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Distinct Contributions of Hippocampal NMDA and AMPA
Receptors to Encoding and Retrieval of One-Trial
Place Memory

Tobias Bast, Bruno M. da Silva, and Richard G. M. Morris
Laboratory for Cognitive Neuroscience, Division of Neuroscience, University of Edinburgh, Edinburgh EH8 9JZ, United Kingdom

Allocentric place memory may serve to specify the context of events stored in human episodic memory. Recently, our laboratory
demonstrated that, analogous to event—place associations in episodic memory, rats could associate, within one trial, a specific food flavor
with an allocentrically defined place in an open arena. Encoding, but not retrieval, of such flavor-place associations required hippocam-
pal NMDA receptors; retrieval depended on hippocampal AMPA receptors. This might have partly reflected the contributions of these
receptors to encoding and retrieval of one-trial place, rather than flavor-place, memory. Therefore, the present study developed a
food-reinforced arena paradigm to study encoding and retrieval of one-trial allocentric place memory in rats; memory relied on visuo-
spatial information and declined with increasing retention delay, still being significant after 6 h, the longest delay tested (experiments 1
and 2). Hippocampal infusion of the NMDA receptor antagonist p-AP-5 blocked encoding without affecting retrieval; hippocampal
infusion of the AMPA receptor antagonist CNQX impaired retrieval (experiment 3). Finally, we confirmed that the p-AP-5 infusions
selectively blocked induction of long-term potentiation, a form of synaptic plasticity, whereas CNQX impaired fast excitatory transmis-
sion, at perforant-path dentate gyrus synapses in the dorsal hippocampus in vivo (experiment 4). Our results support that encoding, but
notretrieval, of one-trial allocentric place memory requires the NMDA receptor-dependent induction of hippocampal synaptic plasticity,
whereas retrieval depends on AMPA receptor-mediated fast excitatory hippocampal transmission. The contributions of hippocampal
NMDA and AMPA receptors to one-trial allocentric place memory may be central to episodic memory and related episodic-like forms of

memory in rats.
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Introduction

There is growing interest in neurobiological substrates relevant to
human episodic memory, the memory of unique personally ex-
perienced events (Tulving, 2002). Allocentric place memory may
be central to episodic memory, for example, to specify the context
of remembered events (Gaffan, 1991; Burgess et al., 2002; Nadel
and Hardt, 2004) and is amenable to testing in rodent species
suitable for neurobiological investigations (Bures and Fenton,
2000; Aggleton and Pearce, 2001). Inspired by experiments using
food-caching behavior to demonstrate episodic-like memory in
scrub jays (Clayton and Dickinson, 1998), a recent study from
our laboratory (Day et al., 2003) introduced a new apparatus, the
“eventarena” (see Fig. 1 A), in which rats may find food buried in
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sand in any one of many places. Analogous to the event—place
associations of episodic memory, rats could associate flavors with
the places where they found food of that flavor in single specific
episodes. The flavor later served as recall cue for the place where
additional food of the same flavor could be obtained. Blockade of
hippocampal NMDA receptors impaired encoding, but not re-
trieval, of such flavor—place paired associates, whereas antagoniz-
ing hippocampal AMPA receptors impaired retrieval. The possi-
bility that these effects may partly reflect interference with
encoding and retrieval of one-trial allocentric place, rather than
flavor—place, memory deserves careful consideration.

Many theoretical models emphasize the importance of the
hippocampus for rapid encoding and subsequent retrieval of var-
ious types of “relational” memory, including allocentric place
memory, that require representations of mutual relationships be-
tween multiple features (O’Keefe and Nadel, 1978; O’Reilly and
Rudy, 2001; Morris et al., 2003; Wiltgen and Fanselow, 2003;
Eichenbaum, 2004; Matus-Amat et al., 2004; Nakazawa et al.,
2004). According to these models, encoding of one-trial place
memory requires the induction of hippocampal long-term syn-
aptic plasticity, mediated by NMDA receptors (Bliss and Col-
lingridge, 1993; Martin et al., 2000), to conjoin a feature config-
uration defining a place into a memory representation. Retrieval
requires fast excitatory transmission through hippocampal syn-
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apses, essentially mediated by AMPA re-
ceptors (Davies and Collingridge, 1989;
Lambert and Jones, 1990), to activate the
stored place representation after perceiv-
ing elements of the feature configuration.
Alternatively, it has been suggested that
the neural representation of trial-specific
places in familiar environments over min-
utes to hours may not require hippocam-
pal NMDA receptors (Shapiro and
O’Connor, 1992; Caramanos and Shapiro,
1994; Kesner and Rolls, 2001).

The present experiments include an ex-
amination of the contributions of hip-
pocampal NMDA and AMPA receptors to
encoding and retrieval of one-trial place
memory. First, we developed and charac-
terized a food-reinforced task for the sep-
arate study of the encoding and retrieval of
one-trial allocentric place memory in the
event arena (experiments 1 and 2). Sec-
ond, we examined the effects of intrahippocampal infusions of
AP-5 or CNQX, competitive antagonists at the NMDA and
AMPA receptor, respectively (Watkins et al., 1990), on encoding
and retrieval of one-trial place memory in this task (experiment
3). Third, we conducted electrophysiological measurements to
establish that, if infused exactly as in the behavioral experiment,
AP-5 selectively blocks the induction of synaptic plasticity and
CNQX reduces fast excitatory synaptic transmission in the hip-
pocampus in vivo (experiment 4).

Figure 1.

memory.

Materials and Methods

Experiments 1 and 2: development and characterization of the
novel one-trial place memory task

The task was designed to enable the study of the neural substrates of
encoding and retrieval of one-trial allocentric place memory. This re-
quires robust measures of place memory for discrete trials and a separa-
tion of encoding and retrieval phases by several minutes to allow, for
example, intracerebral drug infusions and appropriate drug diffusion
between the phases. Moreover, to enable a direct comparison, the proce-
dural requirements of the task should be similar to the previously devel-
oped flavor—place memory protocol (Day et al., 2003). The present pro-
tocol has similarities to food-reinforced place memory paradigms for rats
in the “cheeseboard apparatus” developed by Kesner and colleagues
(Kesner et al., 1989; Gilbert et al., 1998, 2001; Kirwan et al., 2005) and to
paradigms developed for birds (Healy and Krebs, 1992; Clayton and
Krebs, 1994). Our protocol comprised one trial per day consisting of two
phases: (1) an encoding phase, in which the rats had to search the arena to
find food in a trial-specific place and to encode this place in memory; and
(2) after a delay of between 5 and 360 min, a retrieval phase, in which the
rats could use one-trial place memory to find food in the same place as in
the preceding encoding phase (Fig. 1 B). A key aspect of the task is the use
of different places across days to enable the successive examination of
one-trial encoding and retrieval across a range of conditions in within-
subjects designs.

Subjects. Thirty-one adult male Lister Hooded rats (Charles River,
Margate, UK) were used for experiments 1 (n = 15) and 2 (n = 16). They
were housed singly in a temperature (20-23°C)-controlled and humidity
(40-55%)-controlled room with an artificial light/dark cycle (lights on
7:00 A.M. to 7:00 P.M.). The rats had ad libitum access to water and were
fed a restricted diet (18 —24 g per day of standard rat chow, RM1; Special
Diet Services, Witham, Essex, UK) to maintain them at ~85% of their
free-feeding weight estimated according to a previously established
growth curve. They weighed 200-250 g and were 8—10 weeks old at the
beginning of the food restriction. Before the start of experiments, all rats
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Retrieval Phase

Encoding Phase

The one-trial place memory task. A, Open arena (event arena) used for the task. The arena floor hasa 7 X 7 grid of
circular holes covered by lids that can be removed to insert sandwells. B, A trial comprises an encoding and a retrieval phase. In the
encoding phase, the rat must search for food reward (white dot) buried in a sandwell (filled circle) in a trial-specific place; all other
possible sandwell locations (stippled circles) are closed and covered by sawdust. In the retrieval phase, beginning after a delay
during which the rat is returned to its home cage, food is buried in a sandwell in the same place as in the encoding phase, and
sandwells without food are open in four novel places; to find food efficiently in the retrieval phase, the rat must use one-trial place
memory according to a win—stay rule. Start positions for encoding and retrieval phases are different requiring allocentric place

were habituated to handling by the experimenter. All experimental pro-
cedures were conducted during the light phase of the cycle. The Principles
of Laboratory Animal Care (National Institutes of Health publication
number 86-23, revised 1985) and Home Office regulations for animal
experimentation were followed (Project License number 60/2484).

Apparatus. The arena (1.6 X 1.6 m) had a7 X 7 grid of 49 circular holes
covered by plastic lids. Sandwells (6 cm diameter, 3.5 cm deep) could be
put in these locations, so that their edges were plane with the arena
surface. The arena surface stood 75 cm above the floor and had four walls
of clear Perspex (30 cm high). In the center of each wall was a rectangle-
shaped entrance with a sliding door and a start box (25 X 25 X 25 cm)
made from clear Perspex behind it. The second and sixth holes in row 4
were each covered by alandmark, a stack of golf balls and a pyramid, and
the arena floor was covered by a thin layer of sawdust. Excepting the
addition of sawdust, this arena was identical to the one used previously
for the flavor—place task. It was placed in a rectangular test room (2.6 X
4 m) with white walls and could be accessed via two gray doors in the two
short walls. One door led to the corridor via which the rats were brought
into the test room. A “holding area,” where rats could be kept in their
home cages before and after trials and during delay phases, was located
next to this door, separated from the rest of the room by a gray divider
wall. The other door gave access to a control room with a personal com-
puter and a video recorder, both of which were connected to a wide-angle
video camera mounted at the ceiling above the arena. The personal com-
puter ran dedicated Labview (National Instruments, Austin, TX) soft-
ware (P. Spooner, University of Edinburgh, Edinburgh, UK) to monitor
trials and to take time measurements, in particular the dig time at differ-
ent sandwells (see below, Measures of one-trial place memory), and for
remote control of start-box doors. The video recorder was used to tape
the trials. Three-dimensional cues (star-shaped, ball-shaped, and cubic
lampshades of different colors) were mounted on the test room walls and
the divider wall; one long wall was decorated with a pattern of big black
rectangles and white stripes, and one short wall had a poster with black
spots on a white ground on it. Normally, the test room was moderately
illuminated (100 lux) by wall-mounted halogen lamps. For tests in dark-
ness (i.e., excluding light frequencies within the rats’ visual spectrum), an
infrared light source (VISO10IR; Voltek, Stafford, Staffordshire, UK)
mounted at the ceiling close to the infrared-sensitive camera provided
the only illumination, and the experimenter wore infrared-sensitive
night-vision goggles (Cobra Optics, Henfield, West Sussex, UK). The test
room was maintained at ~22°C by ceiling ventilation.

The sandwells were filled with bird sand (Trilcot, Lincs, UK) up to
0.5-1 cm below the edge. One-half pellets (500 mg) of standard rodent
food (Bio-Serve, Frenchtown, NJ) were used as food reward. The sand
was adulterated with thoroughly ground food pellets (23 g per 2.5 kg of
sand), to reduce the possibility that rats use food odor to differentiate
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between correct and novel sandwells in the retrieval phase of the trials
(see below, One-trial place memory protocol).

Shaping and habituation. During week 1 of food restriction, rats were
shaped to dig for food in sandwells placed in their home cages. In week 2,
they were habituated to the test environment and trained to search and
dig for food in the arena. On day 1 of habituation, the rats were put into
the arena for 5 min with no sandwell in place and all holes closed. For
days 2—6, they received one daily habituation trial. In habituation trials,
the rat was put in a start box and, after 20 s, allowed access to the arena.
The rats started from a different start box each day, so that they had
started from all four boxes at least once by the end of the habituation
period. In the first habituation trial, one sandwell with one-half of a pellet
of food buried near the surface was placed in the center location of the
arena. In the following habituation trials, one sandwell with the one-half
pellet deeply buried on the bottom was in the location immediately in
front of the start box opposite to the one from which the rat started the
trial. At the end of the 5 d habituation period, all rats readily searched and
dug for food in the arena, so that a complete habituation trial would
typically take 1.5-5 min (including the 20 s in the start box and the 60 s
allowed to eat the food).

One-trial place memory protocol. Trials were always separated by at
least 1 d, with five to seven trials per week. The trials started with the
encoding phase: the rat was put in a start box and after 20 s was allowed
access to the arena. Once the animal had entered the arena, the access
door was closed preventing reentry of the animal to the start box. In the
encoding phase, the rat had to search for an open sandwell in one partic-
ular location and to dig to retrieve the buried food reward. All other
locations were closed and covered with sawdust. After the rat had re-
trieved the food, it was allowed 60 s to eat the reward and then replaced in
its cage in the holding area for a delay period until the start of the retrieval
phase. The retrieval phase started with the rat being put into a different
start box from the one used at the beginning of the encoding phase [to
encourage allocentric orientation based on relationships among multiple
visual cues (Eichenbaum etal., 1990)] for 30 s until the door was opened.
In the retrieval phase, the rat could find food in a sandwell in the same
location as in the encoding phase (the “correct” location), but four ad-
ditional sandwells, without reward, were open in four “novel” locations.
The rat was returned to its cage 60 s after it had retrieved the food. During
standard trials, the food reward in the retrieval phase was buried in the
correct sandwell as in the encoding phase. During probe trials, none of
the five sandwells in the retrieval phase contained a reward, and the rat
was left searching and digging in the sandwells for a total of 60 s (counted
from the moment it had completely left the start box). After 60 s, the
experimenter entered the room and put reward on the surface of the
correct sandwell, so that the rat could retrieve it. The purpose of probe
trials was to obtain a “dig-time” measure (see below) and to make the use
of olfactory cues emanating from the food reward impossible.

Correct and novel locations were changed daily; locations in a trial
were never directly adjacent, and they were chosen so that the different
quadrants, as well as central and peripheral regions of the arena, were
equally associated with correct or novel locations over days. The four
locations forming a triangle in front of each start box were never used
(except for habituation; see above), because of the high probability that
the rat would dig in these locations just by chance when exiting the start
box. Because pilot tests (T. Bast, unpublished observations) suggested
that the proximity of the sandwells to the rat’s start box influences the
first choice, all four start boxes were used in a counterbalanced way. To
minimize the possibility that rats could use odor traces to find food, the
sand used in the different locations was mixed between phases and trials,
and the sawdust was whirled between phases and rats.

Measures of one-trial place memory. Measures of one-trial place mem-
ory taken during the retrieval phase were (1) the rat’s first choice (i.e., in
which sandwell it dug first), (2) errors (i.e., the total number of sandwells
in novel locations in which the rat dug before digging in the sandwell in
the correct location), and (3) the dig time at correct and novel sandwells
during the 60 s retrieval phase in probe trials. “Digging” was defined as
the rat putting both front paws on or into the sand with the snout di-
rected downward to the sand. In addition to scoring digging based on the
video image, the sandwells were checked for traces of digging: a bump in
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the sand or sand spread around the sandwell reflected that the animal had
dug at a given location. To normalize dig-time measures, a rat’s dig time
at a sandwell was expressed as a percentage of the overall dig time during
the 60 s retrieval phase of the probe trial (percentage of dig time at
sandwell). The values expected based on chance were 20% of the first
choices and of the total dig time at each sandwell and an average number
of two errors [compare Healy and Krebs (1992) and Clayton and Krebs
(1994)].

Experimental design. Experiment 1 used 15 rats to develop the novel
one-trial place memory protocol and to establish that performance
would be sufficiently robust for the later drug infusion studies. After
shaping and habituation, the 15 rats had first been subjected to 50 trials (1
trial per day) of the previously described flavor—place paired-associate
protocol, as part of ongoing efforts to clarify factors influencing perfor-
mance in different event-arena protocols. In experiment 1, rats were
subjected to 18 trials (1 trial per day) with a 5 min delay between the
encoding and retrieval phases. Trials 1-16 and 18 were standard training
trials; trial 17 was a probe trial. Before moving on to the surgery for the
infusion studies of experiment 3, the 15 rats were first subjected to a few
additional trials to ensure that, as required for the infusion studies, one-
trial place memory persists over a delay longer than 5 min. For this
purpose, performance was compared at a 5 and 45 min delay in a coun-
terbalanced within-subjects design. The rats were subjected to six trials,
with the delay alternating between 5 and 45 min. Trials 3 and 6 were
probe trials.

Experiment 2 used 16 naive rats to replicate the initial task acquisition
and to characterize thoroughly factors underlying task performance. It
was subdivided into successive examinations of: (1) task acquisition as in
experiment 1 (excepting with experimentally naive animals); (2) delay
dependence of one-trial place memory; (3) effects of arena rotation be-
tween encoding and retrieval; and (4) effects of darkness during retrieval.

Experiment 2a started immediately after shaping and habituation of
the rats and comprised 16 standard training trials followed by one probe
trial, with a 5 min delay between encoding and retrieval. These 17 trials
were run exactly as in experiment 1, using the same correct and novel
sandwell locations. Experiment 2b thoroughly examined the delay de-
pendence of one-trial place memory in the novel task. For this purpose,
performance measures were compared in trials with a delay of 5, 60, 180,
and 360 min between the encoding and retrieval phases in a counterbal-
anced within-subjects design. The experiment was run in two series; each
series comprised four standard training trials at each delay, followed by
pairs of alternating standard and probe trials at each of the four delays.
Experiment 2c examined whether the rats’ performance may have relied
on cryptic odor traces left on the arena surface. It was run in two series,
with series 1 run before and series 2 run after the second series of exper-
iment 2b, allowing a direct comparison of the two experiments. In Ex-
periment 2¢, performance was tested at a 20 and 360 min delay, with the
symmetric arena rotated by 90 or 180° between the encoding and re-
trieval phases; the configuration of intra-arena landmarks and extra-
arena landmarks was kept constant. If rats relied on cryptic odor cues on
the arena surface, performance should be disrupted by arena rotation.
Each series in experiment 2¢ comprised one pair of standard and probe
trials for the 20 and the 360 min delay, with the order of the two delays
counterbalanced. Finally, experiment 2d examined the effects of dark-
ness during retrieval to verify that normal task performance relied on
visuospatial cues. To habituate the rats to sudden lighting changes, they
were subjected to two standard training trials with a 5 min delay during
which the test room (including the holding area) was dark. After this
habituation, probe trials (separated by an additional standard training
trial with 5 min delay in darkness) were conducted under two different
conditions in a counterbalanced within-subjects design. In one condi-
tion, the retrieval phase was conducted in light and in the second condi-
tion in darkness. In both conditions, the delay was 20 min (because this
delay was used in the infusion studies) and it was dark during the delay
(to control for a possibly startling effect of sudden lighting changes).
Only one series of such probe trials was conducted, because repeated
retrieval phases in darkness might have encouraged the rat to acquire
nonvisual strategies (such as orientation based on localized sound
sources).
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Statistical analysis. Paired Student’s t tests or repeated-measures
ANOVA were used to analyze the influence of within-subjects variables
on behavioral measures, unless stated otherwise. Fisher’s protected least
significant difference (PLSD) post hoc tests were used to further examine
main effects of the ANOVA. Paired Student’s t tests were used to compare
performance measures to the values expected based on chance. The level
of significance was set at p < 0.05 for all analyses. Data are presented as
mean = 1 SEM.

Experiment 3: effects of hippocampal AP-5 or CNQX infusions on
encoding and retrieval of one-trial place memory

The significance of hippocampal NMDA and AMPA receptors for en-
coding and retrieval of one-trial place memory was tested by specifically
blocking these receptors during different phases of the one-trial place
memory task. We first tested the effects of hippocampal NMDA receptor
blockade by AP-5 on both encoding and retrieval and then the effects of
AMPA receptor blockade by CNQX on retrieval. For reasons explained
under Experimental design above, the effects of AMPA receptor blockade
on encoding were not tested.

Subjects. The 15 rats from experiment 1, ~6.5 months old after its
completion, received bilateral implantation of infusion guide cannulas.
One rat was excluded after surgery because of bad health, leaving 14
cannulated rats. Because of their pretraining, these rats were equally
familiar with the different sandwell locations as the rats used previously
to examine the effects of hippocampal NMDA and AMPA receptor
blockade on one-trial flavor—place memory, allowing a direct compari-
son. The rats were kept on a moderate food-deprivation schedule and
housed as described for experiments 1 and 2 but had ad libitum access to
food from 1 d before until 2 d after surgery.

Implantation of infusion guide cannulas. One day before until 3 d after
surgery, animals received an analgesic in their drinking water (Rimadyl
Large Animal Solution; 2 ml/L). Anesthesia was induced with 5% halo-
thane and maintained with 1-3% halothane, delivered in oxygen. The
rats were placed in a stereotaxic frame, the scalp was incised to expose the
skull, and bregma and gamma were aligned in the same horizontal plane.
Infusion guide cannulas (26 gauge) with stylets (33 gauge; C315; Plastics
One, Bilaney, UK), which should prevent occlusion of the guides and
which were secured to them by plastic caps, were implanted through
small holes drilled into the skull. The stylet tips projected 0.5 mm from
the end of the guide and were aimed at the following coordinates above
the posterior dorsal hippocampus: 4.5 mm posterior and 3.0 mm lateral
from bregma and 3.0 mm ventral from the dura. These coordinates were
used in previous studies examining the effects of hippocampal microin-
fusions in place and flavor—place memory tasks in our laboratory (Riedel
et al., 1999; Steele and Morris, 1999; Day et al., 2003). Guide cannulas
were fixed to the skull with dental cement and stainless steel screws. After
surgery, rats had a recovery period of 9-10 d before the start of any
additional behavioral procedures. During this period, the rats were ha-
bituated to the restraint necessary for the hippocampal infusions.

Intrahippocampal microinfusions and drugs. For the bilateral infusion
in the behavioral experiments, rats were restrained manually; infusions
into both hemispheres were performed simultaneously. The stylets in the
guide cannulas were replaced by infusion cannulas (33 gauge; C315;
Plastics One) connected to microsyringes in a microinfusion pump via
flexible polyvinyl chloride tubing. The tips of the infusion cannulas pro-
jected 0.5 mm beyond the end of the guides. A volume of 1 ul per cannula
was infused at arate of 0.4 ul/min. To allow for absorption of the infusion
bolus by the brain tissue, the infusion cannulas were then left in place for
1 min before being replaced by the stylets.

Phosphate-buffered artificial CSF (ACSF) (in mm: 150 Na*,3K ™, 1.4
Ca’*,0.8Mg>",155Cl~, 0.2 H,PO, ~, 0.8 HPO,” ", pH 7.2) was used
as infusion vehicle and for control infusions. Drug concentrations for
infusions were 3 mum of the competitive AMPA/kainate receptor antago-
nist CNQX (disodium salt; CoH,N,0,Na,x1H,0; Tocris, Bristol, UK)
(corresponding to 0.89 ug/ul) or 30 mm of the competitive NMDA re-
ceptor antagonist D-AP-5 (CsH,NOP; Tocris) (corresponding to 5.9
g/ ul). The solution of CNQX was facilitated by slight sonification. The
pH of the drug solutions was adjusted to 7.2 by the addition of concen-
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trated phosphoric acid (for CNQX) or of 1 M NaOH solution (for p-AP-
5). Both ACSF and drug solutions were prepared in larger quantities,
divided into 400-800 wul aliquots, and kept frozen at —20°C until use.
The CNQX solution was slightly sonicated after thawing.

Histology. At the completion of the experiments, rats were anesthetized
with an overdose of Euthatal (Harlow, Essex, UK) and perfused transcar-
dially with saline, followed by 4% formaldehyde solution to fix the brain
tissue. Brains were extracted from the skull, postfixed in 4% formalde-
hyde solution, and cut into 30 uwm coronal sections on a freezing mic-
rotome. Every third section through the area of interest was mounted on
slides and stained with cresyl violet. The sections were examined with a
light microscope under 20-fold magnification to verify cannula place-
ments and draw them onto plates from the atlas of Paxinos and Watson
(1998).

Experimental design. The one-trial place memory task was run as de-
scribed for experiments 1 and 2. The delay between the encoding and
retrieval phases and the time points for intrahippocampal infusions were
chosen to be identical to those in the studies on flavor—place memory
(Day et al.,, 2003): the delay was 20 min, and infusions started 15 min
before the encoding phase or 15 min before the retrieval phase. Infusions
were conducted in the holding area of the experimental room.

After recovery from surgery, the rats were subjected to four standard
training trials (postsurgery habituation trials) to ascertain that one-trial
place memory was still above chance and unaffected by mock infusions.
Before the encoding or retrieval phase of the third and fourth trials, rats
received mock infusions (eight rats before encoding of trial 3 and re-
trieval of trial 4 and seven rats vice versa). A mock infusion was identical
to a real infusion, except that syringes and tubing were empty.

The effects of hippocampal drug and ACSF infusions on encoding and
retrieval of one-trial place memory were studied in a within-subjects
design, with the order of the different infusion conditions counterbal-
anced between animals. Infusion days were alternated with days without
infusion. On infusion days, probe trials were conducted, whereas on the
days without infusion, standard training trials were run. Experiment 3a ex-
amined the effects of hippocampal infusion of the NMDA receptor antago-
nist AP-5 before encoding and retrieval (four infusion conditions: AP-5
before encoding, AP-5 before retrieval, ACSF before encoding, ACSF before
retrieval). This experiment revealed that NMDA receptor blockade
disrupted encoding but not retrieval. This implied that AMPA receptor
blockade would also disrupt encoding, because NMDA receptor-mediated
induction of synaptic plasticity requires AMPA receptor-mediated postsyn-
aptic depolarization (Bliss and Collingridge, 1993). The interesting out-
standing issue, however, was whether, in contrast to NMDA receptor
blockade, AMPA receptor blockade would also impair retrieval, as predicted
by the theoretical positions described in the Introduction. Moreover, limit-
ing the number of infusion conditions could help to decrease the risk of
problems associated with many intracerebral infusions (gliosis, infections,
cannula blockade) while increasing the statistical power of the design. There-
fore, experiment 3b examined the effects of hippocampal infusion of the
AMPA receptor antagonist CNQX only before retrieval (two infusion con-
ditions: CNQX before retrieval, ACSF before retrieval).

Statistical analysis. Statistical analysis was conducted similar to exper-
iments 1 and 2, with infusion conditions as an additional within-subjects
factor. Based on the results of experiments 1 and 2, analysis mainly fo-
cused on the dig-time measure.

Experiment 4: effects of hippocampal AP-5 or CNQX infusions on
synaptic transmission and plasticity
Different effects on hippocampal synaptic transmission and plasticity
may underlie the distinct effects of hippocampal AP-5 and CNQX infu-
sions on encoding and retrieval of one-trial place memory in experiment
3. To substantiate this, we examined the effects of hippocampal AP-5 and
CNQX infusions, conducted exactly as in experiment 3, on low-
frequency transmission and long-term potentiation (LTP) at one intrin-
sic hippocampal connection, the perforant-path dentate gyrus synapses,
in anesthetized rats.

Subjects, implantation of infusion guide cannulas, intrahippocampal mi-
croinfusions, and drugs. Thirty-nine naive male Lister Hooded rats (250—
390 g and 2—4 months old; Charles River) with ad libitum access to food,
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but otherwise housed and handled as the rats in the previous experi-
ments, were implanted with one infusion guide cannula into the left
hemisphere exactly as described for experiment 3. The plastic pedestal of
the guide cannulas was partly cut away before implantation, and the
locations for insertion of the stimulating and recording electrodes (see
below) were marked on the skull and kept free of dental cement. After
surgery, rats were allowed at least 7 d of recovery before the electrophys-
iological experiments.

Once the rats were anesthetized for the electrophysiology (see below),
the Plastics One stylets were replaced by stylets without a plastic cap, but
otherwise identical, to make space for the electrodes and to prevent oc-
clusion of the guide cannulas until infusion. Infusion procedures and
drug solutions were as described for experiment 3.

Electrophysiology. Electrophysiological procedures were similar to pre-
vious studies from our laboratory (Martin, 1998; Riedel et al., 1999). The
rats were anesthetized with urethane (1.5 g/kg, i.p.), and their rectal
temperature was maintained at 36.2 = 0.2°C. Ipsilateral to the infusion
guide, they were stereotaxically implanted with a twisted bipolar stimu-
lating electrode (distance between electrode tips, 0.5-1 mm) into the
angular bundle of the perforant path and a monopolar recording elec-
trode into the hilus of the dentate gyrus. Electrodes (Teflon-coated
platinum90-iridium10 wire; outer diameter, 112 wm) were aimed at the
following coordinates (in mm): stimulating electrode: 7.5 posterior and
4.0 lateral from bregma and 2.5 ventral from the dura; recording elec-
trode: 3.5 posterior and 2.0 lateral from bregma and 3.0 ventral from the
dura. Recordings were made against a reference electrode placed on the
cortex anterior to bregma. Stimulation was applied via a Neurolog stim-
ulus isolator (NL800; AutoMate Scientific, San Francisco, CA). Field
EPSPs were amplified and filtered (1 Hz low-frequency cutoff, 5 kHz
high-frequency cutoff) by a differential AC amplifier (model 1700; AM
Systems, Everett, WA). A personal computer running dedicated Labview
software (P. Spooner) was used to control the stimulation and to record
(20,000 Hz sampling frequency) and analyze EPSPs. The main measure
of the evoked response was the slope of the initial rising part (2.0-2.6 or
2.2-2.8 ms after stimulation) of the EPSP. Electrodes were initially posi-
tioned 1 mm dorsal to the target coordinates. Biphasic 0.2 ms, 0.5 mA
stimulation was delivered at 0.1 Hz, and the final coordinates of the
electrodes were adjusted to record a positive EPSP and to maximize its
slope. The slope was aimed to be atleast 2 mV/ms under these conditions,
and occasionally the stimulus intensity was increased to maximally 1 mA
to reach this value. After positioning the electrodes, low-frequency test
stimulation continued with biphasic 0.1 ms pulses of the same intensity,
delivered at 0.05 Hz for the rest of the experiment. A tetanus to induce
LTP consisted of three trains of 50 biphasic 0.2 ms pulses at 250 Hz with
60 s between trains (overall 2 min). In several animals, EEG activity was
recorded via the recording electrode in the dentate gyrus and analyzed as
described previously (Martin, 2001) to assess the different effects of the
infusions on local spontaneous electrical activity. At the end of the ex-
periments, the locations of the electrode tips were marked by a 10 mA, 2 s
biphasic pulse to the electrodes and, as described for experiment 3, rats
were perfused and their brains were further processed to verify cannula
and electrode placements.

Experimental design. The electrophysiological effects of hippocampal
infusions were studied in a between-subjects design. Experiment 4a com-
pared the effects of hippocampal infusion of CNQX (n = 7), AP-5 (n =
7), and ACSF (n = 6) on fast excitatory transmission evoked by low-
frequency stimulation. A stable preinfusion baseline was recorded for 20
min before the start of the infusion. Recording continued for 2.5 h after
the start of the infusion. Experiment 4b compared the effects of hip-
pocampal AP-5 and ACSF infusion on LTP. Stable preinfusion baseline
EPSPs evoked by low-frequency stimulation were recorded for 20 min
until infusion of AP-5 (n = 6) or ACSF (n = 6) started. Fifteen minutes
after the start of the infusion, the perforant path was tetanized, low-
frequency test stimulation continued, and EPSPs were recorded for an
additional 2.5 h. To verify that AP-5 effects on LTP reflected interference
with the induction but not the maintenance or expression of LTP, an
additional group (post-AP-5, n = 7) received hippocampal AP-5 infu-
sion, not before tetanization but 5 min after the end of the tetanus. The
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timing of the infusions in relation to the tetanus (i.e., 15 min before the
tetanus or 5 min after the tetanus) corresponded to the timing of the
infusions in relation to the encoding phase in experiment 3.

Statistical analysis. EPSP slopes were averaged in 5 min blocks and
expressed as a percentage of the mean slope during the 20 min baseline
recording (percentage of baseline EPSP slope). Student’s ¢ tests or
ANOVA were used to analyze the influence of within- and between-
subjects variables. Fisher’s PLSD post hoc test was used to further examine
main effects of the ANOVA. The level of significance was set at p < 0.05.
Data are presented as mean * 1 SEM.

Results
Experiment 1
The rats that were pretrained in the flavor—place memory task
rapidly learned the win—stay rule of the place memory task. Dur-
ing the encoding phase, they searched the arena for the single
open sandwell, with their heads near the arena floor, whereas in
the retrieval phase, they moved relatively quickly to the correct
place. After a few training trials, first choices were significantly
above and errors were below chance during the retrieval phase
(Fig. 2 A, left and middle, gray symbols). The percentage of rats
making correct first choices increased over the 18 trials (linear
regression, percentage first choices vs day; slope, 1.74; r = 0.64;
p < 0.004) (Fig. 2A, left, gray symbols). Collapsed in three-trial
blocks, the first-choice measure was statistically significant above
chance after nine training trials (supplemental material 1.1.,
available at www.jneurosci.org). The mean number of errors de-
creased throughout the 18 trials (F;; 535, = 2.02; p < 0.02) and
was significantly lower than chance for trials 4, 5, and 7-18 (in-
cluding the probe trial, trial 17; t,,,, > 2.5; p < 0.02) but not trials
1-3and 6 (¢,4) < 1.5; p > 0.16) (Fig. 2A, middle, gray symbols).
During the retrieval phase of the probe trial, the percentage of dig
time at the sandwell in the correct location was nearly four times
as high as the average at the sandwells in the four novel locations
(tn4) =4.9;p <0.001) (Fig. 2 A, right, gray symbols). Dig time in
the correct sandwell was higher and the average dig time at the
novel sandwells was lower than chance (4, > 4.9; p < 0.001).
Before the 15 rats of experiment 1 moved on to the infusion
studies of experiment 3, it was demonstrated that they still
showed robust place memory when the delay between encoding
and retrieval was extended to 45 min and that there was no sig-
nificant difference in performance between the 5- and the 45-min
delay (supplemental material 1.2., available at www.jneurosci.
org). A thorough characterization of the delay dependence of
one-trial place memory, including additional longer retention
delays, was conducted with another batch of rats as part of exper-
iment 2.

Experiment 2

Task acquisition (experiment 2a)

After shaping and habituation, the otherwise naive rats learned
the rule of the task within a few trials. The performance measures
during task acquisition were very similar to those obtained in
experiment la (Fig. 2A, compare black and gray symbols) (for
additional details, see supplemental material, 2.1., available at
www.jneurosci.org). A direct comparison of the two data sets by
means of ANOVA with experiment as a between-subjects factor
did not yield any significant main effect of experiment or an
interaction of experiment with any of the within-subjects vari-
ables (F < 1).

Delay dependence of one-trial place memory (experiment 2b)
Over the longer retention intervals tested, one-trial place mem-
ory monotonically declined with an increasing delay between the
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encoding and retrieval phases. This was
particularly evident from the dig-time
measure obtained during the probe trials
at each of the four different delays (Fig.
2 B). Overall, ANOVA of the percentage of
dig time (average of two probe trials per
delay) at the different sandwells yielded a
highly significant interaction delay by
sandwell type (correct or novel) (F; 45) =
17.3; p < 0.0005): while dig time at the
correct well decreased with increasing de-
lay (F(5 45) = 17.3; p < 0.0001), the average
dig time at novel wells increased (F; 45, =
10.2; p < 0.0001), reflecting weaker mem-
ory for the correct location at longer de-
lays. Compared with the 5 min delay, dig
time was decreased at the correct and in-
creased at the novel sandwells at all other
delays tested (60, 180, and 360 min; p <
0.005). In addition, dig times at both cor-
rect and novel sandwells significantly dif-
fered between the 360 and 60 min delay
(p < 0.05). Nevertheless, at all delays
tested, including 360 min, the percentage
of dig time was significantly higher at cor-
rect than at novel sandwells, as well as
higher than chance at the correct sandwell
and lower than chance at the novel wells
(tas) > 2.4; p < 0.05). Inspection of the
first-choice and error measure also indi-
cated reduced performance with increas-
ing delays, although statistical analysis
failed to reveal a significant influence of
delay variation (supplemental material
2.2., available at www.jneurosci.org). The
significant delay effect on the dig-time but
not on the first-choice or error measure
demonstrated that dig time is a more sen-
sitive measure of memory strength. The
error and, in particular, first-choice mea-
sure show a high variance both between
different rats and between different trials,
reflecting their dependence on the rat’s
start box and on the arrangement of cor-
rect and novel locations. Also, a high per-
centage of dig time at a certain sandwell
may rather reflect a persistent effort of the
rat, than the brief digging that results in
scoring a first choice or an error.

Arena rotation between encoding and retrieval (experiment 2c)
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Figure 2.  Development and characterization of the novel one-trial place memory task (experiments 1 and 2). Stippled hori-
zontal lines indicate chance values of performance measures. The rats in experiment 1 (gray symbols; n = 15) were previously
trained on a flavor—place memory task, whereas the rats in experiment 2 (black symbols; n = 16) were only shaped to dig in
sandwells and habituated to the arena before training on the place memory task. A, Task acquisition (experiments 1and 2a). The
percentage of correct first choices (percentage of rats digging first in the correct sandwell; left) and errors (number of novel wells
in which rats dug before digging in the correct one; mean == 1 SEM; middle) for the initial training trials conducted with a 5 min
delay. Trial 17 was a probe trial, in which food was omitted during the retrieval phase and the rats’ dig time was measured for 60 s
to calculate the percentage of dig time at the correct sandwell and the average percentage of dig time at novel sandwells (mean ==
1 SEM; right). B, Delay dependence of one-trial place memory (experiment 2b). The rats were trained with 5, 20, 60, 180, and 360
min delays (six trials at each delay: four standard training trials and two probe trials). The dig-time measures for the probe trials
at the four different delays are depicted (average of two probe trials; mean == 1 SEM). C, Arena rotation between encoding and
retrieval (experiment 2¢). To demonstrate that performance did not rely on cryptic odor cues, rats were tested with a 20 and a 360
min delay, with the symmetric arena being rotated by 90 or 180° between encoding and retrieval while the configuration of the
intra-arena landmarks and the extra-arena room cues was kept constant (six trials at each delay: four standard training trials and
two probe trials). The dig-time measures for the probe trials at the two different delays are shown (average of two probe trials;
mean = 1 SEM). D, Darkness during retrieval (experiment 2d). To demonstrate the requirement of visuospatial cues, retrieval in
darkness was compared with retrieval in light (one probe trial for each condition) at a 20 min delay. The dig-time measure
(mean == 1SEM) is shown for both conditions. Only 12 rats dug under both conditions (main graph), whereas four rats did not dig
in any sandwell during darkness but performed normally in light (inset). That the average percentage of dig time in the dark
condition (right; 32.3 == 10.1%) is numerically higher than chance is essentially attributable to a single rat that dug briefly (1.0s)
in the correct well, without touching the novel wells.

(tas) > 3.9; p < 0.005). Nevertheless, at both delays, dig time
significantly differed between correct and novel sandwells and

Performance was normal when the arena was rotated by 90 or
180° between encoding and retrieval, demonstrating that rats did
not rely on cryptic odor traces on the arena surface. Dig-time
preference for the correct sandwells (Fig. 2C) was comparable
with experiment 2b (without arena rotation) (Fig. 2B). Again,
analysis of the dig time revealed a clear delay effect. ANOVA of
the percentage of dig time (average of two probe trials at both
delays) at the different sandwells yielded a highly significant in-
teraction delay by sandwell type (correct or novel) (F, ;5 = 15.1;
p < 0.005): dig time at the correct well was lower and dig time at
the novel wells was higher at the 360 min than at the 20 min delay

was higher than chance at the correct sandwell and lower than
chance at the novel wells (#,,5, > 2.5; p < 0.05). The delay depen-
dence of performance was also suggested by the first-choice and
error measure, although the statistical analysis of these measures
was less conclusive (supplemental material 2.3., available at ww-
w.jneurosci.org). Finally, a direct comparison of performance
measures at the 360 min delay with those obtained at the same
delay in experiment 2b did not yield any difference ( p > 0.8).
Moreover, performance measures at the 20 min delay, in partic-
ular the dig-time measure, lay between those at the 5 and 60 min
delay in experiment 2b.
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Darkness during retrieval (experiment 2d)

Darkness during the retrieval phase completely disrupted perfor-
mance, demonstrating the requirement of visuospatial cues.
When it was dark only during the delay but light during the
retrieval phase, all rats showed good performance. However,
when it was dark during the retrieval phase, 4 rats did not dig in
any sandwell, and the other 12 rats dug without discrimination
between correct and novel sandwells (¢,,, < 1.3; p > 0.25) (Fig.
2D). The former four rats performed well in the light (first
choices, three of four rats; errors, 0.75 = 0.75; for dig time, see
Fig. 2D, inset); a formal statistical analysis of performance mea-
sures is not presented because of the small number of rats. For the
12 rats digging both in darkness and in light, ANOVA of
the dig-time measure revealed a significant interaction between
the lighting condition in the retrieval phase (dark or light)
and the sandwell type (correct or novel) (F, ;;) = 11.6; p < 0.01).
Additional comparisons yielded a higher proportion of dig time
at the correct well and a lower proportion at novel wells in light
compared with darkness (t;,) > 3.4; p < 0.01). Only in light, but
not in darkness, did the percentage of dig time significantly differ
between correct and novel sandwells and was higher than chance
at the correct sandwell and lower than chance at the novel wells
(light: .,y > 7.2; p < 0.0001; darkness: t,,, < 1.3; p > 0.24).
Error and first-choice measures also supported that rats were
unable to discriminate between correct and novel sandwells in
darkness, but strong statistical conclusions were hampered be-
cause there was only one trial for each condition and only 12 rats
contributed data for both conditions (supplemental material
2.4., available at www.jneurosci.org).

Additional observations
In the retrieval phase, rats often passed or crossed sandwells in
novel locations but did not dig in them, although briefly inter-
rupting their forward movement. Many rats ate the pellet near
the correct sandwell (experiment 1, 5 of 15; experiment 2,14 of
16), and others ate it near one of the two landmarks. Afterward,
they often stayed at or returned to the sandwell. During the 60 s
retrieval phase in probe trials, rats would typically spend 10—
20 s digging, with this dig time equally distributed over the entire
60 s period, and the rest of the time walking around between the
different sandwells, inspecting the wells and the environment.
Throughout several months of training, the rats’ performance
improved, probably reflecting the increasing influence of the
win-stay rule of the task on the rats’ behavior. For example, in the
probe trials of experiment 2d (Fig. 2D) conducted after ~5
months of training, the percentage of dig time in the correct
sandwell (for the control condition, i.e., light during retrieval)
was much higher than in the first probe in experiment 2a, con-
ducted after 17 d of training (Fig. 2A, right, black symbols).
Moreover, after several months of training, the rats were very
efficient and had to spend only very little time to retrieve food
from the sandwells. This resulted in a decrease in overall dig time
in probe trials. For example, in the probe of experiment 2d, the
overall dig time in the control condition was 7.65 * 2.28 s com-
pared with 18.9 = 3.65 s in the probe trial of experiment 2a.

Summary

The novel protocol yielded robust and statistically reliable above-
chance measures of one-trial place memory for discrete trials.
One-trial place memory declined monotonically with increasing
retention delay but was still significant at a 360 min delay. Fur-
thermore, performance was demonstrated not to rely on cryptic
odor or idiothetic cues but to require visuospatial cues. First-
choice, error, and dig-time measures reflected statistically signif-
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Figure 3.  Effects of hippocampal AP-5 and CNQX infusions on encoding and retrieval of
one-trial place memory (experiment 3, n = 14 rats). The percentage dig time at correct and
novel sandwells (mean == 1 SEM) in probe trials is presented as a performance measure; stip-
pled horizontal lines indicate chance. A, Performance when the NMDA receptor antagonist
D-AP-5 (30 mm, 1 wl) or ACSF (1 wl) was infused into the hippocampus 15 min before the
encoding or retrieval phase. B, Performance when the AMPA receptor antagonist CNQX (3 mw,
1 ul) or ACSF (1 wl) was infused 15 min before the retrieval phase.

icant performance. Although both error and dig-time measures
are continuous values for discrete trials, the dig-time measure
was the most consistent measure of one-trial place memory. It
showed relatively little interindividual variance (relative SEM in a
discrete trial, ~10%, compared with 30% for the error measure)
and little variation between trials with different constellations of
correct and novel sandwells. The sensitivity of the dig-time mea-
sure as an indicator of memory strength was particularly demon-
strated by its gradual alteration with increasing delay between
encoding and retrieval.

Experiment 3

The cannulated rats showed good performance in the four post-
surgery habituation trials, during which they were familiarized
with the 20 min delay between the encoding and retrieval phase,
as well as with the handling required for the infusion experi-
ments. The average number of errors in the two trials with mock
infusions (1.18 = 0.21) and the two trials without mock infusions
(1.00 * 0.16) did not differ (¢,5, = 0.6; p > 0.56) and was signif-
icantly lower than the chance level (f,5) > 3.9; p < 0.002).

Effects of hippocampal AP-5 infusions on encoding and retrieval
(experiment 3a)

Hippocampal infusion of the NMDA receptor antagonist AP-5
impaired encoding but not retrieval of one-trial place memory
(Fig. 3A). An overall ANOVA of the percentage of dig time at the
different sandwells yielded a highly significant interaction be-
tween the infusion condition and the sandwell type (i.e., correct
ornovel; F; 55, = 6.8; p < 0.001). Subsequent separate ANOVAs
on the percentage of dig time spent at the correct sandwell, as well
as on the average percentage of dig time at the sandwells in novel
locations, revealed significant main effects of the infusion condi-
tion. When rats received hippocampal AP-5 infusion before en-
coding, the percentage of dig time spent at the correct sandwell
was significantly lower, whereas the average percentage of dig
time spent at the sandwells in novel locations was significantly
higher ( p < 0.01), than in the other three conditions, which did
not differ ( p > 0.16). Moreover, when rats received AP-5 before
encoding, the percentage of dig time in correct and novel loca-
tions was similar and not different from the chance level (t,5y <
1.2; p > 0.25). In all other infusion conditions, the percentage of
dig time at the correct sandwell was higher than the average per-
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centage of dig time in the novel locations, A
with the former being significantly higher
and the latter being significantly lower
than the chance level (¢,; > 5.1; p <
0.0005). Although the average number of
errors was numerically increased when
AP-5 was infused before encoding (1.36 =
0.31) compared with AP-5 infusion before
retrieval (0.71 = 0.24) or ACSF infusion
before encoding (1.00 % 0.28) or retrieval
(0.86 = 0.28), ANOVA did not yield a
main effect of infusion condition on the
error measure (Fg; ;5 = 1.0). However,
the average number of errors did not differ
significantly from chance when rats re-
ceived AP-5 before encoding (t,5, = 2.1;
p > 0.05), but it was lower than chance in
all other conditions (t,; > 3.6; p <
0.005).

Effects of hippocampal CNQX infusion on
retrieval (experiment 3b)

Hippocampal CNQX infusion impaired
the retrieval of one-trial place memory
(Fig. 3B). An overall ANOVA of the per-
centage of dig time spent at the different
sandwells yielded a highly significant in-
teraction between the infusion condition
and the sandwell type (F(, ;3 = 23.4; p <
0.0005). Subsequent paired t tests revealed
that, compared with the ACSF control
condition, dig time at the correct sandwell
was decreased and dig time at the sand-
wells in novel locations was increased (¢, 5
> 4.8; p < 0.0005) when rats received hip-
pocampal CNQX infusion before retrieval.
Nevertheless, in both the ACSF and the
CNQX infusion conditions, the percent-
age of dig time at the correct sandwell was
higher than the average percentage of dig
time in the novel locations () > 3.6; p <
0.003), with the former being significantly
higher and the latter being significantly
lower than the chance level (f,5 > 3.6;
p < 0.003). The number of errors was significantly increased in
the CNQX (1.36 = 0.25) compared with the ACSF (1.00 + 0.021;
tas = 2.7; p < 0.02) condition, although it was significantly
lower than chance in both groups (¢(,5, > 2.5; p < 0.02).

Figure 4.

Non-mnemonic infusion effects
The effects of the hippocampal drug infusions on non-

mnemonic behavioral processes possibly necessary for task per-
formance were assessed by careful observation of the rats’ behav-
ior, as well as by analysis of the absolute dig time during the
retrieval phase. Hippocampal infusion of AP-5 often resulted in
slight ataxia (i.e., slight unsteadiness when moving), which lasted
for ~15-20 min (supplemental material 3.1., available at www.
jneurosci.org). Inspection of one-trial place memory perfor-
mance in individual rats after hippocampal AP-5 infusion did not
indicate a relationship between the occurrence or absence of
ataxia and performance. CNQX did not result in any sensorimo-
tor impairment apparent during observation of the rats’ behav-
ior. Moreover, neither AP-5 nor CNQX appeared to affect moti-
vational or sensorimotor processes underlying digging. Analysis

Experiment 3
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Experiment 4A Experiment 4B

[J ACSF before tet.
[ APS5 before tet.
B APS after tet.

Infusion sites and electrode placements in the hippocampus. A, Experiment 3: approximate locations of infusion
cannula tips (black dots) in both hemispheres; experiments 4a and 4b: approximate locations of the tips of infusion cannulas
(dots), stimulation electrodes (squares), and recording electrodes (stars) in the left hemisphere, depicted for the different groups
(gray-scale coding). Coronal sections are adapted from Paxinos and Watson (1998); the numbers indicate the distance from
bregma in millimeters. B, Photographs of cresyl violet-stained sections showing, from left to right, representative recording,
infusion, and stimulation sites. Recording and stimulation sites were marked by an electrolytic lesion. White arrowheads indicate
the approximate locations of the tips of the infusion cannula and the electrodes (note: bipolar stimulating electrode).

of the overall dig time during the 60 s retrieval phase of the probe
trials did not reveal a difference between AP-5 (19.00 * 1.67 s)
and ACSF (19.50 * 1.23 s) infusion, regardless of the infusion
time point (experiment 3a; ANOVA; main effect of drug and
interaction drug by time point, F; ;5y < 1) or between CNQX
(12.82 £ 1.51s) and ACSF (15.43 = 2.04 s) infusion (experiment
3b; t15, = 1.1; p > 0.29).

Histology
The tips of the infusion cannulas were located within the poste-

rior dorsal hippocampus (Fig. 4).

Experiment 4

Effects of CNQX and AP-5 on low-frequency transmission
(experiment 4a)

Transmission at perforant-path synapses onto dentate granule
cells was markedly reduced after hippocampal CNQX infusion
but mostly unaffected by AP-5 infusion (Fig. 5A). The absolute
values of the baseline EPSP slopes before infusion did not differ
across infusion groups (ACSF, 4.33 = 0.45 mV/ms; AP-5, 4.39 =
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Figure5. Effectsof hippocampal AP-5and CNQXinfusions on synaptic transmission and plasticity (experiment4,n = 6 —7 rats
per group). EPSPs in the dentate gyrus evoked by low-frequency stimulation of the perforant path were recorded in anesthetized
rats. Data are presented in 5 min blocks as a percentage of the average EPSP slope during the 20 min baseline recordings preceding
the first infusion (percentage of baseline EPSP slope; mean = 1 SEM). ACSF (1 wl), 0-AP-5 (30 mm, T waul), or CNQX (3 mm, 1 l)
were infused at the times indicated by the arrows. 4, Effects of hippocampal ACSF, p-AP-5, or CNQX infusions on basal (low-
frequency) synaptic transmission. The vertical gray bar indicates 15—-20 min after infusion, corresponding to the time during
which the encoding or retrieval phase took place after the hippocampal infusions in experiment 3. B, Effects of hippocampal ACSF
or AP-5 infusions on induction or maintenance of LTP. The gray bar indicates 20 —25 min after tetanization, corresponding to the
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Electroencephalogram

In the samples that were analyzed, the den-
tate gyrus EEG was dominated by occa-
sional theta activity at a frequency of 2—-6
Hz, as typically observed in urethane-
anesthetized rats (Buzsaki et al., 1986).
Glutamatergic transmission in the hip-
pocampus, generated, for example, by
perforant-path input, may contribute to
the hippocampal EEG, but a substantial
portion of the EEG may be independent of
such transmission (Heynen and Bilkey,
1994; Buzsaki, 2002; Leung and Shen,
2004). Even though recordings under ure-
thane anesthesia may underestimate such
contributions because of the attenuation
of the perforant-path input by the anes-
thetic (Buzsaki, 2002), inspection of power
spectra generated from the EEG record-
ings in the present study did not reveal ef-
fects of hippocampal CNQX or AP-5 infu-
sion on dentate gyrus theta (data not

delay between encoding and retrieval in experiment 3.

0.51 mV/ms; CNQX, 5.11 * 1.31 mV/ms; F(; 1) < 1). ANOVA
of the normalized EPSP slopes revealed main effects of the infu-
sion group (F(, ;5) = 7.9; p < 0.005) and 5 min blocks (F 3, 5,5 =
27.5; p < 0.0001), as well as an interaction of both factors
(Flea,512) = 12.6; p < 0.0001). The interaction mainly reflected
that, after infusion, there was a marked temporary reduction of
the EPSP slope in the CNQX groups compared with the AP-5 and
ACSF groups. Separate ANOVA of EPSP slopes 15-20 min after
infusion (Fig. 54, gray bar), approximately corresponding to the
time during which the encoding or retrieval phase took place
after the infusions in experiment 2, yielded a group effect (F(, ¢,
= 18.2; p < 0.0001). Post hoc tests showed that the EPSP slope was
lower in the CNQX group (46.40 = 9.32% of baseline) than in
both the ACSF (100.66 = 1.93%; p < 0.0001) and AP-5 (91.01 =
4.87%; p < 0.0005) groups, which did not differ ( p > 0.35).

Effects of AP-5 on induction and maintenance of LTP

(experiment 3b)

Hippocampal AP-5 infusion completely blocked the induction of
LTP without affecting its maintenance or expression (Fig. 5B).
The absolute values of the baseline EPSP slopes did not differ
across infusion groups (ACSF, 5.86 = 1.25 mV/ms; AP-5, 6.04 =
1.05 mV/ms; post-AP-5, 4.85 * 0.70 mV/ms; F, 5 < 1).
ANOVA of the normalized EPSP slopes revealed main effects of
the infusion group (F, ¢ = 5.3; p < 0.02) and 5 min blocks
(F37,502) = 30.2; p < 0.0001), as well as an interaction of both
factors (F(;4512) = 3.4; p < 0.0001). This mainly reflected that,
after tetanization, the EPSP slope in the ACSF and the post-AP-5
group showed pronounced LTP, whereas in the AP-5 group re-
ceiving infusion before tetanization, there was only a small post-
tetanic potentiation lasting ~5 min. A separate ANOVA of EPSP
slopes 20—25 min after tetanization (Fig. 5B, gray bar), corre-
sponding to the 20-25 min that passed after the encoding phase
in experiment 2 until the rats had to use the place memory in the
retrieval phase, yielded a group effect (F(, ;) = 9.3; p < 0.0025).
Post hoc comparisons demonstrated that EPSP slopes were mark-
edly potentiated in the ACSF (123.62 * 2.89%; p < 0.01) and
post-AP-5 (129.34 * 5.42%; p < 0.001) groups compared with
the AP-5 group (103.87 = 3.88%).

shown).

Histology

The tips of the infusion cannulas were lo-
cated within the posterior dorsal hippocampus. All recording
sites were located in the hilar region of the dorsal hippocampus,
either just below the upper or just above the lower granule cell
layer of the dentate gyrus, and the stimulation sites were in the
angular bundle (Fig. 4).

Discussion

This study developed and characterized a food-rewarded task in
the event arena to study encoding and retrieval of one-trial allo-
centric place memory; memory declined with increasing reten-
tion delay, still being significant after 6 h (experiments 1 and 2).
Hippocampal infusion of the NMDA receptor antagonist AP-5
selectively blocked encoding; retrieval was impaired by the
AMPA receptor antagonist CNQX (experiment 3). It was also
confirmed that, infused into the hippocampus exactly as in the
behavioral studies, AP-5 selectively blocked LTP induction,
whereas CNQX reduced fast excitatory transmission at
perforant-path dentate gyrus synapses (experiment 4).

The novel one-trial place memory task

Rats must encode a memory of a trial-specific place in a familiar
environment and, after a 5 min to 6 h delay, retrieve this memory
to efficiently obtain food reward in an open arena. Performance
in probe trials, with food omitted from the sandwells during
retrieval, demonstrated no reliance on food odors. Rats may use
both relationships among multiple environmental cues and ele-
mental cues, such as odor traces and directional or idiothetic
cues, to find a place (Eichenbaum et al., 1990; Hodges, 1996;
Jacobs and Schenk, 2003; Jeffrey, 2003). In the present study, the
different start positions for encoding and retrieval phases ren-
dered idiothetic or directional cues unhelpful. The disruption of
retrieval in the dark and the lack of an effect of arena rotation
established the importance of visual cues. Altogether, it is war-
ranted to conclude that the task requires visuospatial relational
memory based on one single experience. The protocol resembles
tests of viewpoint-independent place memory that were devel-
oped to study aspects of episodic memory and hippocampal
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function in humans (Holdstock et al., 2000; Burgess et al., 2002).
It complements one-trial place memory tasks in the water maze
(Steele and Morris, 1999; Nakazawa et al., 2003), which have very
different sensorimotor demands and require aversively moti-
vated escape, as well as in the radial arm maze (Floresco et al.,
1997; Lee and Kesner, 2002), which favor the use of directional
and idiothetic cues (Hodges, 1996; Jacobs and Schenk, 2003).

The task represents an extension of procedures developed in
the cheeseboard apparatus (Gilbert et al., 1998, 2001; Kirwan et
al., 2005). These rely on correct first choices accumulated over
many trials to measure one-trial place memory, whereas in our
paradigm, the dig-time and error measures allow the assessment
of performance on discrete trials, a prerequisite for the separate
study of encoding and retrieval mechanisms. Finally, because of
similar procedural demands, mechanisms of one-trial place
memory examined in the novel task can be compared directly
with those in the previously developed one-trial flavor—place
memory task (Day et al., 2003).

Distinct behavioral and electrophysiological effects of
hippocampal NMDA and AMPA receptor blockade

AP-5 infusion before encoding resulted in chance performance,
whereas infusion after encoding left performance intact. These
results extend findings of previous studies, using pharmacologi-
cal and molecular—genetic techniques, that hippocampal NMDA
receptors are required for one-trial place memory (Steele and
Morris, 1999; Lee and Kesner, 2002; Nakazawa et al., 2003). Spe-
cifically, they reveal that these receptors contribute to the encod-
ing but not retrieval of such memory. Our findings do not speak
to the role of hippocampal NMDA receptors in memory consol-
idation after encoding (Packard and Teather, 1997; Shimizu et al.,
2000; Rossato et al., 2004), because we had no sufficiently delayed
retrieval test.

In vitro experiments have established that hippocampal
NMDA receptors are critical for the induction of LTP but of
minor importance for low-frequency synaptic transmission
(Bliss and Collingridge, 1993). In vivo recordings demonstrated
that hippocampal AP-5 infusion impairs the induction of hip-
pocampal LTP (Errington et al., 1987; Morris et al., 1989; Lee and
Kesner, 2002), but marked reductions in low-frequency trans-
mission have also been reported (Walker and Gold, 1994). Our
recordings from perforant-path dentate gyrus synapses in
urethane-anesthetized rats established that AP-5, infused into the
hippocampus exactly as in our behavioral experiments, selec-
tively blocked LTP induction. Comparable effects likely occurred
at excitatory synapses in subfields CA1-CA3, because these syn-
apses (except for mossy fiber synapses) show NMDA receptor-
dependent LTP (Bliss and Collingridge, 1993; Lee and Kesner,
2002) and CA1-CA3 and dentate gyri were similarly close to the
infusion sites; moreover AP-5, infused as in the present study,
diffuses evenly throughout the dorsal hippocampal subfields
(Steele and Morris, 1999). Altogether, our results suggest that
NMDA receptor-mediated induction of hippocampal synaptic
plasticity contributes to encoding but not retrieval of one-trial
place memory. Interestingly, induction of LTP at intrinsic hip-
pocampal pathways creates new hippocampal place fields, which
are stable for about 6 h (Dragoi et al., 2003); such place fields may
be neural correlates of the place representations underlying per-
formance in our task.

CNQX infusion before retrieval impaired performance, and
CNQX reduced fast excitatory transmission at perforant-path
dentate gyrus synapses; comparable effects probably occurred at
other intrinsic hippocampal synapses [as demonstrated for the
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AMPA receptor antagonist LY326325 (Riedel et al., 1999)]. Re-
trieval was not blocked completely. This may reflect that, even
close to the infusion site, excitatory synaptic transmission was
reduced by only ~50% at the time of testing (Fig. 5A). Although
we did not test CNQX infusions before encoding (for the reasons
described for experiment 3 in Materials and Methods), AMPA
receptor-mediated synaptic transmission is necessary to enable
the NMDA receptor-mediated hippocampal encoding mecha-
nisms (Bliss and Collingridge, 1993). Our findings are consistent
with the idea that hippocampal AMPA receptors, being critical
for low-frequency synaptic transmission (Davies and Col-
lingridge, 1989; Lambert and Jones, 1990), contribute to both
encoding and retrieval of place memory (Riedel et al., 1999).

Theoretical implications

The present findings are consistent with notions holding that
rapid encoding of a stimulus pattern into relational memory,
such as allocentric place memory, requires the induction of hip-
pocampal synaptic plasticity, and the subsequent retrieval re-
quires excitatory hippocampal transmission to activate the stored
pattern representation after perceiving a part of this pattern (see
Introduction). Additionally, hippocampal synaptic transmission
may mediate the use of hippocampal memory by relating it to
mechanisms of response and motor control via hippocampal
connections to subcortical sites and the prefrontal cortex (Flo-
resco et al., 1997; Bast and Feldon, 2003; Bannerman et al., 2004;
Peleg-Raibstein et al., 2005). In contrast, rats can incrementally
acquire place memory and later retrieve it despite impaired hip-
pocampal synaptic plasticity (Bannerman et al., 1995; Saucier
and Cain, 1995; Otnaess et al., 1999; Reisel et al., 2002; Schmitt et
al., 2003) and even with the hippocampus completely lesioned
(Morris et al., 1990; Hunt et al., 1994).

Alternative accounts are less consistent with the present find-
ings. The particular sensitivity of one-trial place learning to treat-
ments blocking hippocampal LTP argues against a function of
hippocampal LTP-like synaptic plasticity as an “attentional de-
vice” (Shors and Matzel, 1997), because this would imply that
blockade of synaptic plasticity should not impair one-trial learn-
ing [as outlined by Fanselow (1997)]. State dependence, the de-
pendence of memory retrieval on the congruity between the brain
states during encoding and retrieval (Overton, 1964; Millin et al.,
2001), is also unlikely to account for our data. AP-5 infusions
before encoding prevented retrieval 20 min later when the drug
was still active in the hippocampus (as evidenced by blockade of
LTP induction 2-3 h after infusion; T. Bast, unpublished obser-
vations). AP-5 infusions before retrieval left performance intact,
despite encoding in a drug-free state. Finally, the different effects
of AP-5 infusions before and after encoding and the absence of
consistent gross sensorimotor impairments or differences in
overall dig time, both after AP-5 and after CNQX infusions, argue
against the possibility that the infusions interfered with motiva-
tional and sensorimotor task demands.

In radial-arm maze experiments, rats acquired and main-
tained trial-specific place information in a familiar environment
over delays of minutes to hours independent of hippocampal
NMDA receptors (Shapiro and O’Connor, 1992; Caramanos and
Shapiro, 1994; Kesner and Rolls, 2001). This may reflect that
representations of elemental stimuli, such as idiothetic and direc-
tional cues, supported place memory. Furthermore, in the radial
arm maze, there are typically only eight places potentially con-
taining reward (compared with 32 in our arena), so that the rats
become highly familiar with these places throughout training.
Under these circumstances, attractor states of hippocampal ac-
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tivity representing the familiar places may be established during
training and support one-trial place memory with no further
induction of synaptic plasticity necessary during later trials
(Kesner and Rolls, 2001).

Implications for episodic-like memory

Recently developed episodic-like memory tasks in rats, requiring
integrated one-trial memory of events, their places, and their
temporal context, depend on the hippocampus (Clayton et al.,
2003; Day et al., 2003; Eacott and Norman, 2004; Ergorul and
Eichenbaum, 2004) [as human episodic memory (Tulving,
2002)]. The contributions of hippocampal AMPA and NMDA
receptors to one-trial place memory revealed here are probably
important for episodic-like memories containing a one-trial
place component. For example, they may partly explain the re-
quirement of these receptors for one-trial flavor—place memory
(Day et al., 2003). However, hippocampal NMDA receptors are
critical for rapid encoding of relational memory without a place
component (Roberts and Shapiro, 2002) and may generally con-
tribute to binding distinct aspects of episodic-like memory, such
as flavor and place information, into relational representations
(Eichenbaum et al., 1999; Eichenbaum, 2004). The hippocampal
dorsoventral differentiation could help in dissecting the different
hippocampal contributions to episodic-like memory. For exam-
ple, the dorsal hippocampus, receiving most of the hippocampal
visuospatial afferents, may be more important than the ventral
hippocampus for encoding one-trial place memory (Moser and
Moser, 1998; Bannerman et al., 2004). In contrast, with substantial
olfactory and gustatory input reaching the ventral hippocampus
(Moser and Moser, 1998; Petrovich et al., 2001), dorsoventral inter-
actions may be required to bind place and flavor information.
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