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Hippocampus is required for paired associate
memory with neither delay nor trial uniqueness
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Cued retrieval of memory is typically examined with delay when testing hippocampal functions, as in delayed matching-to-

sample tasks. Equally emphasized in the literature, on the other hand, is the hippocampal involvement in making arbitrary

associations. Paired associate memory tasks are widely used for examining this function. However, the two variables (i.e.,

delay and paired association) were often mixed in paired associate tasks, and this makes it difficult to localize the cognitive

source of deficits with hippocampal perturbation. Specifically, a few studies have recently shown that rats can learn arbi-

trary paired associations between certain locations and nonspatial items (e.g., object or flavor) and later can retrieve the

paired location when cued by the item remotely. Such tasks involve both (1) delay between sampling the cue and retrieving

the target location and (2) arbitrary association between the cueing object and its paired location. Here, we tested whether

delay was necessary in a cued paired associate task by using a task in which no delay existed between object cueing and the

choice of its paired associate. Moreover, fixed associative relationships between the cueing objects and their paired locations

were repeatedly used, thus involving no trial-unique association. Nevertheless, inactivations of the dorsal hippocampus with

muscimol severely disrupted retrieval of paired associates, whereas the same manipulations did not affect discriminating

individual objects or locations. The results powerfully demonstrate that the hippocampus is inherently required for retriev-

ing paired associations between objects and places, and that delay and trial uniqueness of the paired associates are not

necessarily required.

[Supplemental material is available for this article.]

Animal models for testing episodic memory have been particu-
larly useful for studying a selective contribution of the hippocam-
pus and its neural mechanisms. One of the animal models in the
literature involves teaching paired associative relationships
between mnemonic items and then testing the retrieval of a
learned item when cued by its paired associate (Bunsey and
Eichenbaum 1993; Day et al. 2003; Kesner et al. 2005). Recently,
Day et al. (2003) proposed an impressive rodent version of cued
paired associate task, in which rats formed paired associate mem-
ory between a particular flavor and its paired associate location.
Specifically, in the task, the rat should learn flavor–place paired
association during spatial navigation in a sample phase. In the
retrieval phase, the rat was cued with one of the flavors learned
during the sample phase and was required to navigate to its paired
associate place. Compared with other paired associate tasks (Cho
and Kesner 1995; Bunsey and Eichenbaum 1996; Lee and Solivan
2008), animals must learn a trial-unique paired association in a
single trial in this task. Furthermore, the rat was cued in the start
box (thus, away from its original sampling location) during the
test phase. Importantly, this feature of the task imposed a tempo-
ral gap, during which the cue information must be maintained
during the search period after exiting the start box. All of the
above features of the task appear to create a similar situation, in
which episodic memory is formed and retrieved in humans.
Kesner et al. (2008) also used a similar paradigm and reported
that the CA3 subfield of the hippocampus is essential in this
type of task.

The cued paired associate memory task with the delay men-
tioned above may depend upon several cognitive processes. First

of all, during the sample phase, a stable and discrete association
between paired associates (e.g., nonspatial item and its location)
should be formed based on a single exposure. In addition, during
the retrieval phase, the representation of a cueing item should be
maintained during the delay, as the animal tries to find its paired
associate location. Finally, the animal must navigate an open
space to locate the target place for obtaining a reward. It still needs
to be determined whether all of these task components are
necessary to recruit the hippocampal function maximally in a
cued paired associate memory task. In order to test whether
these conditions are necessary, we tested rats in a simpler task sit-
uation, where a minimal number of object–place paired associ-
ates were repeatedly used (thus, no trial uniqueness involved).
Furthermore, the cueing object was always presented with can-
didate spatial locations to remove working memory demand
in usual delayed-memory retrieval paradigms (Day et al. 2003;
Kesner et al. 2005). Also, there was no need for spatial navigation
in a large space in our task. Nevertheless, we report that inactiva-
tion of the dorsal hippocampus with muscimol (GABA-A receptor
agonist) severely disrupted object-cued paired associate memory.
Our results strongly suggest that the associative link itself (be-
tween item and place) becomes unavailable without normal hip-
pocampal function in a spatial paired associate task.

Results

Twenty Long-Evans rats (270–330 g) were trained in an object-
cued paired associate memory task in a modified linear track sur-
rounded by distinct extramaze cues (Fig. 1A). In this task, the rat
came out of the start box at one end of the track and approached
a choice platform at the other end of the track. In the choice plat-
form, the rat encountered a cueing object (either an egg-shaped
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plastic toy or a cartoon figure as shown in Fig. 1B). The task was to
choose the left or right food well (covered with identical washers)
associated with the currently cueing object (e.g., cartoon figure–
left food well and egg–right food well). Displacing a correct
washer allowed the rat to retrieve a piece of cereal reward from
the food well, whereas displacing a wrong one terminated the trial
without further correction. Rats were pretrained in this task to cri-
terion (≥75% correct for both conditions for two consecutive
days) before receiving bilateral cannula implantations in the dor-
sal hippocampus.

Histological verification of cannula positions
The locations of injection cannula tips were verified histologically
under the microscope (Fig. 2) after all experiments were finished.
Three animals were excluded from final analysis due to misplace-
ments of cannulae, and the remaining 17 rats all showed the can-
nula tip positions within the dorsal hippocampi.

Hippocampus is necessary for cued retrieval of paired

associates in the absence of delay
After surgery, rats were retrained to criterion, and a drug injection
schedule began afterward. First, the rat was injected with phos-
phate-buffered saline (SAL) in the hippocampus for 2 d. Rats per-
formed well above 80% correct in the task with SAL infusions for
two consecutive days (blocked as SAL1 as shown in Fig. 3A) with
minimal variance, as they did during pre-drug conditions.
However, the same rats were severely impaired when muscimol
(MUS) (0.5 mg/0.5 mL), a GABA-A receptor agonist, was injected

for four consecutive days in the hippocampus, showing barely
above chance-level performance (MUS1 and MUS2 in Fig. 3A).
Two days of SAL injections afterward (SAL2 in Fig. 3A) made the
rats regain their normal performance. A repeated measures
ANOVA showed a highly significant effect of drug condition
(F(4,32) ¼ 60.1, P , 0.001). All possible paired comparisons be-
tween SAL and MUS conditions showed significant differences
(P’s , 0.001). Post-hoc paired comparisons between the pre-injec-
tion and two SAL conditions or between the two MUS conditions
did not result in significant differences (P’s . 0.05). The latency
measured between the start box exit and object choice was not sig-
nificantly different between SAL and MUS conditions (t(8) , 1,
n.s.; paired t-test) (Fig. 3B). No innate preference or avoidance
for a particular object was seen in this task, because no significant
bias was detected toward a particular object-related food well in
the first 10 trials of the first day of training (t(8) , 1, n.s.; one sam-
ple t-test).

In order to address the possibility that the rats under
hippocampal MUS injections might have used a nonhippocampal
strategy such as an egocentric response strategy (Packard et al.
1989; Packard and McGaugh 1996), a subset of rats (n ¼ 6) was
tested in the same task in total darkness (Fig. 3C). This was to
test whether the rats were able to perform normally without using
allocentric cues in the room. Both SAL and MUS groups performed
at chance level (Fig. 3D; 50% shown as a dotted line) when
the room cues were made invisible (P’s . 0.5 for both groups;
one-sample t-test), which suggests strongly that the object-cued
paired associate task in this study required allocentric distal
cues in the room. No significant difference in performance was
found between SAL and MUS groups (t(4) , 1, n.s.; independent-
samples t-test). We further confirmed that the deficits in perform-
ance in the dark were not related to object recognition, because
rats were able to discriminate objects normally in total darkness,
presumably using other sensory modalities (Supplemental Fig. 1).

The results overall strongly demonstrate that the object-cued
retrieval of paired associate memory is severely impaired when the
dorsal hippocampus is unavailable, even in the absence of delay,
and also when only two familiar paired associates were repeatedly
tested without trial uniqueness.

Rats can discriminate objects under hippocampal

inactivations
The deficits observed under MUS in the object-cued paired associ-
ate task (Fig. 3A) might be attributable to impairment in recogniz-
ing object identity. For testing this alternative hypothesis, we next
trained the same rats in a simple discrimination task for the two
objects (Fig. 4A) that had been used as cueing objects in the
main task. In order to test acquisition, the rats assigned to a SAL

Figure 1. Behavioral testing room and the object-cued paired associate
task. (A) Behavioral testing setup. In a circular curtained room with several
visually distinctive cues presented along the curtains, a linear track with a
choice platform at its end was placed in the center. A start box was located
at the other end of the track. (B) Behavioral testing paradigm. In the
choice platform, one of two different objects was presented in between
two possible reward-containing places (denoted by +) that were
covered by identical metal discs. The availability of food reward in the
food well was determined by the identity of the cueing object. For
example, when a cartoon figure was presented in between the food
wells, the rat was required to displace the disc over the left food well,
whereas the disc on the right food well needed to be removed when an
egg-shaped object was presented as a cue.

Figure 2. Schematic illustration of the cannula tip positions in the dorsal
hippocampus.
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group were trained with SAL infusions in the hippocampus, and a
MUS group was trained in the same task with MUS injections prior
to each training session until the rats learned to criterion (≥75%
correct for 2 d in a row). As demonstrated in prior studies
(Forwood et al. 2005; Lee and Solivan 2008, 2010), hippocampus
is not involved in this type of simple
object discrimination, and the results
further supported our prior observations.
As shown in Figure 4B, both groups
reached criterion in �3 d (SAL 3.4+

0.5, MUS 3.3+0.3; mean+SEM) and
no significant difference was found
between the two groups (t(7) , 1, n.s.;
independent samples t-test). No innate
bias toward a particular object was found
when the first five trials on the first train-
ing day were examined (t(7) , 1, n.s.; one
sample t-test).

Since the rats newly learned the
object discrimination task in the above
manipulations (Fig. 4B), as opposed to
being tested for retrieval in the main
task (Fig. 3A), we additionally trained
an independent group of rats (n ¼ 8) to

criterion (object–food well associations counterbalanced),
implanted cannulae in the dorsal hippocampus, and then tested
for the retrieval of the task by using a similar drug-injection pro-
tocol used in the main task (i.e., SAL–MUS–MUS–SAL). As shown
in Figure 4C, there was no impairment in performance with MUS
inactivations, and the performance actually steadily increased as
days passed (t(14) , 1, n.s.; independent-samples t-test). The re-
sults from the control experiments strongly suggest that, when
injected with MUS in the hippocampus during the object-cued
retrieval of paired associate memory (Fig. 3A), rats were able to rec-
ognize the identity of the cueing object.

Rats were able to remember fixed spatial locations

under hippocampal inactivations
Since the rats were able to discriminate the objects under MUS
conditions (Fig. 4B,C; Supplemental Fig. 1), the impairment in
performance in the main task (Fig. 3A) could be related to their
inability to discriminate the two food-well locations in the choice
platform when injected with MUS. In order to examine this possi-
bility, we tested the same rats in a spatial reference memory task in
the same apparatus (Fig. 5A). Specifically, no object cueing was
involved in this task and the rats were simply required to learn a
fixed spatial position (between the two food wells covered with
identical washers) associated with reward in a given session.
Both food wells contained rewards for the first trial in a session
(which was not counted for analysis) and the food-well position
opposite to the first choice was constantly rewarded in the re-
maining trials in that session. As in the simple object discrimina-
tion task, rats were trained under either SAL or MUS condition
until they reached criterion performance. One of the rats was
dropped after the simple object discrimination task due to health
issues, and the data were analyzed based on seven rats. We found
no significant difference in acquisition between the drug groups
(SAL 2.2+0.2, MUS 2.3+0.3; mean+SEM) (Fig. 5B) in acquiring
this spatial reference memory task (t(7) , 1, n.s.; independent-
samples t-test). The same results were obtained when a different
groupof rats (n ¼ 7)waspretrained in the spatial referencememory
task and tested for retrieval under hippocampal MUS inactivations
(t(12) , 1, n.s.; independent-samples t-test) (Fig. 5C). Nosignificant
innate bias toward a certain location was detected when the rats
first experienced the task (the firstfive trialson the firstdayof train-
ing; t(6) , 1, n.s.; one sample t-test). These results suggest that the
performance deficits in MUS-inactivated rats in the object-cued
paired associate task (Fig. 3A) may not be solely attributable to
the impairment in discriminating the two locations.

Figure 3. Performance in the object-cued paired associate task. (A)
Percent correct was measured for different drug-injection conditions.
When saline was infused in the dorsal hippocampus before (SAL1) and
after (SAL2) the MUS injections (MUS1 and MUS2), performances were
comparable to the condition in which no solution was infused (pre-
injection). However, once the dorsal hippocampus was inactivated
(MUS1 and MUS2), the performance dropped to near chance level, and
these were significantly different from SAL conditions. Mean+S.E.M.
(B) Latency measure for SAL and MUS conditions. There was no significant
difference between SAL and MUS conditions (SAL1 and SAL2 were com-
bined to SAL, and MUS1 and MUS2 were merged to MUS). Mean+SEM.
(C) Control experiments for object-cued paired associate task in total
darkness. The rat was required to choose the correct reward location
(denoted by +) using the cueing object in complete darkness. An infrared
video camera (SONY Handycam) was used to record the behavioral
session and helped the experimenter in the dark environment. Rats
were randomly assigned to either the saline (SAL) or muscimol (MUS)
injection group. (D) Behavioral performance during the object-cued
paired associate task in the dark. Both SAL and MUS groups performed
at chance level (50% shown as a dotted line) when the room cues were
made invisible. Mean+SEM.

Figure 4. Simple object discrimination task. (A) The objects previously used as cues were presented at
the rewarding places in the choice platform. Only choosing the cartoon figure was rewarded (denoted
by +). (B) Total number of days to performance criterion (≥75% correct for 2 d in a row in both con-
ditions) for learning simple object discrimination. Both groups required similar amounts of training to
criterion. Mean+SEM. (C) Performance in the simple object discrimination task under SAL and MUS
injections in the hippocampus. There was no significant difference between SAL group and MUS
group. Mean+SEM.
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Discussion

In the current study, rats learned to choose one of the two loca-
tions according to the identity of a cueing object in between the
locations. Since the cueing object and its spatial paired associate
candidates were presented simultaneously in this study, there
was no need for maintaining the cueing item information during
delay. Moreover, the object–place paired associates were highly
familiar to the rats by the time they were tested. In this experi-
mental setting with seemingly reduced cognitive load, however,
rats were severely disrupted in performing this task with dorsal
hippocampal inactivations. Our control experiments suggest
that the rats were able to discriminate the cueing objects from
each other and also knew the difference between the two spatial
locations without paired associative demand when the dorsal hip-
pocampus was inactivated. Therefore, the results strongly suggest
that retrieving the associative link itself between a nonspatial cue
and its paired associate location was impaired with hippocampal
inactivations, and suggest that other additional cognitive require-
ments such as working memory demand during delay and one-
trial learning condition may not be necessary when testing the
hippocampal role in paired associate memory.

In the current study, the scope of discussion is restricted to
paired associate memory based on cued retrieval paradigms
only. Specifically, putting a temporal gap between sample and
test phases in a delayed-cued retrieval paradigm in animals
(Day et al. 2003; Tse et al. 2007; Kesner et al. 2008) creates a
retrieval condition closer to “recall” as opposed to “recognition”
in human experiments (Duzel et al. 2001; Small et al. 2001;
Meltzer and Constable 2005) as the critical information (i.e., cue
for the to-be-retrieved paired associate) is absent at the time of
memory retrieval. The cued retrieval paradigm is used because it
is difficult to teach rats a true recall test due to the lack of verbal
communication that can be used to convey the rule, as in human
studies. Otherwise, animal models have adopted mostly a recogni-
tion test in which candidate targets composed of correct and foil
paired associates are given and the animal is required to make a
choice among the candidates (Staubli et al. 1995; Bunsey and
Eichenbaum 1996; Kesner et al. 2005, 2008; Lee and Solivan
2008, 2010; Talpos et al. 2009). Paired associate task demands
were critical in most of these recognition and recall tasks, and
prior studies showed the importance of the hippocampus in
paired associate memory (Gilbert and Kesner 2002, 2003; Day
et al. 2003; Eacott and Norman 2004; Rajji et al. 2006; Lee and
Solivan 2008, 2010; Talpos et al. 2009). Since the objects were
never directly presented at their paired associate locations in the

current study, our task can be categorized
as a cued recall task, but without delay.

Because of the temporally graded
amnesia that has been historically associ-
ated with hippocampal damage in pati-
ents (Zola-Morgan et al. 1986; Rempel-
Clower et al. 1996; Squire et al. 2001)
and animal models (Winocur 1990;
Zola-Morgan and Squire 1990; Kim and
Fanselow 1992), a delay period has been
recognized as an important component
when testing hippocampal function.
On the other hand, the hippocampal
roles in forming/retrieving arbitrary as-
sociations between mnemonic items
have also been extensively investigated
using computational models and behav-
ioral paradigms (Bennett et al. 1994;
Hasselmo and McClelland 1999; Gilbert
and Kesner 2003; Rolls and Kesner

2006; Kesner et al. 2008) and several studies have shown that
the hippocampus is indeed critical for object–place paired associ-
ation (Gilbert and Kesner 2002, 2003; Day et al. 2003; Eacott and
Norman 2004; Rajji et al. 2006; Talpos et al. 2009; Barker and
Warburton 2011). The novelty of our study comes from demon-
strating for the first time that one of the key ingredients, i.e.,
delay, taken for granted for a long time in testing hippocampal
functions in animal models (Deadwyler et al. 1996; Young et al.
1997; Gilbert et al. 1998; Steele and Morris 1999; Morris 2001;
Day et al. 2003; Lee and Kesner 2003a,b; Schon et al. 2008) may
not be a necessary component, especially for testing its function
in paired associate memory. Notably, the delayed-cued paired
associate tasks recently used for showing the role of hippocampus
in paired associate memory (Day et al. 2003; Tse et al. 2007; Kesner
et al. 2008) contained both delay and paired associative compo-
nents. The rats in those tasks were cued by a sample in the start
box, and left the sampled cue behind as they exited the start
box to look for the cued paired associate location. Lesions or per-
turbations in the hippocampus impaired the rat’s performance
(Day et al. 2003; Tse et al. 2007; Kesner et al. 2008). In all of these
tasks, however, rats must navigate in a large open space upon leav-
ing the start box, which should certainly make the maintenance
of the cued item in memory more challenging because of the
interference between navigational and working memory de-
mands. We reasoned that removing the temporal gap between
the cue presentation and the choice of its paired associate would
test the paired associative function of the hippocampus more
directly. The results from our study suggest that a cued recall
task involving neither delay nor navigation is still an important
paradigm that can be used for testing the function of the hippo-
campus in rodents.

The results from our control experiments demonstrate that
simple object discrimination or spatial discrimination may not
depend on the hippocampus. Interpreting the results from the
simple object discrimination experiment (Fig. 4) is relatively
straightforward in light of the literature (Mumby et al. 1999; Lee
and Solivan 2008; Abe et al. 2009; Jo and Lee 2010), whereas it
requires some speculation as to why the simple spatial discrimina-
tion task (Fig. 5) was not dependent on the hippocampus when
the cued retrieval requirement was absent. First, it is worth men-
tioning that retrieving well-established spatial reference memory
(i.e., remembering a fixed location in association with reward) is
less dependent on the hippocampal circuits, compared with work-
ing memory tasks in which multiple candidate target locations
must be dynamically associated and disassociated with reward
(McNaughton et al. 1986; Morris 1989; Jarrard 1993; Schmitt

Figure 5. Simple spatial discrimination task. (A) Object-cued retrieval was not necessary and the rat
was simply required to choose a fixed reward location predetermined for a given session to obtain
reward (left food well in this example). (B) Both SAL and MUS groups were tested to criterion
(≥75% correct for 2 d in a row in both conditions) in acquisition of simple spatial discrimination
task. There was no significant difference between SAL and MUS groups. Mean+SEM. (C)
Performance in the same task for SAL and MUS groups. Both groups performed almost perfectly in
the task and there was no significant difference between the two groups. Mean+SEM.
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et al. 2003; Niewoehner et al. 2007). The simple spatial discrimi-
nation task (Fig. 5) in our study may be considered as a spatial
reference memory task in this regard. Second, it is possible that
the rats used an allocentric strategy in the object-cued paired asso-
ciate task (Fig. 3), but switched to an egocentric strategy (Packard
et al. 1989; Packard and McGaugh 1996) when simply required to
discriminate the food wells on its left vs. right side in the absence
of the cueing object (Fig. 5). In support of the usage of allocentric
cues in the main task, both SAL and MUS groups performed at
chance level when they were tested in total darkness for the
object-cued paired associate task (Fig. 3D). If the rats were able
to adopt the response strategy (as they might have in the simple
visual discrimination task), the animals should have performed
well in the dark environment also. However, the fact that the
rats could not perform normally at all in the dark illustrates that
the object-cued paired associate task required the visual cues in
the surrounding environment. The possibility that the rats were
unable to identify cueing objects in the dark is unlikely, because
a subset of rats that we tested in a simple object discrimination
task in the dark had no problem with discriminating the two
objects without using vision (presumably using other sensory
modalities; Supplemental Fig. 1A,B). Furthermore, we observed
that the cueing object in between the two food wells served as a
powerful behavioral controller, because the rat paused in front
of the cueing object before making a choice. The rat took time
in front of the cueing object and appeared to process the cueing
object and its background environment before making a choice
in the object-cued paired associate task, whereas the absence of
this pause (thus continuous run toward a food well) in the simple
spatial discrimination task may have biased the rats to use an ego-
centric strategy more (Pearce et al. 1998; Holdstock et al. 2000). In
summary, although the results from the simple spatial discrimina-
tion task may not be able to directly address the issue of whether
spatial strategy was used in the main task, it is certainly clear that
the rats could have used a nonhippocampal strategy in the
object-cued paired associate task (as they possibly did in the sim-
ple spatial discrimination task) under MUS in hippocampus, but
they failed to do so (Fig. 3B,D). Overall, the results support that
object-place paired associate memory with great dependence on
distal visual cues was tested in the main task.

It is important to emphasize also that the paired associates
involved familiar objects and places in the current study, which
was far from being trial unique compared with other studies
(Day et al. 2003; Kesner et al. 2008). Nonetheless, robust per-
formance deficits were observed when MUS was infused in the
hippocampus. This may relate to the hippocampal functions in
disambiguating overlapping spatial representations (Gilbert
et al. 1998; Tanila 1999; Rolls and Kesner 2006; Leutgeb et al.
2007; McHugh et al. 2007). We speculate that the hippocampal
function of retrieving orthogonal representations of object–place
paired associates were significantly compromised with MUS inac-
tivations in the hippocampus in the current study. Control rats
typically paused in front of the cueing object in our study before
making a choice for either spatial location. It is possible that at the
time of sampling the cueing object, the hippocampus processed
the object and its background spatial context as an object-
embedded scene as in a scene discrimination task (Gaffan 1994;
Gaffan and Parker 1996; Murray et al. 1998; Rolls and Xiang
2005). If that was the case, the discrimination must have been
subtle, because all visual cues in the room were maintained con-
stant across trials. We used prominent visual cues (Fig. 1A) in
the testing room to encourage an allocentric strategy and the con-
trol experiment performed in total darkness (Fig. 3D) supports the
rationale of using such manipulations by showing that the rats in
our study were incapable of making spatial choices in the absence
of distal visual cues. Such requirement for maximal pattern

separation in the hippocampus (O’Reilly and McClelland 1994;
Kesner et al. 2004; Leutgeb et al. 2007; McHugh et al. 2007)
between the paired associate conditions may underlie the striking
impairment with hippocampal inactivations in the current study.

The paired associate memory paradigm has been extensively
used in human and animal models for its known dependence on
the hippocampus (Bunsey and Eichenbaum 1993, 1996; Cho and
Kesner 1995; Vargha-Khadem et al. 1997; Gilbert and Kesner
2002; Day et al. 2003; Kesner et al. 2005; Tse et al. 2007; Hannula
and Ranganath 2008; Lee and Solivan 2008, 2010; Holdstock et al.
2010; Lee and Kim 2010). A one-trial delayed-cued retrieval task
for paired associate memory (Day et al. 2003; Kesner et al. 2008)
may certainly contribute to the investigation of the role of hippo-
campus in episodic-like memory in animals. However, since a sin-
gle behavioral task may require a host of disparate cognitive
processes at the same time, a behavioral task may benefit from
keeping the required cognitive processes to its necessary mini-
mum if the goals are to elucidate detailed mechanisms. In our
study, we have demonstrated that the hippocampal function in
object-cued paired associate memory can be studied effectively
in a surprisingly simple situation if necessary conditions are met.

Materials and Methods

Subjects
Twenty male Long–Evans rats (270–330 g) were used in the study.
Three of them were removed from analysis due to cannula mis-
placements, leaving 17 rats available for final data analysis. Each
rat was housed in a standard rodent cage and maintained on a
12-h light/dark cycle, and all of the experimental sessions were
conducted during the light phase. The rat’s weight was main-
tained at 80% of its free-feeding weight. Water was provided ad
libitum. All experimental and surgical protocols conformed to
the NIH Guide for the Care and Use of Laboratory Animals and
the Institutional Animal Care and Use Committee of the Seoul
National University.

Behavioral apparatus
An elevated linear track (42 cm in length and 8 cm in width) made
of Plexiglas (Fig. 1A) was used throughout the experiments. A start
box (15 × 23 × 34 cm) with an opaque guillotine door was located
at one end of the track. Attached to the other end of the track was a
rectangular choice platform (24 × 25.5 cm), in which three food
wells (left, center, and right food wells) were aligned linearly.
Each food well was 2.5 cm in diameter and 0.5 cm in depth.
They were 5.5-cm apart from each other. Either the left or right
food well was used for hiding a reward. Both food wells were always
covered with identical, black metal discs. The linear track was
placed in the center of a circular curtained area and multiple dis-
tinctive cues were available along the curtains as distal visual
cues (Fig. 1A). A halogen light was placed in the center of the ceil-
ing next to a digital camera. The illumination level was main-
tained at 200 lx (when measured from the center of the linear
track). Loudspeakers were placed behind the curtains to provide
white noise during the behavioral experiment, and the volume
was maintained at 70 dB. Two objects used as cue objects were an
egg-shaped junk toy and a cartoon figure of similar size (Fig. 1B).

Handling, familiarization, and shaping
Once naive rats arrived, they were housed individually during a
week of acclimation period. Then, handling started and the rats
were accustomed to eating sugarcoated cereal (Froot Loops,
Kellogg’s). The rat was handled by an experimenter for the first
5 min and was put on the surface of a laboratory cart for the
next 10 min, with several pieces of cereal spread on the surface
of the cart. If the rat ate .10 pieces of cereal in 15 min, the animal
was introduced to the behavioral testing room for familiarization.
The illumination level, white noise level, visual cues, and other
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environmental factors were maintained the same throughout the
experiment. During the initial phase of the familiarization (�2 d),
each rat was placed in the start box, and when its door was
opened, the rat explored the linear track where cereal rewards
were randomly scattered.

Once the rat started to move and eat cereal comfortably in
the track for 15 min without any urination and defecation, a
more specific way of retrieving food was taught. Specifically, a
half piece of cereal was given in the center food well, and a black
metal disc covered the food well. When the experimenter opened
the start box door, the rat came out and ran along the linear track
for retrieving the cereal reward by displacing the disc. After the
animal retrieved the cereal from the food well, the experimenter
gently guided the animal back to the start box so that it consumed
the food reward in the start box. After a few days of training, rats
returned to the start box voluntarily for consuming the cereal
reward. Once the rat was able to repeat this food-retrieving routine
for 32 times within 30 min, the animal was considered ready for
the object-cued paired associate task.

Presurgical training
In the object-cued paired associate task (Fig. 1B), the rat ran along
the linear track when the door of the start box was opened and
reached the choice platform at the end of the track. The left and
right food wells in the choice platform were covered with identical
metal discs and a toy object (either an egg-shaped plastic toy and a
cartoon figure) was placed just in front of the center food well
positioned between the left and right food wells. This arrange-
ment allowed the rats to sample the cueing object first before mak-
ing a choice between the two food wells. Food reward was hidden
in either the left or right food well, and the identity of the cueing
object determined which food well contained the reward. For
example, if the egg-shaped toy was presented as a cue, the rat
was required to displace the disc in the right food well to obtain
a reward and vice versa when the cartoon figure was introduced.
Both objects appeared in equal numbers of trials throughout a
32-trial session. Once the rat was trained to criterion (≥75% cor-
rect for both egg–right and cartoon figure–left conditions for
two consecutive days), it received surgery for bilateral cannula
implantation in the dorsal hippocampus.

Surgery
Bilateral guide cannulae (26G; Plastics One) coupled with stylets
(33G, 1 mm protrusion from the tip of the guide cannula) were
implanted in the hippocampus. Detailed surgical procedures
were as follows. Each animal was deeply anesthetized with isoflur-
ane in an induction chamber. The animal was then injected with
Nembutal (70 mg/kg) intraperiotoneally and placed in a stereo-
taxic instrument (Stoelting), and an incision was made along the
midline of the scalp. The anesthesia was maintained by isoflurane
afterward throughout surgery. The skull was exposed and the
instrument was adjusted to ensure a flat skull surface. Small burr
holes were drilled in the skull and the following coordinates
were used for cannula implantations: 3.8 mm posterior to bregma,
2.6 mm lateral to midline, and 4.0 mm ventral from the skull sur-
face. Small burr holes were drilled in the periphery of the skull for
positioning jeweler’s screws (0–80). After the insertion of the bilat-
eral cannulae in the hippocampus, bone cement (Zimmer) was
used around the skull screws and the cannulae to ensure firm
implantation. All protocols conformed to the NIH Guide for the
Care and Use of Laboratory Animals and the Institutional
Animal Care and Use Committee at the Seoul National University.

Postsurgical behavioral testing and control experiments
After a week of recovery from surgery, the rat was retrained to
criterion before a drug injection schedule began. Muscimol
(MUS) (0.5 mg/0.5 mL), a GABA-A receptor agonist, was used to
temporally inactivate the dorsal hippocampus. The rat was
injected with SAL for first 2 d, followed by 4 d of MUS injections.
Then, the injection schedule completed with two more days of
SAL injections. On drug-injection days for behavioral testing, the

rat was first anesthetized lightly with isoflurane. While the rat
was maintained at a low dose of isoflurane anesthesia through a
portable nose mask, dummy stylets (33G) were removed and an
injectioncannula (33G)extending1 mmbelowthetipof theguide
cannula (26G) was inserted. The injection cannula was backfilled
beforehand with mineral oil and connected to a 10-mL syringe
(Hamilton). Either SAL or MUS was injected at a rate of 10 mL/h
using a microinfusion pump (KD Scientific). The injection quan-
titywas0.5 mL/hemisphere.The injectioncannulawas left inplace
for an additional 60 sec before and after the drug injection to
allow a proper diffusion of the drug from its tip. The rat was then
returned to its home cage and behavioral testing began in 20 min.

After the rat finished the object-cued paired associate task
with the above drug schedule for 8 d, the following series of con-
trol experiments were performed to examine some alternative
hypotheses: (1) the same task in complete darkness, (2) simple
object discrimination, (3) simple spatial discrimination, and (4)
simple object discrimination in the dark.

Object-cued paired associate task in the dark

In this control experiment, we sought to test whether the rats used
visual cues in the object-cued paired associate task; everything
remained the same as in the main task, except that the rats per-
formed the task in complete darkness. An infrared video camera
(SONY Handycam) was used to record the behavioral session
and helped the experimenter in the dark environment.

Simple object discrimination

In a simple object-discrimination task, we tested the possibility of
perceptual impairment under hippocampal MUS inactivation in
recognizing a cueing object. In this task, the rat ran along the lin-
ear track from the start box and found two objects (the same
objects used as cues during the main task) overlying the left and
right food wells in the choice platform at the same time. Both
objects switched their positions between left and right food wells
pseudorandomly in a counterbalanced manner during a session.
Rats were trained to displace the rewarded object, the cartoon fig-
ure, over the unrewarded figure, the egg-shaped object under drug
infusion (MUS or SAL), until it reached criterion (≥75% correct for
2 d in a row) for testing acquisition (n ¼ 9). An independent group
(n ¼ 8) of rats were also tested for retention of the task.

Simple spatial discrimination

If the rat was unable to discriminate the two spatial locations in
the main task, performance deficit was expected regardless of
the hippocampal associative function. A simple spatial discrimi-
nation task was carried out to test this. In this task, no object
was presented except for the two metal discs covering the food
wells. For the first trial, there was no food given under any disc
and the rat made an arbitrary choice. Afterward, the food well
that was not chosen by the rat in the first trial was rewarded
throughout the session. Nine rats were used for testing acquisition
and another seven rats were used for testing retention of the task.

Simple object discrimination in dark

One way of interpreting the impairment in performance in con-
trol experiment is that the rat could not sample visual identity
information of the cueing object when it was dark. To test this
possibility, all procedures were maintained the same as in the sim-
ple object discrimination task above, except that the task was car-
ried out in total darkness. Six rats were assigned to the object-cued
paired associate task in dark.

Histology
Histological verifications of cannula positions were performed
soon after the completion of the control experiments. Rats were
exposed to a lethal dose of CO2 gas. A transcardial perfusion was
performed afterward with 0.9% saline and 4% formaldehyde solu-
tion. The brain was extracted and stored in a 4% formalin–30%
sucrose solution at 48C for 72 h. The brain was then embedded
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in sucrose gel, frozen, and cut in coronal sections (40 mm) on a
sliding microtome (Microm, Thermo Fisher Scientific). Sections
were later Nissl stained with thionin (Sigma-Aldrich) and were
photomicrographed for the verification of cannula positions.
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