: a non-associative place recognition memory
test in mice. Combined with genetic and pharmacological approaches, our analyses revealed that place memory is
precisely maintained for 28 days, although the recall of place memory shifts from hippocampus-dependent to
hippocampus-independent with time. Moreover, the inactivation of the hippocampal function does not inhibit the

Conclusion: These results indicate that the quality of place memories is not determined by brain regions on which

Introduction

The hippocampus is a key brain structure for learning
and memory [1-3]. Recall of some associative and spatial
memories initially depends on the hippocampus, but
that hippocampal dependency progressively decays over
time, a process that is associated with a gradual increase
of neocortex-dependency [4-9]. It has been suggested
that the quality of original memories also transforms
from a precise (i.e., detailed) form to a less precise (i.e.,
more schematic or generic) form with similar time
course [10-12]. The question arises of whether changes
in the quality of the original memories depend on the
shift in brain regions on which the recall of these mem-
ories relies, i.e., whether the hippocampus is always
required for the precision of memories. This is an
important question for understanding physiological sig-
nificances of the hippocampal-cortical complementary
memory systems.
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There are several studies that address this issue in
rodents. Using a contextual fear conditioning paradigm,
which is an associative learning between a place and
aversive experience, some studies demonstrated that the
hippocampus is always necessary for the precision of
place memories [13,14], supporting the memory trans-
formation view [11] in which the quality of place mem-
ory correlates with the brain region on which that
memory depends. By contrast, another study demon-
strated that the hippocampus is not required for mem-
ory precision after the passage of time [15], supporting
the memory reorganization view [9] in which the quality
of place memory does not correlate with the brain
region. Importantly, this discrepancy can be attributed
to differences in experimental protocols used for asso-
ciation with fear [15]. Because association with fear
modifies (i.e., strengthen or generalize) the precision
[16,17], we cannot rule out the possibility that fear asso-
ciation may mask the actual precision of place memory.
Moreover, contextual fear conditioning indirectly evalu-
ates the place memory by measuring fear responses.
Analyses based on association procedures may not be
suitable for evaluating the precision. A direct way to
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address this issue is to measure the place memory per se
without association protocols. In this study, we intro-
duced a new procedure: a one-trial and non-associative
place recognition test in mice. The clear advantage is
the absence of any explicit reinforcement. In this proce-
dure, we simply placed mice in a previously experienced
vs. novel place. In the previously experienced place,
mice exhibited habituation (reduced motility). In the
novel context, mice did not show this reduction in moti-
lity. Thus, we evaluated the adaptation level as an index
of the successful retrieval of place memory. Mice quickly
acquired place memory during a free exploration and
clearly discriminate experienced place from novel place.
Especially mice maintained these memories for one
month, which is different from the case in rats [18].
This procedure allows us to directly evaluate the preci-
sion of remote place memory. Using this procedure
combined with genetic and pharmacological approaches,
we examined the relationship between the precision of
place memory and the brain region on which that mem-
ory depends.

Materials & methods

Animals

All animal procedures were conducted in compliance
with the guidelines of the National Institutes of Health
and were approved by the Animal Care and Use Com-
mittee of the University of Toyama and the Mitsubishi
Kagaku Institute of Life Sciences. For WT experiments,
male C57BL/6JSLC mice at 8 weeks of age were pur-
chased from Sankyo Laboratory (Japan). For experiments
using inducible cAMP response element binding protein
(CREB) repressor transgenic mice [19,20] and a-Cal-
cium-calmodulin kinase II heterozygous null mutant
mice [21-23], the progeny for each line was produced
using in vitro fertilization and embryo transfer techni-
ques to produce a number of animals sufficient for
behavioral testing. Age- and gender-matched littermates
were used for the tests. All behavioral experiments were
conducted and analyzed by scientists blind to the geno-
types of the animals. Food and water were provided ad
libitum.

Cannulation and drug infusion

We used a surgical procedure described previously
[24,25]. Briefly, mice were implanted bilaterally with
stainless steel guide cannulae (Eicom) using the follow-
ing stereotactic coordinates: AP = -2.0 mm, ML = + 1.5
mm, V = -2.1 mm from the bregma. Mice were allowed
to recover for at least 14 days in individual home cages.
To transiently inactivate hippocampus, a fluorescently-
labeled y-aminobutyric acid subtype A receptor agonist
(FCM, fluorophore-conjugated muscimol; Molecular
Probe) was used. Mice were briefly anesthetized with
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isoflurane to facilitate the insertion of the injection can-
nula. FCM (0.8 mM, 0.5 ul) or PBS alone was infused
into the dorsal hippocampus at a rate of 0.20 pl/min 60
min before the retrieval test. The fluorescent signals of
FCM were distributed in the dorsal hippocampus bilat-
erally. To inhibit protein synthesis in the hippocampus,
anisomycin (ANI, 100 pg/ul, 0.75 pl; Sigma) was infused
into the dorsal hippocampus bilaterally at a rate of 0.25
pl/min 10 minutes after the learning. For the i.p. injec-
tion of ANI, ANI (150 mg/kg, i.p.) was dissolved in PBS
(pH adjusted to 7.0-7.4) and administered to mice 10
minutes after the learning. At this dose, ANI inhibits
90% of protein synthesis in the brain during the first 2
hours [26]. For the i.p. injection of (R)-CPP (10 mg/kg,
i.p.; Tocris), an antagonist of N-methyl-D-aspartate
receptors, (R)-CPP was dissolved in PBS and adminis-
tered to mice 4.5 hours before the learning. To examine
the effects of disrupting CREB function on place mem-
ory formation, we used the transgenic mice that express
an inducible CREB repressor in the forebrain, where a
dominant-negative CREB protein is fused with the
ligand binding domain of a mutant estrogen receptor
[19]. Tamoxifen (4-hydroxytamoxifen; 16 mg/kg, i.p.
TAM; Sigma), which was dissolved in 10 ml of peanut
oil (Sigma), or peanut oil only (OIL) was administered
to WT or transgenic mice 6 hours before the learning
session.

Place memory test

Mice were housed individually in plastic cages with
laboratory bedding at least 2 weeks before behavioral
analyses and maintained on a 12:12 h light:dark cycle.
Learning and testing sessions were conducted during
the light cycle in a dedicated soundproof behavioral
room (Room A: ASA4030, DR40, YAMAHA, JAPAN,
(width x depth x height: 1640 x 1640 x 2160 mm,
respectively) or other behavioral room (Room B: width
x depth x height: 3200 x 4380 x 2240 mm, respec-
tively). The square-type (S) chamber had a transparent
acrylic-board front wall and gray side and back walls
(width x depth x height: 175 x 165 x 300 mm, respec-
tively), and the chamber floors consisted of 26 stainless
steel rods with a diameter of 2 mm that were placed 5
mm apart. The circle-type (C) chamber is cylindrical
(diameter x height: 170 x 270 mm, respectively) and has
a white acrylic-board wall and floor (Figure 1B). During
the learning session, mice were placed in the chamber
(S or C chamber). After 6 minutes, mice were then
returned to their home cages. During the testing session,
mice were placed back into experienced chamber or the
novel chamber for 3 minutes. At the end of each ses-
sion, mice were returned to their home cages and the
chambers were cleaned with water and 80% ethanol. All
experiments were conducted using a video tracking
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Figure 1 Mice discriminate places in non-associative place recognition test. A, Experimental design. B, Photographs of a square-type
chamber and a circular-type chamber. Scale bars, 10 cm. C, Recent place memory test. Kinetics of motility in the learning and testing sessions.
Blue line, S-S; red line, S-C; n = 6-7/group. D, Motility in the first 3 minutes during the learning or testing session in chamber S (white bars) or
chamber C (black bars). n = 6-7/group. ***P < 0.001, **P < 0.01. Error bars indicate SEM.
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system (Muromachi Kikai; Japan) to measure the moti-
lity of the animals. The motility was calculated as the
cumulative area of movement (pixel size) per 0.1 sec in
the learning and testing sessions.

Contextual fear conditioning

Contextual fear conditioning was carried out as
described previously [24,27,28]. Briefly, during the train-
ing session, mice were placed in the conditioning cham-
ber (S) in Room A. After 3 minutes, animals were
subjected to three unsignaled footshocks (2 sec duration,
0.5 mA, a min apart). After the last shock, mice
remained in the chamber for 1 minute and were then
returned to their home cages. During the testing session,
mice were placed back into the conditioning chamber
(S) or the novel chamber (C) for 3 minutes in Room A
at 1 day or 28 days after training. At the end of each
session, mice were returned to their home cages and the
chambers were cleaned with water and 80% ethanol. All
experiments were conducted using a video tracking sys-
tem (Muromachi Kikai; Japan) to measure the freezing
behavior of the animals. Freezing was defined as a com-
plete absence of movement, except for respiration. Scor-
ing of the duration of the freezing responses was started
after 1 sec of sustained freezing behavior.

Statistical analyses

All data are presented as mean + SEM. The number of
animals used is indicated by “n”. Comparisons between
two-group data were analyzed by unpaired Student’s t-
tests or paired t-tests. Multiple group comparisons were

assessed using a one-way, two-way, or repeated

measures analysis of variance (ANOVA), followed by
the post-hoc Scheffe’s test when significant main effects
or interactions were detected. The null hypothesis was
rejected at the P < 0.05 level.

Results

Mice were exposed to a novel square-type (S) chamber
to learn this place (Figure 1A, B). One day later, mice
were again exposed to the same chamber or a novel cir-
cle-type (C) chamber to test memory retrieval (Figure
1A, C). We monitored the motility of mice in the cham-
bers and evaluated the adaptation level for the experi-
enced or novel chamber as an index of the successful
retrieval of place memory (Figure 1C, D). Mice showed
a reduction in their motility when exposed to the same
S chamber (paired t-test; £t = 9.96, P < 0.001) (Figure
1D). By contrast, a six-minute exposure to the S cham-
ber did not induce adaptation in the novel C chamber
(paired t-test; £ = -0.07, P > 0.9) (Figure 1C, D). We
obtained a similar result when we changed the sequence
(C-C paired t-test: t5 = 8.39, P < 0.001; C-S paired t-
test: tg = 1.16, P > 0.2) (Figure 1D). These results indi-
cate that mice quickly learn the place and completely
discriminate the experienced place from the novel place
one day after learning. Thus, the adaptation can be used
to index place memory.

To validate the potency of this procedure as place
memory test, we have characterized the molecular
mechanisms of place memory formation (Figure 2). We
found that the injection of NMDA receptor antagonist
disrupted the adaptation 1 day after learning (Figure
2A), and that the tamoxifen-injected CREB transgenic
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Figure 2 Place memory formation requires NMDA receptor function, CREB-mediated transcription, and protein synthesis in the
hippocampus. A-£, Experimental design used with data presented below. A, Effect of an antagonist of the NMDA receptor on place memory
formation. Motility in the first 3 minutes during the learning or testing session in chamber S. SAL (saline), CPP, or CPP treatment-only
(homecage) groups. There was a significant interaction between adaptation and drug treatment (repeated ANOVA: F; 47 = 1342, P < 001). n =
10-12/group. B, Effect of inducible repression of CREB function on place memory formation. Motility in the first 3 minutes during the learning or
testing session in chamber S. There was a significant interaction between adaptation and genotype (repeated ANOVA: F; 33y = 7.32, P < 0.02). n
= 6-9/group. C, Effect of i.p. injection of ANI on long-term place memory. Motility in the first 3 minutes during the learning or testing session in
chamber S. SAL, ANI, or ANI treatment-only (homecage) groups. Injection of ANI disrupted long-term place memory. There was a significant
interaction between adaptation and drug (repeated ANOVA: F; 47y = 15.89, P < 0.001). n = 10-12/group. D, Effect of i.p. injection of ANI on
short-term place memory. Injection of ANI did not affect short-term place memory. n = 10/group. £, Effect of infusion of ANI into dorsal
hippocampus on consolidation of place memory. There was a significant interaction between adaptation and drug (repeated ANOVA: F(; 51y =
12.14, P < 0.001). n = 5-6/group. ***P < 0.001. **P < 0.01. *P < 0.05. Error bars indicate SEM.

mice showed less adaptation for chamber S compared
with the other groups (Figure 2B), and that an injection
of anisomycin into the dorsal hippocampus disrupted
the adaptation 1 day after learning (Figure 2E) but not
short-term memory (Figure 2C, D). Thus, similar to
other forms of hippocampus-dependent memory [3,29],
the place memory formation requires the NMDA recep-
tor function, the CREB-mediated transcription (Figure
2B), and the protein synthesis in the hippocampus.
Next, we examined the maintenance of place memory
28 days after learning (Figure 3A). In the retrieval test,
mice showed adaptation for the experienced S chamber
(paired t-test: t5 = 6.48, P < 0.002), but not for the novel
C chamber (paired t-test: t; = 0.35, P > 0.7) (Figure 3A),
indicating that mice can discriminate the experienced
place from the novel place 28 days after learning. We

further examined the precision of their remote place
memory in a variable-rooms/constant-chamber condi-
tion, in which mice were placed for 6 minutes in the S
chamber in room A and 28 days later these mice were
placed in the same S chamber in a different room B
(Figure 3A). In novel room B, mice did not show adap-
tation, even for the previously experienced S chamber
(A-B, paired t-test: t;¢p = -1.69, P > 0.1) (Figure 3A),
indicating that mice can detect changes outside of the
chamber. This seems to be a similar feature of hippo-
campal representations, global remapping, in which both
the firing location and firing rates of hippocampal pyra-
midal cells change in variable-room/constant-chamber
conditions [30,31]. These results indicate that the preci-
sion of place memory does not decline with time in
mice, even with one-trial learning. In marked contrast,
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Figure 3 The precision of non-associative place memory does not decline with time. A, B, Experimental design used with data presented
below. A, Remote place memory in non-associative place memory test. Motility in the first 3 minutes during the learning or testing session in
chamber S/Room A (white bar), or chamber C/Room A (black bar), or chamber S/Room B (gray bar). There was a significant interaction between
adaptation and chamber (chamber S/Room A vs chamber C/Room A; repeated ANOVA: F(; 53 = 13.54, P < 0.01) (chamber S/Room A vs
chamber S/Room B; repeated ANOVA: F; 33y = 31.86, P < 0.001). n = 6-11/group. B, Recent (1 day: n = 9-10/group) or remote (28 days: n = 19-
20/group) contextual fear conditioning memory tests. Training was carried out in the S chamber. Freezing behavior averaged over the 3-minute

test sessions in chamber S/Room A (conditioned, white bars) or chamber C/Room A (novel, black bars). There was a significant interaction
between day and chamber (two-way ANOVA: F(; sg = 10.08, P < 0.01). ***P < 0.001, **P < 0.01. Error bars indicate SEM.

mice seemed not to discriminate between the S chamber
and the C chamber in a remote memory test for contex-
tual fear conditioning (Figure 3B). Mice showed high
freezing behavior in both chambers in the 28-day mem-
ory retrieval test (S vs C, t3; = -0.20, P > 0.8), although
mice showed less freezing in the novel C chamber than
in the conditioning S chamber in a one-day memory
retrieval test (S vs C, t;; = 3.18, P < 0.01) (Figure 1E), as
previously reported [13,15,24,32-34]. These results indi-
cate that the fear association can mask the precision of
place memory, whose mechanisms may be related to
feed-forward inhibition growth in the hippocampus [34].

Alpha-calcium-calmodulin kinase II (a.-CaMKII) het-
erozygous null mutant (HKO) mice [21] have severe
deficits in cortical long-term potentiation (LTP),
whereas hippocampal CA1 LTP is normal [35]. The
HKO mice showed high motility compared with age-
matched litter mate wild-type mice (motility/3 min in
Chamber S; WT (n = 10), 192876 + 11743 pixel; HKO
(n = 10), 274844 + 15573 pixel; ;5 = -4.2, P < 0.001), as
previously reported [22]. Interestingly, HKO mice
showed a complete deficit in place memory 28 days
later (paired t-test: £15, = -0.36, P > 0.7), whereas one-
day memory was normal (paired t-test; £;3 = 9.09, P <
0.001) (Figure 4A). This suggests that cortical plasticity
contributes to remote place memory formation. Here,
we hypothesized that place memory temporally depends
on the hippocampus. To test this, we assessed the con-
tribution of the hippocampus to the retrieval of recent
and remote place memories through the transient and
pharmacological inactivation of the dorsal hippocampus
(Figure 4B-D) [24]. The intrahippocampal infusion of

fluorescently-labeled muscimol (FCM) [36] significantly
inhibited the retrieval of 1-day memory (Figure 4B). The
infusion of FCM also disrupted memory formation (Fig-
ure 4C). Treatment with FCM infusion alone did not
affect natural motility (Figure 4B, C). Thus, hippocampal
function is essential for the formation and retrieval of
recent place memory. Next we examined the remote
memory test. In the retrieval test for 28-day memory,
both FCM- and phosphate buffered saline (PBS)-infused
mice clearly showed adaptation to remotely experienced
S chamber (PBS paired t-test: £ty = 6.30, P < 0.001; FCM
paired t-test: £;0 = 16.9, P < 0.001) (Figure 4D, left
panel). There was no interaction between adaptation
and drug treatment (repeated ANOVA: F(;, 41y = 0.35, P
> 0.5). Subsequently, the same animals were subjected
to recent memory retrieval test in which hippocampus
was inactivated 60 min before the test by additional
FCM infusion. The infusion of FCM significantly inhib-
ited adaptation for the recently experienced C chamber
(Figure 4D, right panel). There was a significant interac-
tion between adaptation and drug treatment (repeated
ANOVA: Fq, 41y = 27.1, P < 0.001), indicating that the
FCM infusion effectively inactivated the hippocampal
function in these animals. Therefore, the retrieval of
remote place memory is completely hippocampal neuro-
nal activity-independent.

Finally, we examined whether hippocampal function is
required for the precision of remote place memory
retrieval. In the retrieval test for 28-day memory, FCM-
infused mice were placed in the experienced S chamber
or novel C chamber (Figure 4E). FCM-infused mice
showed adaptation for the experienced S chamber
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Figure 4 The retrieval and precision of remote, but not recent, place memory does not require hippocampal function. A-£, Experimental
design used with data presented below. A, Recent and remote place memory in CaMK Il heterozygous null mutant (HKO) mice. Motility in the
first 3 minutes during the learning and testing session. There was a significant interaction between adaptation and day (repeated ANOVA: F; s3)
= 36.55, P < 0.001). n = 13-14/group. B, C, Effect of the fluorescently-labeled muscimol (FCM) injection into the hippocampus on the formation
(O) and the retrieval (B) of recent place memory. Motility in the first 3 minutes during the learning or testing session. There was a significant
interaction between adaptation and drug (Figure 4B, repeated ANOVA: F; 19 = 23.61, P < 0.001) (Figure 4C, repeated ANOVA: F; 33 = 21.29, P
< 0.001). D, Effect of FCM infusion into the hippocampus on the retrieval of remote and recent place memory. Chamber S was used for the
remote memory retrieval test. Chamber C was used for the recent memory retrieval test. n = 10-11/group. E, Effect of the FCM infusion into the
hippocampus on the retrieval of remote place memory in different chambers and rooms. Motility in the first 3 minutes during the learning or
testing session. There was a significant interaction between adaptation and chamber (chamber S/Room A vs chamber C/Room A; repeated
ANOVA: Fy, 39) = 35.71, P < 0.001) (chamber S/Room A vs chamber S/Room B; repeated ANOVA: F(; 43 = 34.99, P < 0.001). n = 10-12/group. ***P
< 0.001. Error bars indicate SEM.

(paired t-test: to = 12.06, P < 0.001), whereas FCM-
infused mice did not show adaptation for the novel C
chamber (paired t-test: £y = -0.68, P > 0.5) (Figure 4E).
We further examined the variable-rooms/constant-
chamber condition 28 days after learning (Figure 4E).
Similar to naive mice (Figure 3A), FCM-infused mice
did not show adaptation for the experienced S chamber
in the novel room B (paired t-test: £;; = -0.84, P > 0.4)
(Figure 4E). These results indicate that the pharmacolo-
gical inactivation of hippocampal function does not inhi-
bit the precision of remote place memory.

Discussion
In this study, we carried out the contextual fear condi-
tioning test and the non-associative place recognition

test under the same experimental condition (same cham-
bers and same exposure time to chamber) (Figure 3).
These results clearly indicate that the association with
fear masks the actual precision of place memory. More-
over, in contextual fear conditioning mice showed the
freezing responses even for unconditioned place in recent
memory test (Figure 3B) [13,15,24,32-34], whereas in our
non-associative place recognition test mice did not show
any adaptation behavior even for similar place in remote
memory test (Figure 3A). Therefore, the conclusions of
previous studies using contextual fear conditioning
[13-15] need to be validated by non-associative protocol.
Thus, we examined the contribution of hippocampal
function on the precision of remote place memory by
non-associative place recognition test.
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Using this procedure, we found that the place memory
is precisely maintained for 28 days, which may require
a-CaMKII-dependent plasticity in the cortex, and that
the retrieval of remote place memory (not recent mem-
ory) does not require hippocampal function. These
results indicate that the quality of a place memory does
not correlate with the brain region on which that mem-
ory depends. Moreover, we found that the inactivation
of hippocampal function does not inhibit the precision
of remote place memory. These results indicate that the
hippocampal function is not required for the precision
of remote place memory. This is consistent with a
human case study in which a patient with bilateral
extensive hippocampal damage showed intact memories
for places learned long ago, but not intact recent place
memory [37]. Eight patients with bilateral hippocampal
damage were able to recall their remote autobiographi-
cal memories [38]. Thus, the quality of original place
memories is not determined by brain regions on which
the memory depends.
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