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The Medial Prefrontal Cortex Is Involved in Spatial Memory
Retrieval under Partial-Cue Conditions
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Brain circuits involved in pattern completion, or retrieval of memory from fragmented cues, were investigated. Using different versions
of the Morris water maze, we explored the roles of the CA3 subregion of the hippocampus and the medial prefrontal cortex (mPFC) in
spatial memory retrieval under various conditions. In a hidden platform task, both CA3 and mPFC lesions disrupted memory retrieval
under partial-cue, but not under full-cue, conditions. For a delayed matching-to-place task, CA3 lesions produced a deficit in both
forming and recalling spatial working memory regardless of extramaze cue conditions. In contrast, damage to mPFC impaired memory
retrieval only when a fraction of cues was available. To corroborate the lesion study, we examined the expression of the immediate early
gene c-fos in mPFC and the hippocampus. After training of spatial reference memory in full-cue conditions for 6 d, the same training
procedure in the absence of all cues except one increased the number of Fos-immunoreactive cells in mPFC and CA3. Furthermore, mPFC
inactivation with muscimol, a GABA agonist, blocked memory retrieval in the degraded-cue environment. However, mPFC-lesioned
animals initially trained in a single-cue environment had no difficulty in retrieving spatial memory when the number of cues was
increased, demonstrating that contextual change per se did not impair the behavioral performance of the mPFC-lesioned animals.
Together, these findings strongly suggest that pattern completion requires interactions between mPFC and the hippocampus, in which

mPFC plays significant roles in retrieving spatial information maintained in the hippocampus for efficient navigation.
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Introduction
Only rarely does memory retrieval occur in the presence of a
complete set of cues used during memory formation. Most of the
time, degraded cues are provided and yet they are sufficient to
activate the entire memory. Theoretical models suggest that the
ability to recall an entire memory from its fragments can be
achieved through associative recall or pattern completion in the
CA3 area of the hippocampus, which forms an associative mem-
ory network with extensive recurrent collaterals (Marr, 1971;
Treves and Rolls, 1994; Hasselmo et al., 1995). In support of this
idea, lesion and NMDA receptor knock-out in CA3 disrupt ani-
mals’ performance in finding target locations under partial-cue
conditions (Nakazawa et al., 2002; Gold and Kesner, 2005), and
CA3 neurons display coherent activity response between the orig-
inal and cue-altered environment (Lee et al., 2004; Vazdarjanova
and Guzowski, 2004). Thus, CA3 plays an essential role in spatial
pattern completion.

Few studies have investigated the possibility that brain struc-
tures other than CA3 might be involved in pattern completion.
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Considering its dynamic interactions with the hippocampus, the
medial prefrontal cortex (mPFC) is another candidate structure.
This idea has been developed by observations that the neural
activity of mPFC s highly correlated with activity in hippocampal
cells (Jones and Wilson, 2005; Siapas et al., 2005) and that the
hippocampus and mPFC compensate each other for processing
of spatial memory (Lee and Kesner, 2003). Moreover, it has been
observed that neurons in the prelimbic/infralimbic area (PL/IL)
of mPFC display goal- or location-specific firing properties sim-
ilar to hippocampal place cells (O’Keefe and Dostrovsky, 1971;
Hok et al., 2005). In addition, experimental evidence regarding
extra-hippocampal  structures  for  reorganization  of
hippocampus-dependent memory indicates that the anterior
cingulate cortex (Cgl) and PL/IL of mPFC are crucial for the
consolidation and expression of remote memory, respectively
(Frankland et al., 2004; Maviel et al., 2004).

The mPFC consists of several interconnected regions. Among
them, PL/IL receives the highest density of direct projections
from CA1 and the subiculum (Jay and Witter, 1991; Conde et al.,
1995). Moreover, long-term potentiation and depression exist in
the hippocampo-prefrontal pathway, and such altered synaptic
plasticity correlates with behavioral performance (Burette et al.,
1997; Farinelli et al., 2006). Thus, mPFC (PL/IL area) as one of the
main output structures of the hippocampus is expected to be
implicated in spatial pattern completion. To address this, we
trained rats with mPFC or CA3 lesions in two different types of
the Morris water maze task with a complete set of cues (Morris et
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al.,, 1982) and then tested their retrieval performance in the
incomplete-cue environment. Using c-fos immunohistochemis-
try, we also examined whether partial-cue removal activates neu-
rons in mPFC. Finally, the GABA receptor agonist muscimol was
infused into mPFC to examine its role, specifically in the expres-
sion of spatial memory under the partial-cue condition. These
experiments allowed us to determine that mPFC may be required
for spatial memory retrieval when available cues were reduced.

Materials and Methods

Subjects. Male Sprague Dawley rats (260—320 g; Orient Bio, Kyunggi-do,
Korea) were housed individually in standard plastic cages. They were
maintained on a 12 h light/dark cycle with access to food and water ad
libitum. All behavioral procedures were conducted during the light phase
of the cycle.

Surgery. Animals were deeply anesthetized with sodium pentobarbital
(60 mg/kg, i.p.) and placed on a stereotaxic instrument (David Kopf
Instruments, Tujunga, CA). The scalp of each rat was incised, and the
skull was adjusted to place bregma and lambda on the same horizontal
plane. Small burr holes were drilled for either electrolytic lesions or the
implantation of cannulas. For electrolytic lesions, stainless-steel elec-
trodes (0.3 mm in diameter) insulated with Epoxylite, except for 0.7 mm
at the tip, were lowered bilaterally into the brain according to the follow-
ing coordinates: (1) dorsal CA3 lesions: (a) 2.5 mm posterior, 2.6 mm
lateral, and 3.4 mm ventral to bregma; (b) 3.3 mm posterior, 3.3 mm
lateral, and 3.8 mm ventral to bregma, (c) 4.1 mm posterior, 4.0
mm lateral, and 4.2 mm ventral to bregma; (2) mPFC lesions: (a) 2.5 mm
anterior, 0.6 mm lateral, and 4.0 mm ventral to bregma, (b) 3.5 mm
posterior, 0.6 mm lateral, and 3.8 mm ventral to bregma (Paxinos and
Watson, 1998). When the electrodes were in place, 1 mA, 15 s current was
passed through the electrode. Sham groups received the same surgical
procedures with exception that no current was passed. As for the implan-
tation of cannulas, 26 gauge double guide cannulas (Plastics One,
Roanoke, VA) were placed in mPFC: 3.0 mm anterior, 0.6 mm lateral,
and 2.8 mm ventral to bregma (Paxinos and Watson, 1998). The cannu-
las were secured in place with anchoring screws and dental cement.
Thirty-three gauge dummy cannulas were inserted into the 0.5 mm ven-
tral of the guide cannulas to prevent clogging. The scalp was then closed
with suture. The animals were allowed to recover for at least 7 d, during
which they were handled daily.

Water maze apparatus. Behavioral testing was conducted in a circular
metal water maze tank (157 cm in diameter, 60 cm in height) that was
filled with water (24 = 1°C) made opaque by adding powdered milk. A
transparent Plexiglas platform (10 cm in diameter, 47 cm in height) was
submerged 3 cm below the water surface and placed in one of the quad-
rants. The maze was located in the center of a well-lit room and sur-
rounded by black curtains (50 cm from the pool periphery), which con-
tained four distinct visual cues. The swimming path of each rat was
monitored by an overhead video camera connected to a personal com-
puter and analyzed by an automated tracking system (SmarTrack; Smart-
ech, Madison, WI).

Spatial reference memory task. Before starting behavioral training, all
rats were habituated to the water maze and observed for their swimming
abilities by giving them a 90 s swim trial with no escape platform present.
On the following day, they were subjected to the hidden platform version
of the Morris water maze (Morris etal., 1982). The animals were required
tolocate a hidden platform that remained in the same position in relation
to external visual cues during training days. The training was performed
in blocks of three trials per day. To begin each trial, the rats were placed in
the water, facing the maze wall, from one of three quadrants, except for
the target quadrant containing the hidden platform. The daily order of
entry into these quadrants was randomized. Each trial ended once the
animals had found the platform; if the rats had not found the platform
within 90 s, they were guided there by an experimenter. After a period of
30 s on the platform, the rats were immediately replaced at a different
start position for the next trial. At the end of a training session, the rats
were dried and returned to their home cage.

Spatial working memory task. Whereas the water maze and its sur-
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rounding setup were the same in the spatial reference memory task, the
delayed matching-to-place (DMP) version was used to assess the ani-
mals’ spatial working memory (Steele and Morris, 1999). Throughout
training, the escape platform was located 3 cm below the surface of the
water in one of eight separate places within the pool (see Fig. 34). The
locations of the platform were altered from one day to the next in a
pseudorandom manner, and the use of two locations in the same quad-
rant on two successive days was avoided. The DMP training lasted for 8 d.
The trials began at four equally spaced points (north, east, south, and
west) in a randomized sequence with rats facing the wall. Four trials were
given per day with an intertrial interval (ITI) of 5 min, during which rats
were kept in holding cages.

Spatial memory retrieval test. Probe trials were conducted 3 h after
finishing daily training to evaluate the animals’ retrieval performance of
spatial memory under full-cue or partial-cue conditions (Nakazawa et
al., 2002). The rats were released from the quadrant opposite to where the
platform was and were allowed to swim for 90 s in the absence of the
platform. We measured the percentage of time the rats spent in the area,
which corresponded exactly to the area occupied by the platform during
the training period. For the partial-cue probe trials, one cue that was
located more distant from the platform was kept and the other three cues
were removed from the surrounding curtains (Nakazawa et al., 2002).

Cue-place acquisition task. The rats were trained to swim to a visible
platform, which was marked by a black and white striped plastic ball (5
cm in diameter, 10 cm high) and was raised 1 cm above the water surface.
Four external cues were removed from the surrounding curtains to min-
imize interference from previously learned spatial information and to
direct the animals’ attention to the visible cue as much as possible. Train-
ing consisted of five trials with a 40 min ITI. For each trial, the location of
the cued platform was moved to a different quadrant, and the start points
were arranged so that the distance to the platform relative to the start
point was constantly maintained across trials.

Intracranial microinjection. Muscimol (Sigma, St. Louise, MO), a
GABA agonist, was dissolved in artificial CSF (aCSF), pH 7.2-7.4, to a
concentration of 0.5 ug/0.5 ul. Muscimol was chosen to reversibly inac-
tivate mPFC without affecting the fibers of passage. A 33 gauge dual
internal cannula (Plastics One) extending 1 mm below the end of the
guide cannula was connected to a 10 ul Hamilton syringe (Hamilton,
Reno, NV) via polyethylene tubing (inner diameter, 0.38 mm; outer
diameter, 1.1 mm), which was backfilled with distilled water. A small air
bubble separated the water from the infusate. Either muscimol or aCSF
was injected bilaterally at a rate of 0.15 ul/min using an infusion pump
(model 101; KD Scientific, Holliston, MA). The injection quantity was
0.5 ul/side (Lee and Kesner, 2003). The internal cannula was left in place
for an additional 2 min to allow drug diffusion away from its tips. The
rats were then returned to their home cages, and any abnormality in
movement from the drug injection was carefully examined for 30 min
before they were placed in the maze.

Fos immunohistochemistry and cell counting. Seventy minutes after
training, rats were anesthetized with sodium pentobarbital (60 mg/kg,
i.p.) and were perfused transcardially with 0.9% NaCl followed by 4%
paraformaldehyde in PBS, pH 7.4. Brains were then removed, postfixed
overnight at 4°C in the same fixative, and transferred to 30% sucrose in
PBS for cryoprotection. They were coronally cut (16 wm thick) with a
cryostat (CM 3000; Leica, Nussloch, Germany). After washing free-
floating sections in Tris buffered saline (TBS), they were pretreated with
a solution containing 3% bovine serum albumin and 0.2% Triton X-100
in TBS (TBST) for 60 min to block unspecific antibody binding. The
sections were then incubated with primary rabbit anti-c-fos antibody
(1:1000; Calbiochem, San Diego, CA) for 60 min at room temperature.
After washing in TBST three times, the sections were placed in cyanine 3
(Cy3) goat-anti-rabbit IgG (1:1000; Invitrogen, Carlsbad, CA) contain-
ing blocking solution for 60 min. The sections were rinsed in TBST three
times and stained with 4’,6'-diamidino-2-phenylindole (DAPI) (10
png/ml in TBS) for 10 min to counterstain nuclei. After washing, the
sections were coverslipped with aqueous mounting medium (Biomeda,
Foster City, CA).

For quantitative analysis, the regions of interest, mPFC and the hip-
pocampus, were chosen because these structures are essential for pattern
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completion according to our lesion studies. Images of each region were
obtained with an Axioskop 2 epifluorescent microscope (Zeiss, Thorn-
wood, NY) equipped with a CoolSNAP HQ digital camera (Roper Scien-
tific, Tucson, AZ) and MetaView software (Universal Imaging, West
Chester, PA). The light level and camera exposure times against each
sample were kept constant. Fluorescence was visualized with a UV filter
(365 nm excitation) for DAPI and a green filter (546 nm excitation) for
Cy3, and then two subsequent pictures were imported separately to
Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) and superimposed.
Three images (200 X 200 wm) per animal were taken for cell counting in
PL,IL, CAL, CA3, the inner blade of dentate gyrus (iDG), and outer blade
of dentate gyrus (0DG). Fos-immunoreactive (IR) cells were counted by
an experimenter blind to the behavioral conditions. All neurons revealed
by DAPI staining (blue) and Fos-IR cells revealed by Cy3 labeling (red)
were counted. A neuron with Fos expression detected in its nucleus was
considered as a Fos-IR cell because the immediate early genes function as
transcription factors in the nucleus. We then calculated the ratio of
Fos-IR neurons to DAPI-labeled cells per image. The percentages of three
images were averaged as a mean and treated as n = 1. Percentages for the
following regions were combined as the pooled means: (1) mPFC, PLand
1L; (2) DG, iDG and oDG.

Experimental procedures. In the first experiment, rats with CA3 lesions
(n=10), mPFClesions (n = 11), and their sham operations (sham-CA3,
n = 5; sham-mPFC, n = 6) were trained in the hidden platform version
of the Morris water maze. Because there was no significant difference
between the two sham-operated groups ( p > 0.5), they were combined
into one (sham). Performance of memory retrieval was examined using
probe trials under full-cue (FC) or partial-cue (PC) conditions. After a 1
week rest period, three groups were subjected to the delayed matching-
to-place version. Spatial working memory retrieval was then tested with
three probe trials (first, second, and third: P1, P2, and P3, respectively).
In the second experiment, we examined whether training experience in
the partial-cue environment induced Fos expression in mPFC. Rats were
initially trained to find a hidden platform with four distal cues for 6 d and
then assigned to either FC (n = 8) or PC (1 = 8) groups. On the final day,
the FC group received the normal seventh training session, whereas the
PC group was subjected to the training in the absence of three extramaze
cues. Seventy minutes later, they were killed for evaluating Fos expres-
sion. To compare the number of Fos-IR neurons affected by nonmne-
monic factors (Pace et al., 2005; Teather et al., 2005), two control groups
were added. The naive (n = 4) group did not receive any training,
whereas the yoked (n = 5) group was subjected to swimming in the maze
with no platform for the duration of time comparable with the FC and
the PC groups. In the third experiment, another set of rats with mPFC
lesions (n = 11) and sham operations (n = 11) were trained in the hidden
platform version in the single-cue environment so as to investigate
whether contextual change disrupted the behavioral performance of
mPFC-lesioned animals. Their spatial memory was evaluated in a probe
trial under multiple-cue conditions. In the fourth experiment, we inves-
tigated whether mPFC inactivation disrupted spatial memory retrieval.
Rats received training in the hidden platform version, and then probe
trials were performed with infusions of either muscimol (# = 9) or aCSF
(n=09).

Histology. After the completion of the behavioral experiments, histo-
logical verification of lesion areas and cannula placements was per-
formed. All rats were killed with an overdose of sodium pentobarbital (80
mg/kg) and were transcardially perfused with 0.9% saline, followed by a
10% formaldehyde solution. After extraction, the brains were postfixed
in the same fixative overnight, transferred to 30% sucrose in 10% form-
aldehyde solution, and were stored at 4°C until they sank to the bottom.
They were cut into 50 wm coronal sections with a freezing microtome
(SM 2000R; Leica). The sections then were mounted on gelatin-coated
slides, stained with cresyl violet and coverslipped with Permount, and
examined under light microscopy. To quantify the extent of electrolytic
damage to the hippocampus and mPFC, lesion boundaries were recon-
structed using NTH ImageJ 1.38. The CA2 region was included in mea-
surement of CA3 because CA2 resembles a terminal portion of CA3
(Gold and Kesner, 2005). The extent of lesions was expressed as the
percentage of mean volume of each area in the sham group. Only rats
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with correct bilateral lesions (at least 70% of CA3 and mPFC) or with
both cannula tips in mPFC were included in the data analysis.

Statistical analysis. For all experiments, group comparisons for escape
latency, total distance, and swim speed were analyzed with repeated-
measures ANOVA, followed by a Bonferroni’s post hoc test, whereas
group differences for target platform occupancy and mean Fos-IR counts
were determined using Student’s ¢ tests or one-way ANOVA with a Schef-
{&’s post hoc test. Differences of probe trials within the same group were
compared with repeated-measures ANOVA. A Fisher’s least significant
difference post hoc test was conducted to determine whether each group
searched significantly longer in the target platform area than in the other
areas. All t tests were two tailed. Only p < 0.05 was considered to be
statistically significant. All data were reported as means and SEM, unless
specified otherwise.

Results

The mPFC and CA3 lesions disrupt spatial memory retrieval
under partial-cue conditions

Using the hidden platform version of the Morris water maze, we
evaluated the effects of the CA3 and mPFClesions on the animals’
ability to acquire and retrieve spatial reference memory. The ex-
tent of lesions within each area is presented in Figure 1. A quan-
titative analysis revealed that 82.32 = 9.86% of CA3, 8.93 =
3.98% of CAl, and 3.87 = 3.81% of DG were damaged by the
lesion targeted on CA3 (mean = SD). The mPFC lesion was
centered on PL (86.11 = 13.75%), including IL (42.72 % 22.24%)
and anterior portions of the Cgl (55.87 = 28.21%, mean * SD).
The CA3, the mPFC, and the sham groups were trained to find a
submerged platform under full-cue conditions. Over 10 d, all
groups required progressively less time to escape to the platform
(Fo.261) = 55.33, p < 0.001) (Fig. 2A), and there were no signif-
icant differences in the escape latency and average swimming
speed among the groups (no group effects for each measure,
F(520) < 2.4, p > 0.05; no group X day interactions for each
measure, F(jg,5;) < 1.7,p > 0.05) (Fig. 2A, C). Total distance was
also decreased gradually (Fg,6,) = 57.62, p < 0.001) (Fig. 2B),
but a significant effect of groups was observed (F, ,9) = 4.07, p <
0.05). A post hoc analysis (Bonferroni’s procedure) revealed that
the CA3 group moved a slightly longer distance than the mPFC
group ( p < 0.05). This difference might have resulted from an
increased level of activity because of the hippocampal lesion (Te-
itelbaum and Milner, 1963; Godsil et al., 2005).

Probe trials were performed 3 h after finishing each regular
training procedure on day 7 (P1), day 9 (P2), and day 10 (P3) to
access spatial memory retrieval by measuring the percentage time
the rats spent in the platform area. On day 7 (P1), a repeated-
measures ANOVA showed that all groups spent significantly
more time in the target platform area than in the equivalent areas
of the other three quadrants (CA3, F;,;, = 5.54, p < 0.01;
mPEC, F(; 5 = 23.65, p < 0.001; sham, F 5, = 12.54, p <
0.001) (Fig. 2D, P1). The target platform occupancy also did not
differ among groups (F, o) = 0.07, p > 0.9) (Fig. 2 F, P1). Thus,
neither CA3 nor mPFC lesion had any influence on the animals’
ability to acquire and retrieve spatial reference memory.

After training 2 more days to prevent any extinction that may
have occurred during the first probe trial, we conducted the sec-
ond probe trial (P2) under the partial-cue condition in which all
but one extramaze cue were removed from the surrounding cur-
tains. The sham group displayed significantly higher occupancies
of the phantom target platform position relative to other posi-
tions (sham, F 5 55, = 19.02, p < 0.001), whereas the CA3 and the
mPFC groups failed to show such a preference (CA3, F; ,,) =
237, p > 0.09; mPEC, F; 5, = 2.45, p > 0.08) (Fig. 2D, P2).
One-way ANOVA of the target occupancy time revealed a clear
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group effect (F(, ,5) = 6.18, p < 0.01) (Fig.
2 F, P2). A post hoc analysis (Scheffé’s test)
demonstrated that the partial-cue removal
significantly disrupted the search prefer-
ence of the CA3 and the mPFC groups
compared with the sham group ( p values
<0.05).

To test whether the poor performance
of the CA3 and the mPFC groups was at-
tributable to oblivion of spatial memory,
we restored the full-cue training environ-
ment and performed the third probe trial
(P3). All groups searched significantly
more in the target platform position than
in any other platform position (CA3,
Fisay) = 849, p < 0.001; mPFC, F; 5 =
10.09, p < 0.001; sham, F350)=24.69,p <
0.001) (Fig. 2D, P3). The retrieval ability
of the CA3 and the mPFC groups for the
target platform was recovered as much as
that of the sham group (F, ,4) = 0.03, p >
0.9) (Fig. 2F, P3), suggesting that faster
memory loss cannot explain why the CA3
and the mPFC groups performed poorly in
the partial-cue probe trial.

mPFC is necessary for retrieving fast
acquired memory under partial-cue
conditions but not for one-trial learning
We next examined whether CA3 and
mPFC lesions disrupted acquisition of
novel platform locations in the DMP task,
in which the location of the platform was
altered daily in a pseudorandom manner
(Fig. 3A). For data analysis and presentation, the time needed to
locate the platform was measured, and the 8 DMP training days
were subdivided into four blocks of 2 consecutive days. Because
the animals had no previous knowledge of the platform location,
the mean latencies for the first trials of each block were relatively
long, but no difference was found among groups (block 1, F(, 4},
=0.27,p > 0.76; block 2, F 5 g, = 2.05, p > 0.14; block 3, F, ¢,
= 1.58,p > 0.21; block 4, F, 5,y = 0.51, p > 0.6) (Fig. 3B). In the
latencies of the second and subsequent trials, however, an
ANOVA with a repeated-measures design showed significant
group effect in blocks 1-3 (block 1, F,4,) = 7.53, p = 0.001;
block 2, Fip.g1) = 16.81, p < 0.001; block 3, Fip g1, = 3.59, p <
0.05). A post hoc analysis (Bonferroni’s procedure) demonstrated
that the mean latencies of the CA3 group were significantly longer
than those of the sham and the mPFC groups in blocks 1 and 2 ( p
values <0.05) and than that of the sham group in block 3 (p <
0.05). As the DMP training progressed, this impairment disap-
peared becuase there was no difference in the latencies of trials
2—4 of block 4 (F(, 4, = 1.47, p > 0.2), suggesting that CA3-
lesioned animals can eventually learn the DMP task using an
egocentric strategy rather than an allocentric one (Pearce et al.,
1998). The latencies of trials 1 and 2 across the blocks are replot-
ted in Figure 3C. A repeated-measures ANOVA revealed a signif-
icant group effect in the second trials (F(, 5, = 12.067, p < 0.001)
but not in the first trials (F,4,) = 1.127, p > 0.3). A post hoc
analysis (Bonferroni’s procedure) revealed that the CA3 group
was longer in the escape latencies of the second trials than either
the mPFC or the sham group ( p values <0.01).

To assess the retrieval of fast acquired spatial memory, the

Figure 1.
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Histological evaluation of the extent of damage by electrolytic lesions in a series of sections of mPFCand CA3. The
photomicrograph shows a cresyl-violet-stained coronal section in each group. lllustrated below is the reconstruction of lesion sites
of mPFC and CA3. The largest and the smallest lesioned areas are shown by gray and black, respectively. The anteroposterior
stereotaxic coordinates for the sections are shown by the numbers beside the sections (modified from Paxinos and Watson, 1998).

first probe trial (P1) was given to all animals 5 min after the
second trial of day 5 in the full-cue environment, which re-
placed the third trial. The mPFC and the sham group spent
significantly more time in the target location relative to the
corresponding locations in the nontarget quadrants (mPFC,
Fis.50) = 40.32, p < 0.001; sham, F, 5, = 35.71, p < 0.001),
whereas the CA3 group did not show bias toward the target
location (F3 5,y = 1.17, p > 0.33) (Fig. 3D, P1). Analysis of the
target platform occupancy among groups revealed a signifi-
cant group effect (F(,,) = 8.41, p = 0.001) (Fig. 3F, P1). A
post hoc analysis (Scheffé’s test) demonstrated that the re-
trieval performance of the CA3 group was significantly lower
than the performances of the mPFC and the sham groups (p
values <0.05). These results suggest that the CA3 region is
critical for acquiring memory of novel hidden platform loca-
tions in the DMP task (Nakazawa et al., 2003).

The three groups received another training session (day 6).
On day 7, they were subjected to P2 5 min after the second trial
under the partial-cue condition, which replaced the third trial.
The CA3 and the mPFC groups did not search significantly
more in the target area than in other platform zones (CA3,
Faap = 0.93, p > 0.44; mPFC, F,, = 1.91, p > 0.14),
whereas the sham group maintained the search bias (F; ;) =
18.69, p < 0.001) (Fig. 3D, P2). One-way ANOVA showed a
significant group effect in the target platform occupancy
(F2,20) = 9.48, p = 0.001) (Fig. 3F). A post hoc analysis (Schef-
fé’s test) demonstrated that the CA3 and the mPFC groups
were impaired in the amount of time spent searching in the
platform region relative to the sham group ( p values <0.01),
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Figure 2.

Effects of mPFCand CA3 lesions on retrieval of spatial reference memory. A-C, Rats were subjected to locate a hidden platform in the full-cue condition. The three groups did not differ

significantly in escape latency (4) or swimming speed (C). However, the CA3 group traveled longer than the mPFC group (B). D—F, Probe trials were given on day 7 (P1), day 9 (P2), and day 10 (P3)
to evaluate retrieval performance of each group under various conditions. In the full-cue conditions (P1, P3), all groups showed spatial preference for the target platform area (T) relative to the other
areas [adjacent right (AR); opposite (OP); adjacent left (AL)], whereas in the partial-cue condition (P2), both the CA3 and the mPFC groups showed impaired retrieval performance (D). Spatial
histograms of the animals’ location during probe trials were illustrated (E). To further elucidate the difference among groups, their target occupancy time was compared. The CA3 and the mPFC

groups spent less time in the target platform than the sham group in P2 (F). *p < 0.01.

indicating that partial-cue removal disrupted the ability to
retrieve spatial working memory in the mPFC group and that
the CA3 group did not still acquire one-trial spatial memory
appropriately.

On the next day, the third probe trial was given to test whether
there was any delay-dependent deficit in spatial working memory
retrieval. The animals received P3 60 min after the third trial of
day 8 under the full-cue condition, which replaced the fourth

trial. All groups except the CA3 group searched the target zone
that had previously contained the escape platform more than
other platform zones (CA3, F(5 5,y = 0.35, p > 0.78; mPFC, F 5 3,
=9.04, p <0.001; sham, F; 55, = 14.22,p < 0.001) (Fig. 3D, P3).
Analysis of the target platform occupancy also revealed a signifi-
cant group effect (F(, 55, = 5.53, p < 0.01) (Fig. 3F, P3). A post hoc
analysis (Scheffé’s test) indicated that the mPFC and the sham
groups did not differ from each other and spent more time in the
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Figure3.

Effects of mPFCand CA3 lesions on retrieval of spatial working memory. 4, Eight platform locations (1 location per day) are displayed. B, The three groups were trained in the DMP task

for 8 d, which were divided into four blocks of 2 days. Each trial was the average of two corresponding trials on consecutive days. The CA3 group required longer escape latencies in the second and
subsequent trials of blocks 1-3, but mPFC-lesioned animals did not show any impairment across all blocks compared with the sham groups. €, Escape latencies of the first (solid lines) and second
(dotted lines) trials during four training blocks were replotted. The CA3 group was impaired in the second trials but not in the first trials. D—F, Probe trials were performed on day 5 (P1), day 7 (P2),
and day 8 (P3). The CA3 group did not display search bias toward the target areas in all probe trials. In contrast, the mPFC group spent more time in the platform areas (T) than in the other areas
[adjacent right (AR); opposite (OP); adjacent left (AL)] under full-cue conditions, regardless of short-term (5 min, P1) and long-term (60 min, P3) delays. Only partial-cue removal compromised
memory retrieval of the mPFC group (D). Spatial histograms of the animals’ location during probe trials were depicted (E). The target platform occupancy for each group was further compared. The
CA3 group spent less time in the target platform area than the sham group throughout all probe trials. The mPFC group searched significantly less in the target platform only in P2 (F). *p < 0.01,
**p = 0.001. G, In the visible platform task, there was no difference in escape latencies among groups.

phantom platform than the CA3 group ( p values <0.05). These
results, therefore, indicate that long-term delay (P3, 60 min) as
well as short-term delay (P1, 5 min) did not deteriorate the per-
formance of the mPFC group, which tended to depend on the
number of extramaze cues.

Seven days after finishing the spatial memory training, all
groups were also trained in the visible platform version of the
Morris water maze. There was no difference for learning cue-
place association (trial effect, F(, ;5 = 12.45, p < 0.001; group
effect, F, 5oy = 0.17, p > 0.8) (Fig. 3G), which indicates that the
three groups had a similar level of visual ability and motivation to
find and climb onto the platform.

Partial-cue removal activates mPFC and CA3 for pattern
completion in spatial learning

To investigate whether mPFC was involved in spatial memory
retrieval in a degraded context, we next measured the expression
of the immediate early gene c-fos, which is correlated with neu-
ronal activation and is required for synaptic plasticity (Fleisch-
mann et al., 2003). The FC and PC groups were subjected to the
spatial reference memory task with four distal cues for 6 d so as to
minimize Fos expression caused by novel and stressful experi-
ences (Pace etal., 2005). Over training, the performance of the FC
and PC groups improved in the escape latency and total distance
(day effects for each measure, Fs,, > 69.56, p < 0.001) (Fig.
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emotional arousal, and motor activity. As
shown in Figure 4 A, maze experience dif-
ferentially affected Fos expression in both
structures. One-way ANOVAs revealed
significant main effects of group for the
number of Fos-IR neurons in mPFC
(F(5.01) = 46.46,p < 0.001), CA1 (F(5 5, =
20.73, p < 0.001), CA3 (F(s,,) = 24.60,
p < 0.001), and DG (F(3;) = 28.55, p <
0.001) (Fig. 4F). Scheffé’s post hoc com-
parisons showed that the naive group ex-
hibited a similar level of Fos expression to
that of the FC group in mPFC ( p value
>0.4), to the yoked group in CA1 ( p value
>0.1), and to the yoked and the FC groups
in CA3 (p values >0.05). In contrast to
other studies in which Fos expression was
evident in CA1 and CA3 of yoked animals
after massive water maze training in a sin-
gle day (Guzowski et al., 2001; Teather et
al., 2005), a similar level of Fos expression
was found between the naive and the
yoked groups in our study. This indicates
that the prolonged training days mini-
mized the number of Fos-IR neurons acti-
vated by nonmnemonic aspects of water
maze training. In CAl, Fos expression of
the FC and the PC groups was significantly
greater than that of the naive or the yoked
animals ( p values <0.01). These data in-
dicate that the animals trained to find a
hidden platform showed more reliance on
CA1 neurons than those who did not re-
ceive spatial training. In CA3 and mPFC,
only the PC group that had experienced
the water maze under partial-cue condi-
tions showed significantly more Fos-IR
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Figure 4.  Fos expression in mPFC and the hippocampus after partial-cue removal. A, Photomicrographs show that maze

experience under various conditions differentially affected Fos expression. Gross Fos expression patterns in mPFC were identified
using the avidin— biotin peroxidase method (top row). Fos expression in mPFC and the hippocampus was detected with a Cy3
fluorescent (red). Nuclei were stained with DAPI (blue) (bottom rows). Scale bars: top, 100 m; bottom, 10 m. B=D, The FCand
the PC groups were trained in the full-cue condition. There were no differences in escape latency (B), distance traveled (C), or
swimming speed (D). On the seventh day, the PC group received the training procedure with some cues removed, whereas the FC
group did the training procedure with the full set of cues. E, Fos-IR neurons were examined in mPFC (PLand IL), CA1, CA3, and DG
(iDG and 0DG). F, Training experience under degraded-cue conditions elevated Fos-IR neurons in mPFCand CA3.

4B, (), and there were no differences in the escape latency, total
distance, and swimming speed between groups (no group effects
for each measure, F(, ;4 < 1.27, p > 0.2; no group X day inter-
actions or each measure, Fs ;) < 0.89, p > 0.3) (Fig. 4 B-D). On
the seventh day, the FC group received the same procedure in the
original full-cue environment, whereas the PC group was re-
quired to find the hidden platform under the reduced-cue con-
dition (single cue). The PC group found the hidden platform as
quickly as the FC group (f,4, = 1.58, p > 0.1) (Fig. 4B).
Seventy minutes after the completion of the final training, Fos
expression in mPFC and the hippocampus was examined (Fig.
4E), because the ability to retrieve complete memory on the basis
of incomplete cues seems to be essential for these brain struc-
tures, according to the previous lesion studies. Two control
groups, the naive and the yoked groups, were used to control for

°

G
] . %|7

Naive Yoked

neurons than other three groups ( p values
<0.01), whereas the FC group did not dif-
fer from the yoked group ( p values >0.2),
suggesting that both mPFC and CA3 con-
tribute to spatial memory task with re-
duced allocentric information. As for DG,
Fos expression of the FC and the yoked
groups increased compared with that of
the PC and the naive group (p values
<<0.001). These findings imply that DG
might be involved in the recognition of a previously encountered
environment, because only the FC and the yoked groups had
been repeatedly exposed to the same environment over sessions
(Lee and Kesner, 2002).

Contextual change does not disrupt the performance of
mPFC-lesioned animals

Up to this point, partial-cue removal from four cues to one cue
induced retrieval deficits in mPFC-lesioned animals and Fos ex-
pression in mPFC. It is, however, possible that simply changing
the number of extramaze cues can cause such results (Ragozzino
etal., 1999; Gisquet-Verrier and Delatour, 2006). We next tested,
by using a new set of animals with mPFC lesion, whether chang-
ing the environment from one cue to four cues affected perfor-
mance of spatial memory retrieval. A quantitative analysis re-
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vealed that electrolytic lesions produced
82.23 = 13.26% damage to PL, 39.82 =
31.23% damage to IL, and 58.17 * 34.44%
damage to Cgl (mean = SD) (Fig. 5H).
Over the course of training, all animals
showed an improvement in the time and
the distance they took to find the escape
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To evaluate the effect of contextual E os - T
change on spatial memory recall, two ¥ g i
probe trials were performed on day 7 (P1)  ® T AROPAL T AROPAL T AROPAL T AROPAL P1 P2
using the same training environment (sin- mPFC Sham mPFC Sham
gle cue) and on day 9 (P2) with three dis- F - -

tinct extramaze cues added (multiple
cues). In the first probe trial, both groups
showed a strong spatial bias toward the
phantom area where the platform was lo-

cated during training compared with the
equivalent areas of the other three quad-
rants (mPFC, F; 55, = 41.19, p < 0.001;
sham, F; 50, = 71.3, p < 0.001) (Fig. 5D,
P1), indicating that all groups acquired
and recalled spatial reference memory
well. For the second probe trial, which was
given after 2 more training days to pre-
clude any extinction from the first probe
trial, the mPFC and the sham groups also
searched significantly longer in the plat-
form area than in other areas (mPFC,
Fis0) = 29.86, p < 0.001; sham, F; 5, =
20.79, p < 0.001) (Fig. 5D, P2). Analysis of
the target platform occupancy between
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groups also revealed that the mPFC group
exhibited similar retrieval performance to
the sham group in both probe trials (P1,
ta0) = 0.96, p > 0.3; P2, 150, = 0.28, p >
0.7) (Fig. 5E). Furthermore, a paired f test
showed that the platform occupancy un-
der single-cue conditions was comparable
with that under multiple-cue conditions
in both the mPFC (¢,4) = 1.6, p > 0.1) and
the sham (t,,) = 1.03, p > 0.3) groups.
Therefore, these results indicate that con-
textual change, as long as the original con-
text is not degraded, does not disrupt re-
trieval performance of mPFC-lesioned
animals.

Figure 5.

Inactivation of mPFC disrupts retrieval of spatial memory in
the partial-cue condition

We next determined whether temporal inactivation of mPFC
before retrieval tasks had the same effect as permanent mPFC
lesions. Rats with guide cannulas aimed at mPFC (Fig. 6 H) were
trained for 12 d to locate a hidden platform in the environment
containing four extramaze cues. During training, the time and
distance to reach the platform decreased significantly (day effects

Effects of contextual change on retrieval performance of mPFC-lesioned animals. A-C, Animals were trained to
locate a hidden platform in the single-cue environment. The mPFC and the sham groups acquired spatial reference memory at
essentially the same rate. No differences were observed in escape latency (4), distance traveled (B), or swimming speed (C). D-F,
Two probe trials were given on day 7 (P1) and day 9 (P2). The mPFC-lesioned animals showed robust spatial bias toward the target
area (T) compared with the other areas [adjacent right (AR); opposite (OP); adjacent left (AL)], even in the presence of extra cues
in P2 (D). The target platform occupancy of two probe trials did not differ between groups (E). Spatial histograms of the animals
location during probe trials were illustrated (F). G, In the visible platform task, both groups acquired the stimulus—response
associations. H, The extent of electrolytic lesions in mPFC mapped onto coronal rat brain sections (adapted from Paxinos and
Watson, 1998). The photomicrograph shows a cresyl-violet-stained section. The largest and the smallest lesioned areas are
displayed by gray and black, respectively.

’

for each measure, F(;, 176 > 45.75, p < 0.001) (Fig. 6A,B), and
no differences were observed in the escape latency, total distance,
and swimming speed between groups (no group effects for each
measure, F(; 5, < 2.05, p > 0.1; no group X day interactions for
each measure, F,, 1,6 < 1.27, p > 0.2) (Fig. 6A-C).

Retrieval performance was evaluated using probe trials. On
day 5 (P1), rats were infused with muscimol or aCSF into mPFC.
After 30 min, the first probe trial was conducted in full-cue con-
ditions. All groups searched significantly more time in the plat-
form area than in other areas (muscimol, F; 5,y = 10.68, p <
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shifted toward the center of the most oc-
cupied area, then the difference between
the muscimol- and aCSF-infused group
disappears (muscimol, 1.59 = 0.36; aCSF,
1.61 * 0.19; t(;4) = 0.05, p > 0.9), suggest-
ing that mPFC inactivation disturbs search
accuracy.

Retrieval performance depends on
spatial cues

To investigate whether the retrieval in the
partial-cue environment relied on the re-
maining distal cues surrounding the maze,
we performed two more probe trials in a
drug-free state on day 9 (P3) with four dis-
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Figure 6.

Effects of muscimol inactivation of mPFC on spatial memory retrieval. A-C, Rats were trained to acquire spatial
reference memory in the full-cue condition. The two groups did not differ significantly in escape latency (4), total distance (B), or
swimming speed (C). D, Probe trials were performed on day 5 (P1) and day 7 (P2). Inactivation of mPFC did not impair retrieval
performance in the full-cue condition (P1). However, mPFCinactivation disrupted spatial preference for the target platform (T)
relative to the other areas [adjacent right (AR); opposite (OP); adjacent left (AL)] under incomplete-cue condition (P2). Further-
more, to investigate reliance on distal cues for spatial memory retrieval, two more probe trials were conducted in drug-free states

T AROPAL T AROPAL

tal cues present and on day 11 (P4) with all
Muscimol  ACSF

visual cues removed. When four distal
cues were available, both groups concen-
trated their search in the target platform
area relative to other areas (muscimol,
Fisnuy = 292, p < 0.0015 aCSF, F(s ) =
16.8, p < 0.001) (Fig. 6 D, P3). In contrast,
neither group searched selectively in the
target area when all extramaze cues were
absent in P4 (muscimol, F; ,,) = 1.14,p >
0.35; aCSF, F(,, = 1.2, p > 0.32) (Fig.
6D, P4). We then determined whether this
poor retrieval performance was attribut-
able to deficits in motivation, motor coor-
dination, or vision. When animals were
trained in the visible platform version,
both groups acquired strong stimulus—re-
sponse association (F; ;¢ = 1.11,p > 0.3)
(Fig. 6G). These results suggest that ani-
mals use allocentric representation of the
distal cues to locate the escape platform
and that retrieval deficits result from the
lack of spatial information.

onday9(P3)andday 11(P4). Removal of all extramaze cues disrupted retrieval performance of both groups. E, Spatial histograms

of the animals’ location during probe trials were illustrated. F, The target platform occupancy of probe trials was displayed.
Inactivation of mPFC disrupted search preference for the target platform under partial-cue conditions. *p << 0.01. G, In the visible
platform task, both groups acquired the cue—place associations. H, Cannula placements in mPFC were evaluated. The photomi-
crograph shows a cresyl-violet-stained section. The arrow indicates the tip of the injection cannula. lllustrated below is the
location of microinjection sites for all animals included in analysis (modified from Paxinos and Watson, 1998).

0.001; aCSF, F(5 54, = 12.39, p < 0.001) (Fig. 6 D, P1), suggesting
that mPFC inactivation did not impair retrieval ability when all
extramaze cues were available. After 2 training days, rats were
treated with muscimol or aCSF and received the second probe
trial (P2) under partial-cue conditions. Inactivation of mPFC
disrupted search preference for the target platform (F; ,,) =
0.33, p > 0.8), whereas aCSF-infused rats displayed significantly
higher occupancies of the target zone relative to other zones
(F3,04) = 20.97, p < 0.001) (Fig. 6D, P2). Independent ¢ tests
showed a significant difference in the target platform occupancy
between groups under partial-cue (P2), but not full-cue (P1),
conditions (P1, t;5) = 0.12, p > 0.9; P2, t(,¢) = 3.66, p < 0.01)
(Fig. 6 F). Although the muscimol-infused rats seemed to be im-
paired in finding the exact target location after partial-cue re-
moval, their tendency to focus navigation within a certain loca-
tion was not completely disrupted. Their search pattern was
concentrated in the place slightly above the target platform loca-
tion (Fig. 6E, P2). If a phantom platform of the same size is

Discussion

The present study was undertaken to de-
termine which brain structures were cru-
cial for spatial memory recall after partial-
cue removal. Lesion and inactivation
experiments demonstrated that both CA3
and mPFC were indispensable for spatial
pattern completion. Expression of Fos-IR neurons corroborated
these behavioral data: experience of additional training in the
absence of all except one cue increased the number of Fos-IR cells
in mPFC and CA3. Together, these findings provide compelling
evidence that interactions between mPFC and the hippocampus
become essential for spatial memory retrieval once allocentric
information is reduced.

CA3 and spatial memory acquisition

Spatial learning in the hidden platform task was unaffected by
CA3 lesions, suggesting that reference memory acquisition over
multiple sessions can be achieved by other brain areas. Consider-
ing the pattern of elevated Fos expression in animals trained to
find a fixed location relative to extramaze cues (Fig. 4 F), spatial
reference memory needs neural activity in CAl (Tsien et al.,
1996). Conversely, CA3 lesions produced severe deficits in acqui-
sition of the DMP task, which demands animals to rapidly incor-
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porate the information of a novel location into spatial represen-
tations of the environment. Such poor encodings likely lead to
retrieval failure of CA3-lesioned animals during probe trials re-
gardless of the number of extramaze cues (Nakazawa et al., 2003).
The data showing differential involvement of CA1 and CA3 are
consistent with several studies that have established hippocampal
subregion-specific functions in spatial learning: CA1 is necessary
for acquisition of spatial reference memory, whereas CA3 is re-
quired for spatial working memory or one-trial learning by dis-
ambiguating changes in the environment (Moser and Moser,
1998; Lee and Kesner, 2002; Leutgeb et al., 2004; Nakazawa et al.,
2004).

In addition, CA3-lesioned animals were impaired to recall
spatial reference memory when the extramaze cues were de-
graded to the partial-cue condition but performed normally un-
der full-cue conditions. Consistent with the behavioral data,
training in the absence of some of the original cues elevated the
number of Fos-IR neurons in CA3. These support the theory that,
when cues are fragmented, CA3 memory trace is restored by
synaptic modification of recurrent connections in a NDMA
receptor-dependent manner, which in turn activates CAl neu-
rons to retrieve the complete set of spatial reference memory
(Marr, 1971; Treves and Rolls, 1994; Nakazawa et al., 2002).
Thus, combined with previous studies on the CA3 network, our
results from two spatial memory tasks strongly suggest that rapid
formation of tight ensemble patterns in CA3 underlies the ability
to acquire spatial memory in a single trial as well as the ability to
maintain homologous output in the presence of degraded inputs
(Lee et al., 2004; Nakazawa et al., 2004; Leutgeb et al., 2006).

mPFC and spatial memory retrieval

Contrary to the CA3 group, mPFC-lesioned animals learned and
recalled both spatial reference and working memory in the full-
cue environment normally. Interestingly, no disruption was ob-
tained when they were tested to retrieve rapidly acquired loca-
tions after 5 and 60 min delay periods. This is inconsistent with
previous studies that the rodent mPFC is engaged in spatial work-
ing memory (Delatour and Gisquet-Verrier, 1996; Ragozzino et
al., 1998; Porter et al., 2000). However, this idea has been recently
challenged by observations that mPFC is not directly involved in
the short-term maintenance of information but rather in behav-
ioral flexibility and strategy shifting (Ragozzino et al., 1999; De-
latour and Gisquet-Verrier, 2000). Our results strongly indicate
that mPFC does not contribute to the temporary storage of spa-
tial information (Rowe et al., 2000; Gisquet-Verrier and Dela-
tour, 2006) and that animals with the intact hippocampus can
maintain spatial working memory, regardless of the integrity of
mPFC (Lee and Kesner, 2003). Conflicting findings may be at-
tributable to differences in testing procedures, lesion methods,
and/or lesion locations. Especially with respect to testing proce-
dures, most of the studies used a delayed non-matching-to-place
task with positive reinforcement, such as the radial arm maze,
whereas we used a delayed matching-to-place procedure that in-
volves escape from aversive stimulation.

Only when the number of available cues was reduced did
mPFC-lesioned animals exhibit retrieval deficits constantly in the
reference and the working memory tasks. Compatible with the
lesion effect, challenging normal animals to find the target plat-
form under partial-cue conditions induced Fos expression in
mPFC. Closer examination using pharmacological inactivation
revealed that mPFC inactivation before probe trials impaired re-
trieval performance under partial-cue, but not complete-cue,
conditions. Because the animals were able to acquire spatial
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memory with intact mPFC, this effect cannot be attributed to the
encoding deficit. Thus, mPFC is crucial for retrieval and utiliza-
tion of stored memory when faced with modified cues. It is plau-
sible that such retrieval deficits may be attributable to the contex-
tual change per se, because previous studies report that mPFC is
engaged in shifting behavioral strategies when changes occur
within the experimental procedures (Gisquet-Verrier and Dela-
tour, 2006) and in extinction of learned fear memory, in which
the behavioral responses need to be adapted to new contingencies
(Quirk et al., 2000). However, changing the environment from
single cue to multiple cues did not affect retrieval performance of
mPFC-lesioned animals, suggesting that a degraded input, rather
than enriched one, requires mPFC to retrieve spatial memory.
Together, our results indicate that mPFC contributes to spatial
pattern completion through memory retrieval rather than encod-
ing or strategy shifting.

Two feasible mechanisms by which pattern completion might
be attained are suggested here. The first hypothesis is based on
robust reciprocal connections between mPFC and the entorhinal
cortex (EC), the major cortical input to the hippocampus
(Eichenbaum, 2000; Vertes, 2006). Such anatomical arrangement
suggests that mPFC input to the hippocampus might be critical
for spatial pattern completion. Electrophysiological experiments
have found that sensory input for an environment is initially
transformed into allocentric spatial representation in EC and
then subsequently stored in the hippocampus (Fyhn et al., 2004;
Hafting et al., 2005). In this circuit, mPFC receiving convergent
input from multiple brain regions (Conde et al., 1995) would
help EC to develop a spatial map with its integrated information.
This hypothesis is supported by observations that mPFC neurons
are capable of monitoring spatial information (Hok et al., 2005)
and that mPFC lesions alter hippocampal place cell activity after
a long-term delay (Kyd and Bilkey, 2003). Thus, in the full-cue
environment, the visual cortex may provide EC with robust allo-
centric input, sufficient to recall the whole spatial memory re-
gardless of mPFC (Nakazawa et al., 2002). In contrast, under
partial-cue conditions, limited sensory input might be too weak
to trigger the entire memory without mPFC and consequently
retard retrieval. In our experiments, mPFC inactivation before
partial-cue probe trials did perturb search accuracy but did not
compromise coherent navigation behavior concentrated on an
area slightly off the target platform location (Fig. 6 E, P2). These
data support the role of mPFC input to the hippocampus in
spatial pattern completion.

Alternatively, mPFC might be involved in retrieving memory
from the hippocampus, when it becomes degraded. In support of
this, mPFC (PL/IL) contributes to remote memory retrieval after
more than a 30 d delay (Frankland et al., 2004; Maviel et al.,
2004), during which remote memory can be easily degraded be-
cause of interference introduced by new experience (Biedenkapp
and Rudy, 2007). Our results also show that mPFC is necessary
for spatial memory retrieval when the spatial cues are degraded.
Under partial-cue conditions, mPFC may be engaged in integrat-
ing the less precise memory provided by the hippocampus with
other inputs from neocortical systems, synthesizing it into a more
complete form to navigate to a goal location (Treves and Rolls,
1994; Hok et al., 2005). Interestingly, it has been suggested that
the nucleus accumbens (NA), another major output structure of
the hippocampus, is necessary for spatial memory processes (Flo-
resco et al., 1997; Thierry et al., 2000). However, electrolytic le-
sions of NA did not impair spatial learning in a reference memory
task or memory retrieval in the partial-cue environments (data
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not shown), suggesting that the hippocampal output through
mPFC, but not through NA, is critical for pattern completion.

In summary, spatial memory retrieval from fragments of orig-
inal cues involves contributions from several brain areas. At the
core lies CA3, which stores memory as a pattern of activation
among interconnected neurons and reactivates spatial memory
stored in CA1 (Nakazawa et al., 2002; Lee et al., 2004). The cur-
rent study also identified mPFC and its interaction with CA3 as
the key element in spatial pattern completion. We propose that
mPFC plays a significant role in retrieving spatial memory by
providing a complementary input into the hippocampus and/or
by improving spatial information from the hippocampus into a
more precise form. Increased mnemonic demand, such as re-
duced allocentric cues, seems to call for a synergistic interaction
between the hippocampus and mPFC.
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