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Glutamate Receptors in Perirhinal Cortex Mediate Encoding,
Retrieval, and Consolidation of Object Recognition Memory

Boyer D. Winters and Timothy J. Bussey

Department of Experimental Psychology, University of Cambridge, Cambridge CB2 3EB, United Kingdom

Object recognition is consistently impaired in human amnesia and animal models thereof. Results from subjects with permanent brain
damage have revealed the importance of the perirhinal cortex to object recognition memory. Here, we report evidence from rats for
interdependent but distinct stages in object recognition memory (encoding, retrieval, and consolidation), which require glutamate
receptor activity within perirhinal cortex. Transient blockade of AMPA receptor-mediated synaptic transmission within perirhinal
cortex disrupted encoding for short- and long-term memory as well as retrieval and consolidation. In contrast, transient NMDA receptor
blockade during encoding affected only long-term object recognition memory; NMDA receptor activity was also necessary for consoli-
dation but not retrieval. These results further demonstrate the importance of perirhinal cortex for object recognition memory and
suggest that, as in the hippocampus, AMPA and NMDA receptors mediate synaptic transmission and activity-dependent synaptic

plasticity, respectively, in several stages of memory processing.
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Introduction

Visual recognition paradigms have played an indispensable role
in our understanding of the neurobiological basis of memory
(Mishkin, 1978; Zola-Morgan and Squire, 1985; Zola-Morgan et
al., 1986; McKee and Squire, 1993; Bartolini et al., 1996; Ennaceur
et al,, 1996; Buffalo et al., 1998; Elliott and Dolan, 1998; Murray
and Mishkin, 1998; Pascalis and Bachevalier, 1999; Tang et al.,
1999; Bozon et al., 2003; Duzel et al., 2003; Nemanic et al., 2004).
There is now strong evidence that the perirhinal cortex (PRh) is a
critical structure required for the performance of such tasks
(Zola-Morgan et al., 1989; Meunier et al., 1993; Gaffan, 1994;
Mumby and Pinel, 1994; Buffalo et al., 1998; Bussey et al., 1999,
2000; Murray and Bussey, 1999; Winters et al., 2004). Much of
what is known, however, about the role of PRh in object recog-
nition memory is based on findings from subjects with perma-
nent PRh damage. Although valuable, such reports cannot un-
ambiguously address the issue of the role of PRh in distinct
memory stages such as encoding, retrieval, and consolidation. In
contrast, transient pharmacological manipulations within PRh
could elucidate more specific functions of this temporal lobe re-
gion and the transmitter systems that mediate its involvement in
object recognition memory. Indeed, we recently demonstrated
involvement of PRh in encoding, retrieval, and consolidation of
object recognition memory using transient lidocaine-induced in-
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activation at different stages of the spontaneous object recogni-
tion task for rats (Winters and Bussey, 2005).

The glutamatergic system is important for fast synaptic trans-
mission, via AMPA receptors (AMPARs), and activity-
dependent synaptic plasticity, which may underlie long-term
memory (Bliss and Lomo, 1973; Martin et al., 2000). The induc-
tion of certain activity-dependent synaptic plasticity processes
depends crucially on NMDA glutamate receptors (NMDARs)
(Bliss and Collingridge, 1993). The different functions of AM-
PARs and NMDARs prompt unique predictions about their re-
spective roles in the stages of memory processing. Indeed, a re-
cent study revealed the importance of AMPAR-mediated
hippocampal synaptic transmission in encoding, retrieval, and
consolidation of spatial memory (Riedel et al., 1999). Another
study has shown that blockade of hippocampal NMDARs dis-
rupts encoding, but not retrieval, in a paired-associates task,
whereas AMPAR blockade interferes with both processes (Day et
al., 2003). These findings are consistent with roles for AMPARSs
and NMDARs in synaptic transmission and induction of activity-
dependent synaptic plasticity, respectively.

The goal of the present study was to examine further the role
of PRh in the distinct stages of object recognition memory by
assessing the possible differential involvement of AMPARs and
NMDARs within PRh in encoding, retrieval, and consolidation.
We have capitalized on the discrete one-trial nature of the spon-
taneous object recognition paradigm (Ennaceur and Delacour,
1988) to test the effects of transient blockade of AMPARSs or
NMDARs during sample presentation (encoding), during the
choice phase (retrieval), and during the retention interval (con-
solidation). We report dissociable functions for these two gluta-
mate receptor types in PRh-mediated object recognition memory
and an important role for both AMPARs and NMDARs in mem-
ory consolidation within PRh.
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Materials and Methods

Subjects

The subjects were 46 adult male Lister hooded rats (Harlan Olac, Bices-
ter, UK), weighing 270-320 g before surgery and housed in pairs in a
room with a 12 h light/dark cycle (lights on at 7:00 P.M.). Different
batches of rats were used for each experiment. The number of rats used in
each experiment was as follows: experiment 1, 11 rats; experiment 2, 11
rats; experiment 3, 12 rats; experiment 4, 12 rats. All behavioral testing
was conducted during the dark phase of the cycle. During testing, rats
were fed ~15 g of laboratory chow after daily behavioral sessions to
maintain weights at 85-90% of free-feeding body weight. Water was
available ad libitum throughout the experiment. All experimentation was
conducted in accordance with the United Kingdom Animals (Scientific
Procedures) Act (1986).

Surgery

For each experiment, all rats were implanted bilaterally with 22-gauge
indwelling guide cannulas according to the following procedure. Before
surgery, all animals were anesthetized deeply by intraperitoneal injection
(60 mg/kg, i.p.) of sodium pentobarbital (Sagatal; Rhone Mérieux, Essex,
UK) and placed in a stereotaxic frame (David Kopf Instruments, Tu-
junga, CA) with the incisor bar set at —3.2 mm. The scalp was cut and
retracted to expose the skull. Holes were drilled and the guide cannulas
implanted according to the following coordinates, measured relative to
the skull at bregma (Paxinos and Watson, 1997): anteroposterior, —5.5
mm; lateral, 6.6 mm; dorsoventral, —6.5 mm. The cannulas were se-
cured to the skull using four jeweler screws and dental acrylic. Obdura-
tors cut to extend 1.1 mm beyond the tip of the guide cannulas and with
an outer diameter of 0.36 mm were inserted into the guides and remained
there except during infusions. At the completion of each surgery, the skin
was sutured, and an antibiotic powder (Acramide; Dales Pharmaceuti-
cals, Skipton, UK) was applied. Animals were allowed to recover for at
least 7 d before the beginning of behavioral testing.

Histology

After behavioral testing, rats were anesthetized by intraperitoneal injec-
tion of 2 ml of Euthatal (Rhone Mérieux) and perfused transcardially
with 100 ml of PBS, pH 7.4, followed by 250 ml of 4% paraformaldehyde
(PFA), pH 7.4. The brains were removed, postfixed in 4% PFA at 4°C for
24 h, and then immersed in 25% sucrose in PBS until they sank. Coronal
sections (60 wm) were cut on a freezing microtome through the extent of
PRh, and every fifth section was mounted on a gelatin-coated glass slide
and stained with cresyl violet. Slides were examined under a light micro-
scope to verify the cannula placements.

Infusion procedure

For all experiments, rats received bilateral infusions of either physiolog-
ical saline (0.9% sodium chloride, pH 7.0; Aquapharm; Animalcare Lim-
ited, York, UK) or drug (see below) on a given trial. For all conditions, the
basic procedure was as follows. All infusions took place in a preparation
room separate from the behavioral testing area. Animals were restrained
gently by the experimenter throughout the infusion process. The obdu-
rators were removed, and the 28-gauge infusion cannulas, which were
cut to extend 1 mm beyond the tip of the guides, were inserted into the
guides. Bilateral infusions were conducted simultaneously using two 1 ul
Hamilton syringes, which were connected to the infusion cannulas by
propylene tubing. The syringes were driven by a Harvard Apparatus
(Holliston, MA) precision syringe pump, which delivered 1 ul to each
hemisphere over 2 min. The infusion cannulas were left in place for an
addition 1.5 min to allow for diffusion of the infusate. The infusion
cannulas were then removed, and the obdurators were replaced before
the next phase of the procedure (see below for specific experiment pa-
rameters). For all experiments, in each of the two habituation sessions
before the beginning of behavioral testing, rats experienced a “mock”
infusion identical in all aspects to the procedure described above, except
that the injection cannulas contained no liquid. This was done to habit-
uate the animals to the general aspects of the infusion procedure, includ-
ing insertion of the infusion cannulas and the sound of the pump.
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Spontaneous object recognition

Spontaneous object recognition was conducted in a Y-shaped apparatus,
as described previously (Winters et al., 2004; Forwood et al., 2005).
Briefly, the Y-shaped apparatus had high, homogeneous white walls con-
structed from Foamalux (Brett Martin, Lancashire, UK) to prevent the
rat from looking out into the room and, thereby, maximize attention to
the object stimuli. The apparatus was raised 30 cm from the floor with
walls 40 cm high. Each arm was 27 cm in length and 10 cm wide. The start
arm contained a guillotine door 18 cm from the rear of the arm. This
provided a start box area within which the rat could be confined at the
start of the sample and choice phases of a given trial. The floor and walls
of the apparatus were wiped down with a dry paper towel between rats
but otherwise were not cleaned during the experiment. A video camera
was mounted above the apparatus to record all trials. Triplicate copies
were obtained of the objects, which were made of glass, plastic, or metal.
For any given trial, the objects in a pair were composed of the same
material so that they could not readily be distinguished by olfactory cues.
The height of the objects ranged from 5-20 cm, and all objects were
affixed to the floor of the apparatus with Blu Tack (Bostik, Stafford, UK)
to prevent them from being displaced during a trial. As far as could be
determined, the objects had no natural significance for the rats, and they
had never been associated with a reinforcer.

General procedure. All rats were habituated in two consecutive daily
sessions in which they were allowed to explore the empty Y-shaped ap-
paratus for 5 min. Before being placed in the apparatus, rats experienced
amock infusion procedure, as described above. After the mock infusion,
the rats were taken from the preparation area to the testing room and
placed in the start box; the guillotine door was then opened to allow the
rat to explore the main area of the apparatus. When the rat exited the start
box, the guillotine door was lowered to prevent reentry into this area of
the apparatus. The experimenter did not begin timing the session until
after the rat exited the start box. Testing began 24 h after the second
habituation session. Rats were given a series of test trials (one per day),
with a minimum interval of 24 h between trials. A different object pair
was used for each trial for a given animal, and the order of exposure to
object pairs as well as the designated sample and novel objects for each
pair were counterbalanced within and across groups. The time spent
exploring objects was assessed from video recordings of the sample and
choice phases. Data were collected by scoring exploratory bouts using a
personal computer running a program written in QuickBASIC 4.5. All
trials were run with the experimenter blind to the drug treatment
conditions.

Object recognition test. Each trial consisted of two phases. In the sample
phase, two identical objects (Al and A2) were placed in the Y-shaped
apparatus, one at the end of each exploration arm. The rat was placed in
the start box with the guillotine door lowered. The guillotine door was
then raised to allow the rat into the exploration area of the maze. When
the rat exited the start box, the guillotine door was lowered to prevent
reentry, and the sample phase began. The time spent exploring the two
objects was scored by an experimenter viewing the rat on a video screen.
The cumulative duration of exploratory bouts, the beginning and end of
which were indicated by pressing a given key on the computer keyboard,
was calculated by the computer program. Exploration of an object was
defined as directing the nose to the object at a distance of <2 cm and/or
touching it with the nose. Turning around or sitting on the object were
not considered exploratory behavior. The sample phase ended when the
rat had explored the identical objects for a total of 25 s.

Atthe end of the sample phase, the rat was removed from the Y-shaped
apparatus for the duration of the retention delay. After the delay, the rat
was placed back in the start box of the Y-shaped apparatus and released
into the exploration area for the choice phase. The Y-shaped apparatus
now contained an identical copy of the sample (familiar) object (A3) in
one arm and a new object (B) in the other. The exploration arms in which
the choice objects were placed were counterbalanced between rats and
across trials. The rat was allowed to explore the objects for 2 min, at the
end of which it was removed and returned to its home cage. The time
spent exploring the novel and familiar objects was recorded for the 2 min
of the choice phase, but attention was focused on the first minute, during
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which object discrimination is typically greatest. We calculated a dis-
crimination ratio, the proportion of total exploration time spent explor-
ing the novel object (i.e., the difference in time spent exploring the novel
and familiar objects divided by the total time spent exploring the ob-
jects), for the first minute of the choice phase on each object recognition
trial. This measure takes into account individual differences in the total
amount of exploration time.

Experiment 1. Experiment 1 assessed the effects of pre-sample intra-
PRh infusions of the NMDA receptor antagonist D(—)-2-amino-5-
phosphonopentanoic acid (AP-5; 30 mum in physiological saline; Sigma,
Poole, UK) with a short (5 min) and a long (180 min) retention delay
between sample and choice phases. Eleven rats received infusions, as
described above, before the sample phase. Animals were placed into the
Y-shaped apparatus ~ 15 min after the end of the infusion (disengagement of
the pump). After sampling the objects for 25 s, each rat was transferred to an
individual holding cage in a room adjacent to the testing room for the reten-
tion delay. All rats were run for a total of eight trials, receiving saline infusions
on one-half of the trials and lidocaine infusions on the other half. One-half of
the trials under each drug condition were run with a 5 min retention delay,
and the other half involved a 180 min delay. Both the drug and delay orders
were counterbalanced between rats.

Experiment 2. Experiment 2 was identical to experiment 1 in every
aspect, except that the AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline (CNQX; 3 mwum in physiological saline; Sigma) was ad-
ministered instead of AP-5 on drug infusion trials. Eleven rats served as
subjects.

Experiment 3. Experiment 3 assessed the effects of pre-choice intra-
PRh infusions of AP-5 and CNQX with a 180 min retention delay. Twelve
rats received infusions 15 min before the end of the retention delay on six
trials each. Each rat was run on two trials with saline, two with AP-5, and
two with CNQX. Drug administration orders were counterbalanced be-
tween rats.

Experiment 4. Experiment 4 examined the effects of immediate and 40
min post-sample infusions of AP-5 and CNQX with a 180 min retention
delay. Twelve rats received infusions immediately or 40 min after the
sample phase on counterbalanced trials. Each rat was run for 12 trials,
half with immediate postsample infusions and the other half with 40 min
postsample infusions. Each rat was run for two trials in each infusion
condition with each of the three drug conditions (saline, AP-5, CNQX).
Both the drug and infusion condition orders were counterbalanced be-
tween rats.

Data analysis

Group means of three measures taken from object recognition testing
(duration of the sample phase, total exploration time in the choice phase,
and the discrimination ratio) were analyzed for each experiment. Means
from these measures were submitted to two-way ANOVA for experi-
ments 1 (drug by delay), 2 (drug by delay), and 4 (drug by infusion time)
and a univariate ANOVA for experiment 3. Paired-samples ¢ tests were
used for post hoc analyses in all experiments. All statistical analyses were
conducted with a significance level of a = 0.05.

Results

Cannula placements

Rats in all experiments had cannulas implanted bilaterally within
PRh to allow delivery of drugs. All rats included in the behavioral
analyses had guide cannulas located bilaterally with injection
needle tips terminating in PRh near the border between areas 35
and 36 within cortical layers 2-5 (Burwell, 2001). These place-
ments were consistently located between 5.80 and 6.30 mm pos-
terior to bregma (Fig. 1), the approximate midsection of the ros-
tral-caudal extent of PRh. Figure 2 shows typical cannula tracks
in a representative section stained with cresyl violet. The minor
mechanical damage seen around the tip of the infusion cannula
track was observed in the brains of rats from all experiments,
presumably as a result of repeated infusions. There was, however,
no indication of any substantial behavioral impact of this minor
damage, because performance in later trials did not differ system-
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Bregma -5.80 mm

Bregma -6.04 mm

Bregma -6.30 mm

Figure1. Cannulation of rat PRh. Schematic representation of the infusion needle tip place-
ments from a typical group of animals (experiment 2;n = 11). These placements are represen-
tative of needle tip locations in all animals included in the behavioral analyses of the present
study. Cannulas were consistently located between 5.80 and 6.30 mm posterior to bregma.
Some needle tips overlap in the figure.

atically from earlier trials. Moreover, the within-subjects order of
saline and drug infusions was always counterbalanced to control
for such potential confounds.

Experiment 1: NMDAR blockade during encoding

We infused saline or the NMDAR antagonist AP-5 into PRh 15
min before the sample phase to assess the effects of NMDAR
blockade on object recognition memory with short (5 min) and
long (180 min) retention delays. The total time required to meet
the sample object exploration criterion (25 s cumulative) was
analyzed, because a group difference at this stage of the trial might
influence subsequent recognition performance. This analysis re-
vealed no significant effects of drug (F(, o) = 2.02; p > 0.10),
delay (F; 19y = 2.12; p > 0.10), or the drug by delay interaction
(F <'1). The means = SEM for separate conditions were as fol-
lows: saline, 5 min = 125.06 = 20.20 s; saline, 180 min =
108.81 = 13.86 s; AP-5, 5 min = 145.57 = 13.59 s; AP-5, 180
min = 130.49 * 16.28 s. Furthermore, there was no effect of drug
or delay (both F < 1) on the total amount of time spent by rats
exploring the objects in the choice phase, nor was the drug by
delay interaction significant (F, ;o) = 1.12; p > 0.10) (means *
SEM: saline, 5 min = 14.15 =* 1.69 s; saline, 180 min = 14.37 *=
1.13 s; AP-5, 5 min = 16.55 = 1.79 s; AP-5, 180 min = 13.53 *=
1.78 s). In contrast, intra-PRh AP-5 infusions significantly im-
paired object recognition memory when tested with the long re-
tention interval (Fig. 3). There were significant effects of drug
(F1.10) = 16.19; p < 0.01) and delay (F(, ;,, = 14.08; p < 0.01)
and a significant drug by delay interaction (F; ;o) = 13.54; p <
0.01). Post hoc tests confirmed that animals were significantly
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Figure 2.  Photomicrograph illustrating typical cannula tracks in PRh of a representative
brain section (~5.5 mm posterior to bregma). The tracks of the guide cannula and the infusion
cannula tip are clearly visible.
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Figure 3.  NMDAR blockade in PRh impairs long- but not short-term object recognition

memory. Spontaneous object recognition performance by animals in experiment 1 on trials in
which they received intra-PRh infusions of AP-5 or saline 15 min before the sample phase. Rats
were impaired on trials with AP-5 infusions when the retention delay between the sample and
choice phases was 180 min but not when the delay was 5 min. Data are presented as average
discrimination ratio = SEM. ***p <C 0.001, AP-5 versus saline. The dashed line indicates
chance performance (i.e., zero discrimination between familiar and novel objects).
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Figure4.  AMPARblockadein PRh disrupts short-and long-term object recognition memory.
Spontaneous object recognition performance by animals in experiment 2 on trials in which they
received intra-PRh infusions of CNQX or saline 15 min before the sample phase. Rats were
impaired on trials with CNQX infusions regardless of the length of the retention delay. Data are
presented as average discrimination ratio == SEM. *p << 0.05, CNQX versus saline; **p << 0.01,
CNQX versus saline. The dashed line indicates chance performance (i.e., zero discrimination
between familiar and novel objects).

impaired on AP-5 trials relative to saline trials with the 180 min
retention delay (o) = 6.27; p < 0.001) but not with the 5 min
delay (+ < 1). These results indicate that NMDAR activation
during the sample phase is required for subsequent object recog-
nition memory if the retention delay is relatively long. NMDAR
activity is not necessary, however, for encoding or retention of
object information over short intervals.

Experiment 2: AMPAR blockade during encoding

To assess the effects of AMPAR blockade during encoding, we
infused saline or the AMPAR antagonist CNQX into PRh 15 min
before the sample phase and tested rats with a 5 min and a 180
min retention delay as in experiment 1. The drug did not affect
measures of general object exploration in the sample or choice
phases but significantly disrupted object recognition with both
retention delays (Fig. 4). Analysis of the total time required to
sample the objects for 25 s revealed no significant effects of drug
(F1,10) = 1.07; p > 0.10), delay (F, ;5, = 1.28; p > 0.10), or the
interaction (F(, ;) = 2.24; p > 0.10) (means = SEM: saline, 5
min = 135.62 * 12.55 s; saline, 180 min = 101.64 = 14.70 s;
CNQX, 5 min = 126.30 = 12.43 s; CNQX, 180 min = 142.85 *
21.61 s). Moreover, there was no effect of drug (F < 1) or delay
(F(1,10) = 3.2; p > 0.10) on the total amount of time spent by rats
exploring the objects in the choice phase, nor was the drug by
delay interaction significant (F(, ;o) = 4.26; p > 0.05) (means *
SEM: saline, 5 min = 12.44 * 1.64 s; saline, 180 min = 13.69 =
1.17 s; CNQX, 5 min = 15.87 £ 2.69 s; CNQX, 180 min = 9.74 &
1.12 s). Intra-PRh infusions of CNQX, however, severely dis-
rupted object recognition memory regardless of the length of the
retention delay. Analysis of the discrimination ratio revealed sig-
nificant effects of drug (F; ;) = 19.97; p < 0.01) and the drug by
delay interaction (F(, ;5 = 5.77; p < 0.05); the delay effect was
not significant (F < 1). Post hoc comparisons of the two drug
conditions at each delay indicated that performance under
CNQX was significantly disrupted at both the 5 min (¢, = 4.82;
P < 0.01) and 180 min (¢, = 2.67; p < 0.05) retention delays.
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Figure 5. AMPAR but not NMDAR blockade in PRh disrupts retrieval in object recognition

memory. Spontaneous object recognition performance by animals in experiment 3 on trials in
which they received intra-PRh infusions of AP-5, CNQX, or saline 15 min before the choice phase.
The retention delay was 180 min. Rats were impaired on CNQX trials, but AP-5 had no effect.
Data are presented as average discrimination ratio == SEM. ***p <'0.001, CNQX versus saline
and CNQX versus AP-5.

These results suggest that AMPAR activity during the sampling
phase is required for both short- and long-term object recogni-
tion memory.

Experiment 3: NMDAR and AMPAR blockade

during retrieval

Experiments 1 and 2 indicate dissociable roles for AMPARs and
NMDAR:s in object recognition memory. Whereas AMPAR ac-
tivity during the sample phase is required for subsequent short-
and long-term object recognition memory, NMDAR activity is
necessary only when the information acquired during the sample
phase must be retained for a relatively long time. This finding is
consistent with the established role for NMDARs in the induction
of activity-dependent synaptic plasticity processes that may me-
diate long-term memory (Bliss and Collingridge, 1993). AM-
PARs are important for fast synaptic transmission and may,
therefore, play a more general role in information processing
within PRh. Thus, the effects observed in experiment 2 may in-
dicate involvement of AMPARs in perceptual aspects of object
encoding. To examine further the roles of these receptor types in
object recognition memory, we next compared the effects of
intra-PRh AP-5 and CNQX when the infusions were performed
15 min before the choice phase after a retention delay of 180 min.
This allowed us to compare the effects of NMDA and AMPA
receptor blockade at the time of retrieval.

Drug infusions had no effects on the time taken to explore the
objects in the sample phase (F < 1; means = SEM: saline =
82.67 = 4.73 5; AP-5 = 89.03 * 8.39 5; CNQX = 79.91 £ 5.945)
or the total exploration time in the choice phase (F < 1; means =
SEM: saline = 15.85 * 1.07 s; AP-5 = 13.92 + 1.53 s; CNQX =
14.70 = 1.02 s). Intra-PRh infusions of CNQX, however, severely
disrupted object recognition memory when compared with per-
formance on saline and AP-5 trials (Fig. 5). Analysis of the dis-
crimination ratio yielded a significant drug effect (F, ,,), = 24.11;
p <0.001), and post hoc comparisons indicated that performance
under CNQX differed significantly from saline (¢, = 6.2; p <
0.001) and AP-5 (t,,, = 7.27; p < 0.001) trials, whereas object
recognition on AP-5 trials was similar to that under saline (£ < 1).
These results suggest additional functional dissociations between
AMPARs and NMDARs in object recognition memory. AMPAR,
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Figure6.  AMPAR or NMDARblockade in PRh disrupts consolidation of object memory. Spon-
taneous object recognition performance by animals in experiment 4 on trials in which they
received intra-PRh infusions of AP-5, CNQX, or saline immediately or 40 min following the
sample phase. The retention delay was 180 min. Both AP-5 and CNQX impaired object recogni-
tion when infused immediately after the sample phase but not when the infusions were delayed
by 40 min. Data are presented as average discrimination ratio == SEM. **p < 0.01, C(NQX versus
saline; ***p < 0.001, AP-5 versus saline. The dashed line indicates chance performance (i.e.,
zero discrimination between familiar and novel objects).

but not NMDAR, activity is necessary within PRh at the time of
retrieval.

Experiment 4: NMDAR and AMPAR blockade

during consolidation

We found previously that inactivation of PRh with lidocaine dis-
rupts subsequent object recognition when infusions are made
immediately or 20 min after the end of the sample phase; intra-
PRh lidocaine has no effect, however, if infusions are delayed
until 40 min postsample (Winters and Bussey, 2005). This pat-
tern of results suggests a consolidation period during which the
memory trace becomes stabilized within PRh after the sample
phase. In the present experiment, we wished to determine
whether AMPA and/or NMDA receptors play a role in this sen-
sitive phase. The goal of this experiment was specifically to deter-
mine whether these glutamate receptors play a role in the earliest
stages of storage or consolidation taking place immediately after
the removal of the sample stimulus and, if so, whether this con-
tribution follows a similar time course to that demonstrated for
general PRh activity with lidocaine. Thus, we infused AP-5,
CNQX, or saline into PRh immediately or 40 min after the sam-
ple phase and tested object recognition 180 min after the sample
phase. Previous electrophysiological findings suggest that this re-
tention delay should allow sufficient time for the effects of CNQX
on synaptic transmission to dissipate before the start of the choice
phase (Day et al., 2003).

Although the drugs did not differentially affect measures of
general object exploration, immediate, but not 40 min, post-
sample infusions of either AP-5 or CNQX significantly disrupted
object recognition performance (Fig. 6). Analysis of the total time
required to explore the sample objects for 25 s revealed no signif-
icant effects of drug (F,,,, = 2.39; p > 0.10), but the effect of
infusion time was significant (F(, ;,) = 14.08; p < 0.01). Impor-
tantly, however, the drug by infusion time interaction was not
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significant (F,,,, = 1.33; p > 0.10) (means * SEM: saline, im-
mediate = 74.98 * 9.06 s; saline, 40 min = 117.28 = 9.25s; AP-5,
immediate = 65.81 * 5.79 s; AP-5, 40 min = 91.13 = 12.93 s;
CNQX, immediate = 72.30 * 7.41 s; CNQX, 40 min = 88.72 *+
10.05 s). There was also a significant effect of infusion time on
total choice exploration (F, ,;, = 8.22; p < 0.05), but neither the
drug effect nor the drug by infusion time interaction was signif-
icant (both F < 1; means *= SEM.: saline, immediate = 15.14 *=
1.28 s; saline, 40 min = 14.15 * 1.24 s; AP-5, immediate =
15.55 + 1.78 s; AP-5, 40 min = 11.66 * 1.33 s; CNQX, immedi-
ate = 14.95 £ 1.33 5; CNQX, 40 min = 12.27 & 1.26 s). Analysis
of the discrimination ratio, however, revealed significant effects
of drug (F, ,,) = 6.93; p < 0.01), infusion time (F, ;,, = 14.45;
p < 0.01), and a significant interaction (F,,,) = 11.04; p <
0.001). Post hoc analyses indicated that object recognition was
significantly disrupted by both AP-5 (t(,,, = 5.31; p < 0.001) and
CNQX (t,;y) = 4.15; p < 0.01) in the immediate post-sample
infusion condition when compared with performance on saline
trials. In the 40 min post-sample infusion condition, rats per-
formed as well on AP-5 and CNQX trials as they did on saline
trials (both # < 1). These results indicate that AMPAR and
NMDAR activity is necessary for a limited period after the end of
the sample phase for normal subsequent object recognition
memory.

Discussion

The present study provides additional evidence for the involve-
ment of PRh in three distinct stages of object recognition mem-
ory: encoding, retrieval, and consolidation. Moreover, these re-
sults indicate different roles for AMPA and NMDA glutamate
receptors in PRh in these three stages of memory processing. This
pattern of results is the first to demonstrate such functional dis-
sociations within PRh and, as such, provides useful insight into
our understanding of this important memory processing area
and the roles of AMPARs and NMDARs in learning and memory.

Perirhinal AMPARs and NMDARs in object encoding
Infusions of CNQX into PRh before the sample phase signifi-
cantly impaired object recognition memory compared with the
same animals’ performance on trials in which they received saline
before the sample phase. This effect was seen with relatively short
(5 min) and long (180 min) retention delays. These results sug-
gest a significant role for PRh AMPARSs in the initial encoding of
the object trace and are consistent with previous reports of im-
paired memory acquisition caused by pretraining administration
of AMPAR antagonists in other behavioral tasks. For example,
Riedel et al. (1999) reported that intrahippocampal infusions of
the AMPA/kainite receptor antagonist LY326325 (a decahy-
droisoquiniline compound) disrupted acquisition of spatial
memory in the water maze, and Day et al. (2003) showed that
intrahippocampal CNQX impaired encoding in a flavor—place
paired-associates task. Moreover, Izquierdo et al. (1998b)
showed that the acquisition of step-down inhibitory avoidance
learning can be disrupted by pretraining infusions of CNQX into
the hippocampus. These results, with the present findings, indi-
cate arole for AMPARs in different brain regions in encoding and
acquisition of different types of information.

We cannot entirely rule out the possibility that some post-
sample AMPAR blockade may have contributed to the deficits
observed in pre-sample CNQX conditions, because post-sample
CNQX infusions impaired object recognition memory in exper-
iment 4. Electrophysiological findings demonstrate that the max-
imal level of neural inactivation induced by CNQX in the hip-
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pocampus in vitro occurs 10—15 min after application of the drug
(Day et al., 2003). For this reason, we chose a 15 min pre-sample
infusion time. However, Day et al. (2003) also reported that the
neural inactivation caused by CNQX can last for ~60 min before
neural transmission returns to baseline. It thus remains a possi-
bility that pre-sample infusions of CNQX also disrupted PRh
transmission for a time after the sample phase. Additional exper-
iments combining intra-PRh CNQX infusions with electrophys-
iology may be required to resolve this issue.

The suggestion that AMPAR-mediated synaptic transmission
in PRh is necessary for encoding is consistent with many recent
studies implicating PRh in object identification and perceptual
representation (Buckley and Gaffan, 1998a,b; Murray and Bus-
sey, 1999; Buckley et al., 2001; Bussey and Saksida, 2002; Bussey et
al., 2002a). Indeed, it is well established that PRh lesions can
disrupt visual discrimination as well as object recognition (Buck-
ley and Gaffan, 1997; Buckley et al., 2001; Eacott et al., 2001;
Bussey et al., 2002b, 2003). Such findings suggest that PRh stores
complex representations of objects (Buckley and Gaffan, 1998b;
Bussey and Saksida, 2002). The effects of pre-sample blockade of
PRh AMPARs may, therefore, indicate interference with encod-
ing of the perceptual representation of the object (Dudai, 2002).

In contrast, blockade of NMDARs with AP-5 in PRh during
the sample phase disrupted only long-term object recognition
memory (180 min retention delay), leaving intact performance
when the delay was relatively short (5 min). This result suggests
that PRh NMDAR activity is not necessary for the initial percep-
tual encoding of the object trace. Rather, NMDAR activity within
PRh at the time of encoding is probably required for the induc-
tion of activity-dependent synaptic plasticity processes impor-
tant for long-term storage (Martin et al., 2000). The present re-
sults suggest that previously reported object recognition deficits
after systemic pre-sample injections of the NMDAR antagonist
(+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-
5,10-imine maleate (MK-801) with relatively long retention de-
lays (de Lima et al., 2005) may have been caused by blockade of
NMDARs in PRh. Moreover, the present findings are consistent
with previous studies reporting delay-dependent effects of pre-
training intrahippocampal AP-5 infusions in spatial and contex-
tual learning and memory tasks (Kim et al., 1992; Steele and
Morris, 1999). The present findings indicate that, as in the hip-
pocampus for spatial memory, NMDARs in PRh are crucially
involved in the neural mechanisms required for long-term object
memory.

Perirhinal AMPARs and NMDARs in object memory retrieval
Although blockade of PRh NMDARs at the time of encoding
disrupted object recognition 180 min later, NMDAR activity was
not necessary in PRh at the time of retrieval after this longer
retention delay, consistent with a selective role in activity-
dependent synaptic plasticity. In contrast, the AMPAR antago-
nist CNQX severely disrupted object recognition when infused
into PRh before the choice phase, consistent with previous find-
ings with different behavioral tasks after pretest AMPAR block-
ade in other brain regions (Izquierdo et al., 1997; Riedel et al.,
1999; Day et al., 2003). The differential pattern of results seen
with pre-sample versus pre-choice intra-PRh AP-5 infusions
mirrors that seen after intrahippocampal infusions in other tasks.
For example, Day et al. (2003) reported that, although intrahip-
pocampal AP-5 impaired encoding, it did not disrupt retrieval in
the paired-associates task, whereas CNQX affected both stages.
Kim et al. (1991) have also shown, in a contextual fear condition-
ing paradigm, that systemic AP-5 blocks memory acquisition but
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not expression. The present findings further illustrate the func-
tional differences between PRh AMPARs and NMDARs and pro-
vide additional support for the involvement of PRh synaptic
transmission at the time of object memory retrieval.

Perirhinal AMPARs and NMDARs in object

memory consolidation

Blockade of either AMPARs or NMDARs in PRh immediately
but not 40 min after the sample phase abolished subsequent ob-
ject recognition memory. These results suggest, consistent with
our previous findings with post-sample intra-PRh lidocaine in-
fusions (Winters and Bussey, 2005), that the object trace encoded
during the sample phase is dependent on activity within PRh for
a limited period of time after the end of the sample phase. Simi-
larly, previous studies have reported memory deficits in different
behavioral tasks after immediate post-training infusions of AM-
PAR or NMDAR antagonists into other areas of the brain (Izqui-
erdo et al., 1997, 1998a,b; Riedel et al., 1999), and de Lima et al.
(2005) showed recently that post-sample systemic injections of
the NMDAR antagonist MK-801 can disrupt spontaneous object
recognition with retention delays of 1.5 or 24 h. The present
findings indicate that both AMPAR and NMDAR activity is nec-
essary for successful consolidation of object memory within PRh.
AMPAR-mediated synaptic transmission may be required to
maintain the encoded trace, whereas NMDAR activity contrib-
utes to the establishment of synaptic changes required for longer-
term storage (Goelet et al., 1986; Dudai, 1996; Martin et al.,
2000). This consolidation period seems to end within the first 40
min after encoding.

As discussed previously, teasing apart the effects of pre-sample
and post-sample infusions in the present study is complicated by
the fact that pre-sample infusions likely lead to some post-sample
receptor antagonism as a result of the time course of the drugs.
The maximal effects of post-sample drugs were unlikely, how-
ever, to have occurred until 15 or 20 min after the immediate
post-sample infusion, whereas the maximal effects of pre-sample
drugs would be attained at the outset of the sample phase. Fur-
thermore, and importantly, the post-sample infusion effects of
CNQX and AP-5 demonstrate that AMPAR and NMDAR activ-
ity is still required after the stimulus is no longer physically
present. The CNQX- and AP-5-induced impairments, thus, in-
dicate that the functions of AMPARs and NMDARs in PRh are
not required just for the superficial encoding that takes place
during the sample phase but also for the processing taking place
after removal of the stimulus. Although this processing may be
linked to continued firing of PRh neurons after the sample phase,
this is in the absence of the sample stimulus and can, thus, be
thought of as an aspect of memory storage and early consolida-
tion. Whether this glutamate receptor dependence continues into
the delay, for example at a 20 min post-sample infusion time, as
we have shown for the effects of lidocaine (Winters and Bussey,
2005) cannot be determined from the present findings. Such an
analysis would, however, be of interest, because the results could
add further weight to the evidence presented here for involve-
ment of AMPARs and NMDARs in object memory storage and
consolidation.

Long-term potentiation (LTP) and long-term depression
(LTD) are two forms of activity-dependent synaptic plasticity
that involve AMPARs and NMDARs (Bliss and Collingridge,
1993; Ziakopoulos et al., 1999; Cho et al., 2000; Martin et al.,
2000). Moreover, both NMDAR-dependent LTP and LTD occur
in PRh (Bilkey, 1996; Ziakopoulos et al., 1999), and these provide
likely candidates for at least part of the neural mechanism re-
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quired for object recognition memory (Brown and Bashir, 2002).
It is possible that the mechanisms of AMPARs and NMDARs
interact with metabotropic receptors to mediate long-term reten-
tion of object memory, because it has been shown that a form of
activity-dependent LTD within PRh relies on interaction be-
tween NMDARs and metabotropic glutamate receptors (Cho et
al., 2000). The present results indicate that initial encoding of the
object trace in PRh does not ensure the completion of cellular and
molecular changes required for long-term storage. Rather, the
trace gradually transfers from a labile state, which may require
ongoing AMPAR-mediated synaptic transmission, to a more re-
sistant memory, the consolidation of which requires NMDAR
activity after the sample phase.

Although we have not performed an analysis of the actual
spread of drug effects in the present study, we can be quite certain
that this was limited to PRh. Using similar infusion parameters
with radiolabeled lidocaine, we have shown that infusate spreads
rostrocaudally along the full length of PRh without encroaching
substantially into other temporal lobe regions (Winters and Bus-
sey, 2005). Nonetheless, there is a small chance that the important
negative results with AP-5 in the present study were attributable
to partial NMDAR blockade within the elongated PRh. Because
we have not analyzed specifically AP-5 or CNQX spread, we can-
not be absolutely certain that receptor blockade within PRh was
complete with these drugs. However, the positive results from the
same experiments using identical infusion parameters provide
control conditions that argue against an explanation of the neg-
ative results based on partial receptor blockade within PRh.

Conclusion

Object recognition tests are increasingly prevalent in basic and
preclinical research studies of the mechanisms of memory. Here,
we show that this important mnemonic process comprises inter-
dependent but distinct stages, all of which depend on neural
transmission within PRh. The pattern of spared and impaired
performance in this study contributes importantly to our under-
standing of PRh function. Specifically, the use of CNQX provides
an important extension of previous results with lidocaine (Win-
ters and Bussey, 2005). The specificity of CNQX allows us to
conclude more confidently that cellular activity within PRh is
involved in the distinct stages of object recognition memory. In-
deed, the advantage provided by the present results over those
with lidocaine is akin to the difference between excitotoxic versus
radiofrequency or aspiration lesions.

In addition to confirming the role of PRh in the stages of
object recognition, the present results emphasize the importance
of glutamate receptors and their different contributions to these
processes. The present findings suggest a crucial role for
AMPAR-mediated synaptic transmission within PRh during the
encoding, retrieval, and consolidation of object memory. In con-
trast, NMDAR activity is not necessary at the retrieval stage or for
encoding short-term memory. Rather, NMDAR activity within
PRh seems to be important for the induction of processes during
encoding and early consolidation that are necessary for long-
term retention of the object memory trace. The pattern of the
present results is consistent with findings in other brain areas and
different behavioral tasks (Miserendino et al., 1990; Kim et al.,
1991, 1992, 1993; Day et al., 2003), suggesting a degree of gener-
ality in the mechanisms of learning and memory.
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