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1.

General Materials and Methods

1.1 Subjects and housing
The subjects were adult male Lister-hooded rats, aged 8 to 10 weeks at the start of
experimentation and weighing 230 to 250 g. They were housed in groups of 3 to 4 rats per
cage (Study 1) or, because of indwelling drug-infusion cannulae, in single cages (Study 2).
They had free access to water at all times and were maintained at 90% of their free-feeding
weight during experiments. Experiments were conducted on a 12 hr (on)/12 hr (off) light
cycle, with training during the light phase (7 am-7 pm). A total of 39 rats were used (Study 1,
n = 28; Study 2, n = 11). All procedures were compliant with the UK Animals (Scientific
Procedures) Act 1986 and with the European Communities Council Directive of 24
November 1986 (86/609/EEC) legislation governing the maintenance of laboratory animals
and their use in scientific experiments.

1.2 Apparatus
An ‘event arena’ (Fig. S1A) is a square shaped open field ‘maze’ in which ‘events’ happen
and, specifically, event-location associations can be studied. We used two event arenas, made
of Plexiglas, in which rats were trained to find flavored food. They were placed in adjacent
laboratory rooms containing a number of prominent and distinctive cues. The apparatus used
has been described previously (S1).

2.

Study 1: Immediate early gene mapping

2.1 Training protocol
Twenty-eight rats were used in this study, 7 of which were allocated to a caged control group
(Group CC; these rats were handled daily for the first 3-4 days upon arrival, during weekly
cage-cleaning, and brought from the animal house to the control room for every session
together with the trained groups). Group CC stayed in the home cage at all times and never
entered the event arena. The reason for this group was to compare the baseline IEG
expression of brain regions with that of the other trained groups. The remainder of the rats (n
= 21) underwent behavioral tasks: habituation, pre-training, original paired-associates (PAs)
schema training (Sessions 1-17) and critical training session (Session 18).
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2.1.1 Shaping, habituation and pre-training
On the day before habituation began, rats were shaped to dig for food in sand-wells in their
home cages. On habituation day 1, the rats were put into the arena containing no sand-wells
for 10 min to explore the arena and intramaze cues. For habituation day 2-6, they received
one daily habituation trial. In this trial, the animals were put in a start box and given a 0.5 g
‘cue’ control food pellet (non-flavored) to eat. After they had finished eating the pellet
(typically around 30 s), the rats were allowed to explore the arena. They started from a
different start box in each habituation day. Upon entering the arena, they were to search and
dig for control food pellets (0.5 g) in the sand-well in the center location of the event arena.
On habituation day 2, one pellet was placed on top of the sand-well. The rats explored the
arena until they collected the pellet that, being quite large, was typically taken back to the
start box. On habituation day 3, two pellets were provided, one pellet was placed on top of
the sand-well and the other buried in the middle of the sand-well. On habituation day 4, three
pellets were provided; one pellet was placed on top of the sand-well, two pellets buried in the
middle of the sand-well. On habituation day 5, one pellet was placed in the middle of the
sand-well, two pellets were buried at the bottom of the sand-well. And on habituation day 6,
three pellets were at the bottom of the sand-well. By the end of habituation, all rats were
running quickly into the arena, collecting pellets and returning to the start box to eat each
pellet. Before commencing the full original schema training protocol, the animals were pretrained to learn the PAs of different flavors specific to different locations. It consisted of 2
sessions, each with 3 of the original 6 PAs introduced in each session.
2.1.2 Acquisition of original schema of 6 flavor location paired-associates (Sessions 1-17)
Training protocol: The key feature of the main protocol was the concurrent training of 6
flavor-place PAs [PA = flavor n (Fn) at location n (Ln)] in each session. Each PA was
presented to each rat for 1 trial/session: PA1 (strawberry at L1); PA2 (banana at L2); PA3
(chocolate at L3); PA4 (apple and cinnamon at L4); PA5 (marshmallow at L5) and PA6
(bacon at L6) (Fig. S1B). On any trial, all 6 sand-wells were accessible, but only one
contained the appropriate flavored reward, with the other 5 containing only the sand and
masking flavors mixture. The location of the rewarded sand-well changed from trial to trial.
A training trial began with the rat receiving a 0.5 g ‘cue’ flavored pellet in one of the start
boxes. After a period of 30 s in the start box during which the rats ate this cue pellet, the door
was remotely opened. Initially, the rats would run into the arena, and explore at one or more
sand-wells until finding the correct location containing 3 food pellets of the same flavor (0.5
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g each) as the cue. These were typically carried back in the start box by the rat, pellet by
pellet, and eaten in turn. After the rat returned to the start box with the 3rd pellet, the door
was closed. A short period of eating time was allowed before the rat was carried back to its
home cage. Later in training, as PA learning developed, the animals were more cautious in
leaving the start box, presumably because they were attempting to recall the correct location
in the arena to which to run.
As all rats were trained consecutively, the inter-trial interval for an individual rat between
successive flavor-place pairings was circa 30 min. The various possible sequences of
different PAs across 6 trials within a session were carefully counterbalanced across rats and
sessions. The start box locations were pseudo-randomly assigned (North, South, East or
West) across training sessions.
Measurement protocol: During each trial, experimenters recorded the number of errors the
rats made before approaching the correct sand-well and the time from when the rat left the
start box until it reached the correct sand-well. We recorded an ‘error’ only when a rat placed
its front paw on or into incorrect sand-well(s), and left a clear impression in the sand of
having done so. If a rat ran past or merely sniffed quickly in the vicinity of an incorrect sandwell, this was not considered as an error – and with experience could easily be judged. In rare
cases, it was difficult to tell from the video monitors whether or not the rats had made an
error as defined above. In this case, the experimenters entered the room at the end of a trial,
and then they checked carefully if there were any traces of digging, that is, whether the sand
had been displaced around the sand-well(s).
The chance level of errors for 5 incorrect sand-wells is 2.5. Using the number of errors, the
performance index score is calculated using 100 – [100 × (errors/5)] – i.e. 50% at 2.5 errors.
The performance index during acquisition of original PAs is shown in Fig. S2A.

2.1.3 Cued-recall probe trials (Sessions 2, 9 and 16)
Protocol: To examine cued-recall memory, 3 non-rewarded probe tests (PTs 1-3) were
conducted. During these tests, all 6 sand-wells were open as usual and the rats could dig in
any of them, but none contained any food pellets as reward. The rats were cued with a single
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flavor as usual, and then allowed into the arena for a total of 120 s. Although not rewarded
during the 120 s probe test time, the rats were given 3 pellets (correct flavor) in the correct
location at the end of each probe test to limit extinction. If rats did not dig during the 120 s,
the experimenter waited for 180 s before terminating the trial.
Measurement protocol: Digging time at each sand-well was measured semi-automatically
using custom built software (developed in LabVIEW by P. Spooner). The experimenter
recorded the time rats spent digging at each of 6 sand-wells, and the relative proportion of
time at the cued (correct) and non-cued (incorrect) sand-wells was calculated. The cued-recall
probe trials during acquisition are shown in Fig. S2B.
2.1.4 Critical training session (Session 18)
Training of PAs (Trials 1-6): Once the rats had learned 6 PAs in the schema paradigm, they
were divided into 3 groups, with each group having 7 rats: Group original paired-associates
(OPA), Group new paired-associates (NPA) and Group new map (NM). Group CC remained
in their home-cages as per normal:
• The Group OPA training consisted of 6 original PAs.
• The Group NPA training consisted of 4 original PAs and 2 new PAs.
• The Groups NM training consisted of 6 new PAs.
The critical session consisted of 6 trials (Trials 1-6), each trial with a different PA, followed
by a cued-recall test after an interval of 80 min (Fig. 1A). For the first 4 trials, both Groups
OPA and NPA were presented with original PAs 2-5 and the Group NM was presented with
new PAs 9-12. The inter-trial interval was 30 min. To map the IEG expression induced on
Trials 5 and 6 of the training without major influence from Trials 1-4, all rats were placed in
the home cage for 180 min after Trial 4 and they were sacrificed 90 min after Trials 5 (Fig.
1A). Previous studies have provided evidence that Zif268 and Arc protein expression in the
cortex was elevated between 0.5 hr and 2 hr after a novel event (the highest protein level was
seen around 1-1.5 hr), returning to the baseline level at time points ranging from 3 to 6 hr (S2,
S3). On Trials 5 and 6, Group OPA was presented with original PAs 1 and 6. The Groups
NPA and NM were presented with new PAs 7 and 8. The inter-trial interval was 5 min. The
animals were then placed in their home cages for 80 min until the following cued-recall test.
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The performance index and latency to dig at the correct sand-wells on Trials 1-4 and Trials 56 in the critical session are shown in Fig. 1B and Fig. S3 respectively.
Eighty minutes after Trial 6, the cued-recall probe test was performed to see if the rats
remembered the PAs with which they had been presented on Trial 5. The results of the cuedrecall test are shown in Fig. 1C.

2.2 Immunohistochemistry
2.2.1 Tissue preparation
Ninety minutes following the training of Trial 5 in the critical training session, rats were
deeply anesthetised with sodium pentobarbital (1.4 ml/kg of body weight, i.p.) and perfused
transcardially with 0.1 M phosphate-buffered saline (PBS), pH 7.4 followed by freshly
prepared 4% paraformaldehyde in PBS. After excision from the skull, brains were further
immersed overnight in the same fixative and then transferred to 50-ml tubes containing 30%
sucrose in PBS and kept at 4°C until they sank to the bottom. Coronal brain sections (40 µm)
were serially cut using a freezing sliding microtome and divided into 6 interleaved sets. Each
of these sets included sections at 240 µm (40 µm × 6) intervals and collected into an
antifreeze solution (50% ethylene glycol and 50 % glycerol) and maintained at –20°C for
later processing.
2.2.2 Immunoperoxidase staining
Two cohorts of rats were used in this experiment. A single experimental cohort of four rats
was processed together, sections from each trained rat in the same container as those of its
caged control to minimize the impact of any immunohistochemical variation. All
immunohistochemical incubations were done at room temperature in a free-floating state.
Zif268 labeling: Sections were first rinsed with PBS (2 × 10 min) to remove the antifreeze
solution. Sections were then treated with 0.3% hydrogen peroxide in PBS for 30 min to
reduce endogenous peroxidase activity. After washing with PBS (3 × 10 min), sections were
incubated with rabbit anti-Zif268 polyclonal antibody (1:3000 dilution) in a blocking solution
(2% normal goat serum, 0.2% Triton X-100 and 0.1% bovine serum albumin, all dissolved in
PBS) for overnight. Sections were then rinsed in PBS (4 × 10 min), after which they were
incubated with biotinylated goat anti-rabbit secondary antibody (1:2000 dilution) in the
blocking solution for 2 hr. Sections were once again washed with PBS (4 × 10 min) and
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incubated in avidin and biotinylated horseradish peroxidase (HRP) complex solution for 1 hr.
Sections were then rinsed in PBS (4 × 10 min). The peroxidase reaction end-product was
visualised with 3, 3’-diaminobenzidine (DAB) as chromogen until suitable staining
developed. Finally, immunolabelled sections were washed in PBS (3 × 10 min), mounted on
slides, dehydrated through a graded series of alcohols and coverslipped.
Arc labelling: A rabbit anti-Arc polyclonal antibody (OP-1, 1:2000 dilution) was raised
against recombinant glutathione S-transferase (GST)-fused full-length Arc (S4, S5). The
immunostaining protocol for Arc was essentially same as Zif268 labelling, except that
tyramide signal amplification (TSA) system was used according to the manufacturers
protocol. After incubation with secondary antibody, the sections were incubated with HRPconjugated streptavidin for 30 min, and visualised with DAB as chromogen.
2.2.3 Regions of interest
The regions analysed are depicted in Fig. S4. The hippocampus (CA1, CA3 and dentate
gyrus (DG)) was of interest because learning of PAs in the schema task was dependent on the
hippocampus (S1). The entire extent of the target dorsal hippocampal region was represented
by the coronal sections from –2.8 to –3.3 from bregma (S6). Prelimbic (PrL), infralimbic,
anterior cingulate, and both the anterior and posterior retrosplenial cortices were of interest
because previous studies have shown their importance in either recent or remote memories
(S7, S8). Insular cortex was of interest because it is the primary taste cortex (S9), the lateral
entorhinal and orbitofrontal cortices were of interest because these cortices were related to
the information processing for smell (S10, S11). Somatosensory cortex (Ssp, barrel cortex)
was included as a control region because it is not known to have a specific role in spatial,
taste or flavor memory (S12). For the cortical regions of interest that were analysed, all 6
cortical layers were included. In CA1/CA3, the pyramidal cells and the stratum oriens layers
were included; while in DG, the molecular and the granule cell layers were included.
Representative images of both Zif268 and Arc in PrL and CA1 are shown in Fig. 1D and Fig.
S5, respectively.
2.2.4 IEG counts
For analyses of both Zif268 and Arc counts, quantitative analyses of entire brain regions were
conducted ‘blind’ with respect to assignment of rats to group. Two distinct methods were
used in this study to estimate the number of Zif268 and Arc positive cells due to differential
7

subcellular distribution of 2 IEGs in neurons (S2, S13). As Zif268 protein is exclusively
expressed in nuclei (S2), low magnification (10× objective), quantitative assessment of
background staining and objective threshold setting for Zif268 counting were applied. In
contrast, Arc protein is expressed in both cell body and dendrites (S13), therefore, in order to
distinguish the cytoplasmic Arc staining from dendritic staining, a high magnification (100×
objective) and z-stack method for Arc counting were applied.
Zif268 counts: Images were taken with a 10× objective on a microscope equipped with a
digital camera. The regions of interest for each section were montaged using Image-Pro Plus.
The counts of Zif268 stained nuclei that were above a threshold calculated from background
labelling were carried out using the same software. After converting to a grayscale image, the
region of interest was drawn manually. In order to measure the background labelling within
the region of interest on each section, 10 square background boxes (50 × 50 µm each) were
drawn on layer 1 for cortical areas, and on the stratum oriens layer for CA1/CA3 and
molecular layer for DG. The software analyzed the optical density (OD) of every pixel in the
background boxes and calculated the mean OD and standard deviation of background boxes.
Using these values, a threshold (T) was then calculated according to the formula [T = mean
OD of the background + (standard deviation of the background × 3.75)] and the number of
Zif268 stained nuclei that were above this threshold was counted taking into account the size
of the Zif268 stained nuclei (> 7 µm in diameter) and applying a watershed separation
method in each section.
Arc counts: Arc positive cells were defined and counted using a computer-driven microscope
regulated in the x, y and z axes. After regions of interest were traced at a 6.4× objective lens
by using an image analysis software, Arc positive cells were defined manually under 100×
objective lens as the cell bodies staining positively for Arc. Because this microscopic system
can semi-automatically scan all over the traced area (i.e.; region of interest) by using 100×
objective lens, we counted all Arc positive cells in the traced area of the section in a high
magnification.
2.2.5 Data analyses for IEG counts
Raw counts: For each brain region analysed, the number of immunoreactive neurons of
Zif268 and Arc were counted using 3 consecutive sections within an interleaved set (i.e. 240
µm apart from each other) from each brain hemisphere. This means that in each region there
are 6 data points per rat. The ‘raw cell count’ for each section was calculated by dividing the
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number of immunoreactive neurons by the area of the region of interest. These counts were
then averaged within each rat and then within each group (Groups OPA, NPA, NM and CC).
Table S1 tabulates the raw Zif268 and Arc cell counts in all brain regions in all groups.
Normalised counts: For each brain region, raw counts of each section for Groups OPA, NPA
and NM were normalised to the mean raw count of the members of Group CC within a cohort
(2 cohort of rats were used in this experiment and sections were stained at different time
points). The counts of each section were then averaged within each rat and then within each
group and expressed as a percentage. Table S2 tabulates the normalised Zif268 and Arc cell
counts in all brain regions in all groups.
Layer-specific analysis in PrL: Separate counts of Zif268-positive cells were made in the
superficial (layers II/III) and deep (layers V/VI) layers of PrL. The ratio of the measured
width of layers II/III to layers V/VI in Nissl stained sections were in golden ratio (0.618), we
applied this ratio to a re-counting of Zif268 expression in PrL. Fig. S6 shows the pattern of
Zif268 expression with respect to superficial versus deep layers of PrL.
2.2.6 Densitometric analysis
The Zif268-immunostaining reaction product in area CA1 of the hippocampus was also
quantified using densitometric methods.
Mean OD per Zif268-positive cell: Following the Zif268 cell counting as described above,
the mean OD values for each Zif268-positive cell that was above the threshold were
measured and the mean OD value of 10 background boxes in each section was subtracted.
The mean resultant OD values from 6 sections were combined to give the mean OD values
for each animal, and were then normalized to the averaged mean OD value of the members of
Group CC within a cohort. Normalized mean OD values were used to obtain the frequency
distributions for each animal and the averaged frequency distribution within each group
(Groups OPA, NPA, NM and CC) was calculated. Fig. S7, A and B show the median values
and cumulative frequency distribution curves for relative Zif268 expression level per cell in
CA1 in all groups, respectively.
Integral OD of Zif268-immunostaining reaction products: After both a region of interest (the
pyramidal cells and the stratum oriens layers in CA1) and a background region (the stratum
oriens layer in CA1) were manually traced on each grayscale image, the pixel ODs were
measured using Image-Pro Plus. We fitted a Gaussian distribution to the pixel OD data
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originating from both the region of interest and background region and calculated a
coefficient ‘C’ by dividing the peak of the Gaussian distribution for the region of interest by
that for the background region using a custom built software (developed in LabVIEW by P.
Spooner). Integral OD of Zif268-immunostaining reaction products was calculated by
summing all pixel ODs after subtracting ODs originating from the background region
multiplied the coefficient ‘C’ and by dividing the area of the region of interest (mm2). Raw
integral ODs of each section for Groups OPA, NPA and NM were normalized to the mean
raw integral OD of the members of Group CC within a cohort. The normalized integral ODs
of each section were then averaged within each rat and then within each group and expressed
as a percentage. Fig. S7C shows the normalized integral OD values in CA1 in all groups.

2.3 Statistical analyses
2.3.1 Behavioral
Several measures of performance were assessed. These were: the performance index and
latency before digging at the correct sand-well during training, and time spent digging in each
sand-well during probe trials. Statistical significance was determined by repeated-measures
ANOVAs, one-way ANOVA and, where appropriate, one-sample t-tests.
2.3.2 Cell counting
A mixed factorial ANOVA was used to determine differences between regions and groups in
Zif268 and Arc cell counting. A one-way or a two-way ANOVA, where appropriate, was
used to determine differences between groups within region(s). Simple main effects were
analysed further with the Ryan-Einot-Gabriel Welsch Range (REGWR) post-hoc test that
takes account of multiple comparisons.
2.3.3 Densitometric analysis
A 2-sample Kolmogorov-Smirnov test with Bonferroni correction was used to determine
differences between groups in cumulative frequency distribution curves of mean OD. A
Kruskal-Wallis test followed by Dunn’s multiple comparison was used to determine the
differences between groups in median values of mean OD. A one-way ANOVA was used to
determine differences between groups of integral OD.
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3.

Study 2: Pharmacological intervention

3.1 Surgery
Rats were anaesthetised with 5% isoflurane and positioned in a stereotaxic frame. The top
surface of the animals’ heads were shaved and cleaned with disinfectant wipes. Incisions
were made and the skin and underlying tissues were retracted to expose the skull. Holes were
drilled into the skull and small stainless steel screws inserted at 6 points over the skull. Small
holes were then drilled into the skull over the cannulae target sites, guide cannulae (26 gauge;
PrL: bilateral cannulae; Ssp: single cannulae) were implanted bilaterally into (1) PrL
[coordinates relative to skull at Bregma: AP = 3.0 mm; ML = 0.7 mm; DV (from dura) = –1.9
mm], and (2) Ssp [AP = –1.8 mm; ML = 5.0 mm; DV (from dura) = –0.9 mm]. Dental
cement was then sculpted around the guide cannulae, covering the screws. Dummy cannulae
(33 gauge, 0.5 mm protrusion from the end of guide cannulae) were inserted into the
implanted guide cannulae to prevent infection or blockages. The analgesia carprofen (0.08
ml/kg body weight) was administered by subcutaneous injection at the end of the surgical
procedure. All rats were allowed a recovery period of at least 7 days in order for them to
regain their pre-surgery weights before food restriction and behavioral testing commenced.

3.2 Drugs and microinfusions
3.2.1 Drugs
Sterile 0.9% saline (NaCl) was used as infusion vehicles and for dissolving drugs. Drug
concentrations for infusions were: 5.9 mg/ml (30 mM) of the competitive NMDA receptor
antagonist D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5) and 0.89 mg/ml (3 mM) of
the competitive AMPA/kainate receptor antagonist 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX). The pH of the drug solutions was adjusted to 7.2 by the addition of 1 M NaOH (for
D-AP5) or of concentrated phosphoric acid (for CNQX). Drug solutions were prepared in
larger quantities, divided into 50 µl aliquots, and kept frozen at –20°C until use.
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3.2.2 Microinfusions
For bilateral infusions, rats were restrained manually and infusions into both hemispheres
were performed simultaneously. The dummy cannulae were replaced by infusion cannulae
(33 gauge) protruded 0.5 mm from the ends of the guide cannulae within the brain, and were
connected to microsyringes on a microinfusion pump via flexible polyvinyl chloride tubing.
D-AP5, CNQX and NaCl (0.5 µl/hemisphere unless otherwise specified) were infused at a
rate of 0.4 µl/min over 1 to 2 min, after which the infusion cannulae were left in place for a
further 1 min. The dummy cannulae were then placed back into the guide cannulae.

3.3 Histology
All rats were terminally anesthetised with sodium pentobarbital (1.4 ml/kg, i.p.) and then
perfused intracardinally with 0.9% saline, followed by 4% formalin. The brains were
removed and stored in 4% formalin for several days. Coronal sections (30 µm) were cut using
a cryostat with one in every 5 sections recovered for histological analysis. These sections
were mounted on slides, stained with cresyl-violet, and coverslipped. The sections were
examined under a light microscope with 10× magnification to verify cannulae placements.
For each brain, the infusion site was plotted by determining the deepest point at which tissue
damage was evident and marking this location on the appropriate coronal sections from rat
brain atlas (S6) (Fig. S8).

3.4 Paired-associates task in the event arena
The full experimental design of this study is shown chronologically in Table S3.
3.4.1 Training of original PAs and probe tests (Sessions 1-16)
The original geometric arrangement of flavor place paired-associates (PAs 1 to 6) is shown in
Fig. S9. Each PA was presented for 1 trial/session [PA1 = F1 (strawberry) at L1, PA2 = F2
(pina colada) at L2, PA3 = F3 (chocolate) at L3, PA4 = F4 (very berry) at L4, PA5 = F5
(marshmallow) at L5, PA6 = F6 (bacon) at L6].
The acquisition of these original 6 PAs is shown in Fig. S10A. To examine cued-recall
memory, three non-rewarded probe tests (PTs 1-3) were scheduled on Sessions 2, 9 and 16
(Fig. S10B). To exclude the possibility that an olfactory cue in the correct sand-well guided
performance on training sessions, we conducted a single non-cued session of 6 trials (Fig.
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S10C, Session 43) in which the daily protocol was unchanged excepting that no cue flavors
were given in the start box.
Once the rats had learned 6 original PAs (schema), we investigated the impact of blocking
AMPA or NMDA receptor function during memory retrieval and new learning. Druginfusions targeted at these receptors occurred either (1) on days after any new learning and
shortly before memory retrieval tests, or (2) before new encoding sessions with retrieval tests
conducted 24 hr later. Standard training sessions on PAs 1-6 were interpolated between these
tests (Fig. S10C), with the logical order (Table S3) in which the data is reported in the main
text differing, for practical reasons, from that in which the experiments were conducted. The
experiment was a within-subject, repeated measures study.
3.4.2 Effects of CNQX and D-AP5 infusions in PrL and barrel cortices on the retrieval of
original and new PAs
Impact of CNQX on retrieval of original PAs (Sessions 17-22): The rats were presented with
2 sessions (17 and 18) of original PAs. Then, 24 hr later (Session 19), CNQX or NaCl was
infused 20 min before probe tests (PTs 4 and 5) in one brain region (either PrL or barrel
cortex). These probe tests were 3 hr apart within the same session. After 2 further sessions
(20 and 21) of original training, probe trials (PTs 6 and 7) were repeated to counterbalance
the different conditions across the rats. Fig. 3A shows the effect of CNQX on the percentage
dig time during retrieval of original PAs.
Impact of CNQX on retrieval of new PAs (Sessions 23-31): The rats were then given further
training on the original PAs for 2 sessions (23 and 24). Then, on Session 25, the sand-wells
for PA1 and PA6 were closed, and replaced by another 2 new PAs at neighboring locations:
PA7 (apple) and PA8 (paprika) (Fig. S9). Rats were trained for a total of 6 trials: 1 trial for
each of the 2 new PAs and the 4 trials for the remaining PAs of the original schema (i.e. PAs
2-5). Twenty-four hr later, on Session 26, drugs (CNQX or NaCl) were infused 20 min before
the probe trials (PTs 8-9). These probe trials were designed to test the rats’ memory for the
new PAs that had been encoded 24 hr earlier. The performance measures were designed to
contrast digging time spent at the new cued location, with that for both the new non-cued
location and the original non-cued locations.
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Three further sessions (27-29) of original training were given to the rats, followed by 2
further new PAs (PA9 = almond, PA10 = cinnamon) training (Fig. S9). Probe trials (PTs 10
and 11) were scheduled 24 hr after the new PAs training sessions. Fig. 3B shows the effect of
CNQX on the percentage dig time during retrieval of new PAs.
Impact of D-AP5 on retrieval of original PAs (Sessions 54-58): On Sessions 54-57, rats were
given training on the original PAs. Twenty-four hr later, on Session 58, drugs (D-AP5 or
NaCl) were infused into PrL 20 min before the probe tests (20 and 21). Fig. 3C shows the
effect of D-AP5 on the percentage dig time during retrieval of original PAs.
Impact of D-AP5 on retrieval of new PAs (Sessions 49-53): On Sessions 49-51, rats were
given training on the original PAs. On Session 52, two new PAs were introduced: PA17
(orange) and PA18 (chocolate and apple) (Fig. S9). Twenty-four hr later, on Session 53,
drugs (D-AP5 or NaCl) were infused into PrL 20 min before the probe trials (18 and 19). Fig.
3D shows the effect of D-AP5 on the percentage dig time during retrieval of new PAs.
Additional performance measures - Absolute dig time: The absolute dig time is shown for
various probe tests in Fig. S11, A, B, D and E. This measure enabled us to examine
differences in absolute dig time between different drug conditions in different regions during
the 120 s probe tests.
Impact of CNQX on animals’ performance - Control experiment 1: We conducted a control
experiment to rule out the possibility that targeted pharmacological inactivation by CNQX
into PrL interfered with motor, motivational or procedural processes. This involved training
rats to search and dig for control food pellets (non-flavored) in the sand-well in the center
location of the event arena for 1 trial. The rationale for this was that no spatial memory was
required for this task – the animals had only to run into the arena to the center and dig.
Twenty-four hr later, drugs (CNQX or NaCl) were infused into PrL 20 min before the probe
trial. Fig. S11C shows the absolute dig time between the 2 drug conditions (CNQX and
NaCl) during the 120 s probe test with a single sand-well in the center of the event arena.
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3.4.3 Effects of CNQX and D-AP5 infusions in PrL at encoding of new PAs
The aim of this aspect of the main PA experiment was to investigate whether AMPA and
NMDA receptors in PrL were involved in the encoding of new PAs. This was achieved by
infusing the CNQX and D-AP5 into PrL prior to encoding. Infusions were carried out 20 min
before the start of encoding trials and memory was tested in probe trials 24 hr later.
Impact of CNQX on encoding of new PAs (Sessions 32-41): The rats were given further
training on the original PAs for 3 sessions (32-34). On Session 35, the sand-wells for PA1
and PA6 were replaced by another 2 new PAs at neighboring locations: PA11 (cherry) and
PA12 (ginger) (Fig. S9). Rats were trained for a total of 6 trials - 1 trial for each of the 2 new
PAs (Trials 2 and 6) and the 4 trials for the original PAs (i.e. PAs 2-5). Drugs (CNQX or
NaCl) were infused 20 min before Trial 2 and again before Trial 6 (there was 5 hr between
Trials 2 and 6) in one brain region (either PrL or barrel cortex). Twenty-four hr later, on
Session 36, two probe trials (PTs 12 and 13) were scheduled. Three further sessions (37-39)
of original training were given, and then 2 further new PAs (PA13 = rum, PA14 = butter)
were introduced (Fig. S9). Probe trials (PTs 14 and 15) were then scheduled 24 hr after the
new PAs training sessions. Fig. 4A shows the effect of CNQX administered 24 hr earlier
(during encoding) on the percentage dig time.
Impact of D-AP5 on encoding of new PAs (Sessions 45-48 and 59-63): On Sessions 45-46,
rats were given training on the original PAs. On Session 47, 2 new PAs were introduced:
PA15 (grape) and PA16 (banana and cherry) (Fig. S9). Rats were trained for a total of 6 trials
presented with 2 new PAs and 4 original PAs. Drugs (D-AP5 or NaCl) were infused 20 min
before Trial 2 and again before Trial 6 in PrL. Twenty-four hr later, on Session 48, two probe
trials (PTs 16 and 17) were conducted. This sequence was repeated again during Sessions 5963. Three further sessions (59-61) of original training were given to the rats, and then 2
further new PAs (PA19 = banana, PA20 = apple and cinnamon; Fig. S9) training. Probe trials
(22 and 23) were scheduled 24 hr after the new PAs training sessions. Fig. 4B shows the
effect of D-AP5 administered 24 hr earlier (during encoding) on the percentage dig time.

3.5 Gap-crossing task – Control experiment 2
3.5.1 Apparatus
The apparatus was a modified version of that used by S14, S15. The apparatus consisted of
two individually moveable identical platforms (the starting platform and the goal platform)
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made of transparent Plexiglas (Fig. S12A). The two platforms (11 cm wide × 30 cm long)
with 10-cm-high U-shaped walls were elevated by 34 cm. The walls were covered in black
adhesive cardboard. Velcro tape was placed at the edges of the platforms to indicate the
platform edge to the rats. A 50 cm long ruler was used to measure the distance between the
platforms in each trial. A cup containing approximately 10 g of food pellets was available as
reward at the goal platform. Each pellet in the cup was cut into half, and each half weighed
approximately 0.2 g. To prevent the use of visual information, experiments were conducted
under dim red light (wavelength 620–750 nm), invisible to the rats (S15). An infared camera
connected to a DVD recorder was placed above the gap to observe and record the rats’
movements in the dark.
3.5.2 Behavioral training
Habituation: The purpose of the habituation sessions were to allow the rats to become
accustomed to exploring the platforms and getting food reward after they had successfully
moved from the starting platform to the goal platform. Normal illumination (100 lux) was
present in habituation sessions. On habituation session 1 and 2, rats were placed on the
starting platform and the gap distance between the 2 platforms was 0 cm. Rats were free to
explore both platforms. A cup of pellets was available at the end of the goal platform. The
cup was kept full to encourage the rats to cross readily to the goal platform. Rats were
allowed 10 s to eat the pellets, and then picked up and carried to their home cage. Each rat
was given 3 trials to obtain rewards from the goal platform. Between trials, the platforms
were wiped with ethanol to remove odors, which may have affected animal’s performance.
Main training: On Session 1, a 2 cm gap was introduced on the first trial and gap length was
increased in 2 cm increments up to 6 cm following 3 successful trials; Session 2 was carried
out similarly with gap sizes from 6-10 cm. This was conducted under normal lighting
conditions. Sessions 3 followed the same protocol but with gap sizes going from 10-16 cm.
From session 3 on, training was carried out under red light. On Sessions 4 and 5, distances of
between 12 and 25 cm were imposed in pseudo random order. This was designed to
determine the maximum distance that each individual rat would cross. To ensure that rats
were obtaining information using only their whiskers, a 30 cm gap trial (a catch trial in which
the gap was too wide to cross) was introduced pseudo randomly at least three times per
session. By the end of Session 5, the maximum gap distance that each rat would cross was
determined. On Session 6, 4 gap distances were introduced pseudo randomly 4 times per
16

session: 8 cm, 14 cm, the maximum distance for individual rat (typically 16-18 cm) and 30
cm (“a gap-too-far”).
During each trial of the gap-crossing experiment, the latency for each rat to cross the gap
between 2 platforms was measured. First, we recorded the time when a rat placed its front
paws on the edge (the Velcro) of the starting platform. Second, we measured the time when
the rat placed its front paws on the edge (the Velcro) of the goal platform. The latency for a
rat to cross the gap was calculated by taking the difference between these 2 time
measurements.
Impact of CNQX during the gap-crossing task: On Sessions 7-10, 20 min before the gapcrossing task, rats were injected with CNQX or NaCl (Session 7-8, 0.5 µl in each; Session 910, 2.0 µl in each) in the barrel cortex. There were 16 trials in total, with the four gap
distances introduced in pseudorandom order as in training. The first trial of each different gap
distance was considered an ‘information’ trial, and the latency data measured on the
remaining 3 trials per distance: 8, 14, maximum distance for individual rat (16-18 cm) and 30
cm. Fig. S12A shows the mean latencies for the rats to cross the gap at different distances
with a 2.0 µl infusion of CNQX.

3.6 Return to PAs task in event arena
Impact of CNQX (2.0 µl) on the encoding of new PAs in the barrel cortex (Sessions 64-68):
Following our finding that it was necessary to increase the infusion volume to 2.0 µl to
observe a deficit, we then retrained the animals in the event arena to examine whether a same
volume (2.0 µl) of CNQX infused into the barrel cortex would affect the encoding of new
PAs. After 3 sessions (64-66) of standard training on original PAs, 2 new PAs were
introduced: PA21 (lemon) and PA22 (vanilla and brandy) (Fig. S9). Twenty-four hr later, on
Session 68, drugs (CNQX or NaCl, 2.0 µl in each) were infused into the barrel cortex 20 min
before the probe trials (24 and 25). Fig. S12B presents percentage dig time in the PTs 24 hr
after encoding of new PAs with 2.0 µl of CNQX into the barrel cortex.

3.7 Statistical analyses
Several measures of performance were assessed. These were: the performance index during
training, and both absolute and percentage time spent digging in sand-well(s) during probe
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trials. Statistical significance was determined by repeated-measures ANOVAs (2 or 3 way
ANOVA), paired t-tests and, where appropriate, one-sample t-tests.
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Fig. S1. (A) Photograph of an event arena. (B) The spatial arrangement of original 6 PAs of the
standard schema.
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Fig. S2. Performance of training in Study 1. (A) Acquisition of the original 6 PAs (schema).
Training on the standard ‘schema’ in the event arena revealed a gradually improving
‘performance index’ across sessions (F = 20.32, df = 6.75/134.92, P < 0.001). Performance
rose to a stable level of 70% with minimal variability (from Session 5 onwards, performance
was above chance, t-test). (B) Three cued-recall probe trials for the acquisition of the original
schema. These probe trials revealed, a graded learning of the original PAs from Sessions
1-16 (F = 10.95, df = 1.78/35.50, P < 0.001). T-test results indicated that digging at the cued
location was above chance in PT2 (P < 0.05) and PT3 (P < 0.001). Dashed lines indicate the
chance level. ns, nonsignificant; *P < 0.05; ***P < 0.001 versus chance. Means ± 1 S.E.M.
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Fig. S3. Trial latency to dig at the correct sand-well on the critical session 18. An ANOVA of
these latency scores revealed no overall interaction between Groups OPA, NPA and NM in
Trials (T)1-4 and T5-6 (F = 2.19, df = 2/18, ns). There are no significant differences between
Groups OPA, NPA and NM in both T1-T4 and T5-T6 (Fs < 1, ns). Means ± 1 S.E.M.
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Fig. S4. Areas examined for Zif268 and Arc expression. Blue regions indicate the areas were
selected for measurement of Zif268 and Arc expression. The numbers above each picture
represent the distance (in mm) of the section from bregma (S6). IEG counts for the
retrosplenial cortex (RSC) was the average normalised cell count of the anterior retrosplenial
(aRSC) and posterior retrosplenial (pRSC) cortices. ACC, anterior cingulate cortex; DG,
dentate gyrus; IL, infralimbic cortex; Ins, insular cortex; LEnt, lateral entorhinal cortex; Orb,
orbitofrontal cortex; PrL, prelimbic cortex; Ssp, somatosensory (barrel) cortex.
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Fig. S5. IEG expression in area CA1 of the dorsal hippocampus for both Zif268 and Arc. Scale
bars, 50 µm.
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Fig. S6. A layer-specific analysis of the pattern of Zif268 expression in PrL. There was no
differential pattern for Zif268 expression with respect to superficial versus deep layers of PrL
(Layer x Group interaction, F < 1, ns). Scale bar, 100 µm. *P < 0.05, **P < 0.01 versus Group
CC (REGWR test); †P < 0.05 versus trained group. Means ± 1 S.E.M.

24

80

OPA
NPA
NM
CC

60
40
20
0
0.1
1.0
10.0
Relative Zif268 expression per cell

B
150
100
50
0

OPA
NPA
NM
CC

C
150

Integral OD (% CC)

Cumulative %

100

Mean OD per cell (% CC)

A

100
50
0

Fig. S7. Densitometric analysis of CA1. (A and B) Cumulative frequency curves (A) and
median (B) of mean OD per Zif268-positive cell for different groups. There was no significant
difference in the cumulative frequency distributions (Kolmogorov-Smirnov test with Bonferroni
correction, ns) or in median OD values (Kruskal-Wallis test, ns) between groups. (C) The
integral OD (per 1 mm2) of Zif268 immunostaining reaction products for different groups.
There was no significant difference in the integral OD between groups (F = 1.37, ns).
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Fig. S8. Histology of cannula positions. (A and B) Cresyl violet sections showing example of
representative cannulae tracks in PrL (A) and barrel cortices (B) in each hemisphere of the
brain. Scale bars, 1 mm. (C and D) Schematic representations to indicate the location of the
cannula tips in PrL (C) and barrel (D) cortices. The numbers above each picture represent the
distance (in mm) of the section from bregma (S6).
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Fig. S9. Spatial arrangement of the PAs in the event arena in Study 2. White circles (PAs 1-6)
are original PAs (a schema) and pink circles (PA7 to PA22) are new PAs. On each occasion
of the new PAs trials, there were always two original PAs (e.g. PA1 and PA6) were removed
and two new PAs were introduced (eg. PA7 and PA8), and upon return to the main training,
there was a return to the PAs1-6 arrangement.
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Fig. S10. Performance of training and testing in Study 2. (A) Acquisition of original 6 PAs. The
performance index scores showed that performance improved across all training sessions
and a repeated measures ANOVA showed that this was significant (F = 19.22, df = 5.67/56.68,
P < 0.001). From Session 5 onwards, the performance index score was between 70% and
80%, and which is significantly different from chance (t-test, Ps < 0.01). (B) Three cued-recall
probe trials for the acquisition of original schema. These probe trials revealed a graded
learning of the original PAs from Sessions 1-16 (F = 4.17, df = 1.46/14.61, P < 0.05). T-test
results indicated that digging at the cued location was above chance in PT3 (P < 0.01 versus
chance). (C) Performance during pharmacological intervention. On Session 43, removing cue
flavors from the start box results in performance dropping to 60% and then returning to 80%
correct on a succeeding normal session (see S1). Dashed lines indicate the chance level. ns,
nonsignificant; **P < 0.01; ***P < 0.001. Means ± 1 S.E.M.
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Fig. S11. Impact of CNQX or D-AP5 infusions on rats’ performance in the event arena. (A)
Infusion of CNQX into PrL resulted in a significantly lower absolute dig time than the rats
infused with NaCl into PrL during retrieval of original PAs (t-test; t = 5.49, df = 10, P < 0.001).
In contrast, infusion of CNQX in Ssp had no impact on the performance of the retrieval of
original PAs, with paired t-test showing no significant different in drugs conditions (ns). (B)
Infusion of CNQX in both PrL and Ssp had no impact on the performance of the retrieval of
new PAs, with paired t-test showing no significant different in drugs conditions in PrL and Ssp
(ns, in each). (C) Effects of CNQX infusions in PrL prior to the probe trial with a single
sand-well in the center of the event arena. There were no differences in absolute dig time
between the 2 conditions (ns). This result suggested that infusion CNQX into PrL did not affect
motor, motivational or procedural brain process. (D and E) There were no differences in
absolute dig time between D-AP5 and NaCl infusions into PrL during retrieval of original PAs
(D) and of new PAs (E) (ns in each). ns, nonsignificant; ***P < 0.001. Means ± 1 S.E.M.
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Fig. S12. Control experiments for the extent of drug used in barrel cortex in Study 2. (A)
Gap-crossing test. Bilateral infusion of 0.5 μl of CNQX was insufficient to significantly slow
down this task, even at the maximum distance that rats could reach across using their
whiskers - though a trend towards slowing was apparent (data not shown). Hence, a larger
volume (2.0 μl) was infused into the barrel cortex to address this concern. CNQX infusion into
the barrel cortex with the higher volume of 2.0 μl bilaterally caused the predicted slowing of
gap-crossing on the runway as the distance that rats could reach across using their whiskers
increased (Drug × Distance interaction, F = 5.95, df = 1.02/6.11, P < 0.05), which an
orthogonal comparison of CNQX and NaCl at the maximum distance revealed to be
significant (F = 13.03, df = 1/6, P < 0.05). (B) This same infusion volume of CNQX into the
barrel cortex had no impact on memory encoding of new PAs (Drug × Dig location interaction,
ns). Dashed line indicates the chance level. †P < 0.05 versus NaCl group. **P < 0.01, ***P <
0.001 versus chance. Means ± 1 S.E.M.
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6
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Data were expressed as mean raw counts (per 1 mm2) ± SEM. n, numbers of animal. Significantly different from Group CC (REGWR test, *P < 0.05, **P < 0.01, ***P < 0.001).
Significantly different from Group OPA (†P < 0.05, ††P < 0.01, †††P < 0.001). Significantly different from Group NM (‡P < 0.05, ‡‡P < 0.01, ‡‡‡P < 0.001).

Table S1. Zif268 and Arc raw cell counts in Groups OPA, NPA, NM and CC.
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7 100.0 ± 8.2

7

LEnt

146.6 ± 15.9

6 174.6 ± 15.9

5 100.0 ± 21.7

6

108.4 ± 18.0

7 127.6 ± 13.7

7 108.1 ± 12.5

7 100.0 ± 8.0

7

5 135.8 ± 47.5

Data were expressed as mean ± SEM. n, numbers of animal. Significantly different from Group CC (REGWR test, *P < 0.05, **P < 0.01, ***P < 0.001).
Significantly different from Group OPA (†P < 0.05, ††P < 0.01, †††P < 0.001). Significantly different from Group NM (‡P < 0.05, ‡‡P < 0.01, ‡‡‡P < 0.001).

Table S2. Zif268 and Arc normalised cell counts in Groups OPA, NPA, NM and CC.
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Order

Sessions

Task

1

1-16

Event arena

2

3

4

17-22

23-31

32-41

Event arena

Event arena

Event arena

Experimental condition
Original PAs training

Impact of CNQX on retrieval of original PAs

Impact of CNQX on retrieval of new PAs

9

59-63

Event arena

Impact of D-AP5 on encoding of new PAs

11

12

–
–
64-68

Event arena

Gap-crossing
Event arena

Imapct of CNQX on rats' performance

Gap-crossing task

Impact of CNQX (2 l) on encoding of new PAs

PAs 17-18

PTs 22-23

PAs 19-20

–

–

–

–

PTs 24-25

PAs 21-22

Table S3. Chronological order of behavioral experiments in Study 2.
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9

4A, S10C

9

4B, S10C

9

PAs 11-14

–
PTs 18-19

3A, S10C

PAs 1-6

PAs 1-6

Impact of D-AP5 on retrieval of new PAs

11

10

PTs 20-21

Event arena

10

PAs 1-6

PAs 7-10

Impact of D-AP5 on retrieval of original PAs

49-53

Event arena

PTs 4-7

PTs 8-11

PAs 15-16

7

54-58

S10A, B

PTs 16-17

Non-cued

8

Figure

11

Impact of D-AP5 on encoding of new PAs

Event arena

Event arena

No. of rats

PAs 1-6

PTs 12-15

42-44

45-48

PAs

PTs 1-3

Impact of CNQX on encoding of new PAs

5

6

Probe trials

3B, S10C
S10C

9

3D, S10C

9

4B, S10C

9
9

7

7

3C, S10C
S11C

S12A

S12B
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