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Materials and Methods 

Animals The subjects (Expt. 1: n=11; Expt. 2: n=12; Expt. 3: n = 12) were adult male Lister-hooded rats (Charles River, UK), aged 8-10 weeks at the start of the experimentation and weighing 250-270 gm. They were housed in groups of 3 or 4 per cage, had free access to water, and were maintained at 85% of their free-feeding weight. All procedures were compliant with the U.K. Animals [Scientific Procedures] Act, 1986 



and the European Communities Council Directive of 24 November 1986 [86/609/EEC]) that govern the maintenance and use of laboratory animals in scientific experiments. We used the minimal number of rats necessary for adequate statistical power (principally through use of a within-subjects design) and ensured they had good social housing conditions.  
Cannulae implantation For implantation of cannulae, anesthesia was induced with 5% isoflurane and maintained with 1-3% isoflurane, delivered in oxygen. The rats were placed in a stereotaxic frame (Kopf) using a flat skull position. Guide cannulae (26 gauge; outer diameter =0.46 mm; Plastics One, Bilaney, UK) were implanted bilaterally into the dorsal hippocampus (coordinates from Bregma: AP= -4.5 mm; Lat. = 3.0 mm; DV (from dura) = -2.5 mm). These were fixed in place using dental cement and the headcap secured to the skull using jewelers’ screws. To prevent blockage or infection, dummy cannulae (stylets; 33 gauge; outer diameter 0.20 mm; 0.5 mm protrusion from the end of guide cannulae) were inserted into the guides. An additional protective plastic cap was fixed around the cannulae by dental cement to avoid chewing of the dummy by the other rats.  Postoperative analgesic was given (Rimaldyl, 5 mg/kg by subcutaneous injection and Rimaldyl Large Animal Solution, 1 ml/L in their drinking water) and the rats had a recovery period of 7 days before the start of behavioral procedures.   
Drugs and drug infusions A total of 10 mg of the D1/D5 antagonist, SCH23390 hydrochloride (Tocris, UK) was dissolved in 2 ml of sterile NaCl, yielding a concentration of 5 mg/ml (15.4 mM). From this primary solution, aliquots of 50 μl were made at concentration of 5 μg/μl and 1μg/μl (3.0 mM) and stored at -20ºC prior to use.  A solution of 5.9 mg/ml (30 mM) of the competitive NMDA receptor antagonist D-AP5 (Tocris, UK) was also prepared and dissolved with phosphate-buffered artificial CSF (aCSF). The pH of the 



drug solutions was adjusted to 7.2 by the addition of 1M NaOH solution. Prior to infusion, the dummy cannulae were removed, and injection needles inserted (33 GA, outer diameter = 0.20mm). The tips of these infusion cannulae protruded 0.5 mm from the ends of the guide cannulae within the brain, and were connected to SGE microsyringes in a microinfusion pump (Sp200i syringe pump, World Precision Instruments, USA) via flexible polyvinyl chloride tubing (PKG Tubing PE20, Plastics One, Bilaney, UK). SCH22390, NaCl (control infusion for SCH23390), D-AP5, and aCSF (control infusion for D-AP5) (1 μl/side) were infused at a rate of 0.2 μl/min over 5 min, after which the infusion cannulae were left in place for a further 2 min to avoid back-flow. To decrease the stress of the animals, the dummy cannulae were replaced only at the end of the training day.  
Behavioral Training Within-subjects, repeated-measures designs were used in three experiments that each consisted of a series of initial training sessions (original schema), followed by the training of new paired-associates and interposed memory probe tests, the primary focus of which was to examine the impact of blockade of hippocampal D1/D5 receptors on short and long-term memory (STM, LTM).  We also scheduled various essential control conditions.  Sessions were numbered from the first paired-associate training session (Fig. 1C).  During the main part of each experiment, the animals were trained on alternate days in 2 cohorts of up to 6 rats each with each cohort receiving 3 training sessions per week (Cohort 1: Monday, W and F; Cohort 2: T, Th and Sat). 
Habituation (sessions -8 to -3)  In each experiment, seven days after recovery from surgery, the animals were habituated to the event arena, and trained to search and dig for control food pellets (non-flavored) in the sandwells. They naturally carried the 0.5 gm pellets to the start box and ate them there (Maaswinkel and Whishaw, 1999). Habituation consisted, in stages across days, of arena exploration, experience of each of the 4 



start-boxes, digging for food, and carrying of food pellets to the start boxes.  All rats were soon running quickly into the arena, returning to the start boxes to eat each food pellet they had collected. 
Acquisition of original schema of 6 flavor paired-associates (sessions 1-17) The main training protocol involved the concurrent training of 6 flavor-place paired-associates (PAs) each day.  After 2 sessions in which only 3 of the 6 flavors were used (pre-training), the full protocol commenced with each PA given for 1 trial/session (PA1 = Flavor 1 (F1) at Location 1 (L1) - Chocolate and apple; PA2 = Banana in L2; PA3 = Marshmallow; PA4 = Rum; PA5 = Pina Colada; and PA6 = Very berry, see Fig S1A and Fig S1B).  On any trial, all 6 sandwells were accessible, but only one contained its appropriate flavor reward, with the other 5 containing only the sand + masking flavors mixture. On all 6 trials of a single session, the animals were started consistently from one of the start boxes of the arena (north (N), S, E or W), with half the rats cued from one start box (e.g. S) and the other half from the opposite start box (e.g. N), and start locations pseudo-randomly assigned across training sessions.  A trial began with the rats receiving a 0.5 gm ‘cue’ flavor in the start box (e.g. banana if the intra-arena sandwell containing food was at L2). After a period of 30 s in the start box, during which the rats ate this cue, the start box door was automatically opened.  Typically, the rats would pause briefly at the entrance to the arena displaying exploratory head-movements, and then run out to dig at one or more sandwells until finding the correct location containing 3 food pellets of the same flavor as the cue (0.5 gm each).  These were carried back in the start box, pellet by pellet, and eaten in turn. After a rat returned to the start box with its 3rd pellet, the door was automatically closed.  The various possible sequences of different flavored pellets across 6 trials within a session were carefully counterbalanced across rats and sessions. As an additional control to prevent the rats using olfactory traces from a previous rat to locate the reward, the sand used in the wells in different locations was mixed between each trial and the sawdust surrounding each sandwell distributed around the arena between trials.  The same caution was taken during probe tests. 



Non-rewarded probe tests PTs (Sessions 2, 9, 16) To examine cued-recall memory, several non-rewarded probe tests (PTs 1-3) were scheduled (Fig 1C).  During these tests, all 6 sandwells were open as usual, and the rats could dig in any of them, but none contained food reward.  The rats were cued with a single flavor as usual, and then allowed into the arena for a total of 120 s. Good memory was shown as preferential digging at the location of the cued PA. Digging time at each of the sandwells was measured using the computerized tracking system.  Once this initial training was completed, the different procedures of each of the three experiments were conducted as follows: 
Experiment 1: Does D1/D5 receptor activation in HPC contribute to the 
memory of novel paired-associates? 

Training and probe tests (Sessions 18-29): Impact of SCH23390 on new learning Having learned 6 PAs in a single schema (n=11), the next step was to investigate the impact of intrahippocampal infusion of the D1/D5 antagonist SCH23390 on the acquisition of new PAs (Fig. 1C, sessions 18, 23 & 28).  On this first change in sandwell arrangements within the event arena, the wells for PA1 and PA6 were closed, and replaced by others containing two new novel flavors at neighboring locations: PA7 (Almond) and PA8 (Paprika) (Fig S1A). The rats were trained in a single session for a total of 6 trials - 1 trial only to each of the 2 novel flavors and the 4 remaining trials to PAs of the original schema (i.e. PAs 2-5).  Drugs (three conditions: SCH23390 1µg, SCH23390 5µg and NaCl) were infused 20 min before trial 2 and again before trial 5 (approximately 3 hr later), with 4/11 rats receiving each drug per day in counterbalanced order (see Fig. 1C). Within-subject counterbalancing across the three drug conditions (1µg and 5 µg SCH23390 and NaCl) required the creation of 4 further novel PAs (PA9 = Bacon; PA10 = Cinnamon; PA11= Cherry; and PA 12 = Ginger, see Fig S1A). Probe tests (PTs 4, 5 and 6) were scheduled 24hr after each of the relevant new PA training sessions for PAs 7 and 8, 



PAs 9 and 10, and PAs 11 and 12 (Fig S1A), with .3 interposed normal training days (Sessions 20-22 and 25-27).  

 
Figure S1 

(A) Schema: Arrangement in the event arena of the 6 paired-associates for the Schema 

1 in black circles and possible sandwell locations for the new paired-associates in grey 

circles (F, flavors of food at specific locations). (B) Diagram of Schema 1. 

Training and probe tests (Session 30-36): Impact of SCH23390 on previously trained 

flavors As we anticipated that SCH23390 would only have an impact on acquisition, the next phase examined (by way of a control) whether there would be any impact of SCH23390 infused prior to the regular daily training of two of the original PAs on their later recall.  The rats were given further training on the original set of PAs for 2 sessions (30 and 31).  On session 32, SCH23390 1µg or NaCl were infused 20 min before trial 2 and again before trial 5 with original flavors being introduced on these trials rather than new ones (Fig 1C). A probe trial (PT7) was conducted 24hr later to 



test cued-recall memory for these original PAs.  After 2 further days of training, this was repeated with the two other original PAs (sessions 35, 36) to counterbalance the different conditions across the full set of 12 rats.  
Non-cued control test Another control, on session 38, was to test whether the cue flavor given in the start box really guided the rats’ search strategy rather than any cryptic olfactory cue at the goal.  A standard session of 6 daily rewarded trials was conducted in which the successive set of 6 separate food cues in the start box were absent. The performance index measure for retrieval of the first food pellet should then fall to chance if this start box cue is critical for memory retrieval. 
Training and probe tests (Session 41-42): Impact of D-AP5 upon learning Finally, we conducted a test of hippocampal dependence of new PAs learning by examining the impact of the NMDA receptor antagonist D-AP5.  Two new PAs were introduced as in Expt 1: PA 13 = Strawberry; and PA 14 = Butter. The rats were trained for 6 trials in one session with original PAs 2-5 introduced on trials 1, 3, 4 and 6, and PAs 13 and 14 on trials 2 and 5. Drugs (two conditions: D-AP5 (30 mM, 1 
μl) and aCSF) were infused 20 min before trial 2 and again before trial 5. A probe trial (PT 9, session 42) was scheduled 24 h later. 
Experiment 2: Does D1/D5 receptor activation play a role in memory 
encoding or the long-term persistence of novel paired associates? New animals (n=12) were trained on the normal schema of 6 flavor PAs and then subject to training of new ones that were tested after short or long memory delays.  The aim was to establish whether SCH23390 affected memory encoding or the temporal persistence of newly formed memories. As in Expt 1, two novel PAs were presented in each of four separate single sessions, with the sandwells for PAs 1 and 6 replaced with the new ones (Fig S1).  Drugs (SCH23390 1µg and NaCl) were infused 20 min before trial 2 and again before trial 6, with the new PAs  (7-14) introduced in a counterbalanced manner across a series of sessions, with half the rats receiving drug or NaCl on each day (Fig 



S2). The within-subject counterbalancing across the two drug conditions required 8 novel PAs.  Retention tests (PTs 5, 6, 7 and 8) were scheduled 30 min or 24hr after each of the relevant new PA training sessions. For the 30 min memory delay, the experimental design required that the rats were always tested for the new PA that was presented on the last training trial of the day (trial 6).   

 

Figure S2 

Delay-dependency. Timeline showing the design of Expt. 2 (Fs, flavors; PT, Probe test). 

The syringes indicate the time of the iHPC infusions (before the beginning of the 2nd 

and 6th trial).  



Experiment 3: Can the impact of a D1/D5 antagonist memory be explained 
in terms of state-dependency, memory retrieval or the persistence of newly 
encoded information? New animals (n=12) were trained on the normal schema of 6 flavor PAs and then subject to training of new ones that were tested after 24hr with SCH23390 or NaCl given prior to encoding and/or prior to retrieval to assess state-dependency (Fig S3). A within-subject counterbalancing schedule across 4 drug conditions was designed (SCH22390 at encoding-SCH23390 at retrieval; NaCl-SCH23390; SCH23390-NaCl; and NaCl-NaCl), in which the drugs were infused 20 min before the new PAs at encoding and/or 20 min before memory retrieval 24hr later (the Probe Tests).  The SCH23390-SCH23390 drug condition addressed the question of state dependency; NaCl-SCH23390 tested the possibility of an effect of SCH23390 on memory retrieval; the SCH23390-NaCl condition re-investigated the issue of memory persistence; and NaCl-NaCl served as a control condition.  

 

Figure S3 



State-dependency. Timeline showing the design of Expt. 3. The syringes indicate the 

time of the iHPC infusions (before the beginning of the 2nd and 6th trial). 

 

Results 

Experiment 1: Gradual acquisition of paired-associate memory, a schema, 
and then rapid drug-dependent acquisition of new paired-associates 
(SCH23390, D-AP5).  

Gradual acquisition: An ANOVA of the PI showed that performance improved monotonically across all training sessions (F = 11.36, df = 4.8/48, P < 0.001; note Greenhouse-Geisser adjustment of dfs; Fig 2A). T-tests indicated that the rats performed around chance level for the first 4 sessions, and thereafter above chance (ts > 3.71, df =10, ps < 0.001). Removing cue flavors from the start box on session 38 resulted in performance dropping to chance.  It then returned to 80% on the next normal session (s39). It follows that the animals were not being guided to the correct sandwell by odors emanating from it or scents left by previous rats, but by cued-recall.  
Latency to dig at correct sandwell on the day of drug-infusions:  Figure S4 showed a within-session comparison of the latency for new PA trials (in the presence or absence of the drug) with the latency on the remaining original PA trials without the drug. On first observation, there is a trend for the latency to dig to the correct sandwell to be slightly slower for new PA trials in the presence of SCH23390 (54.6 s ± 16 for SCH23390 1µg and 45 s ± 11 for SCH23390 5µg compared to 15.8 s for NaCl).  This may be because the animals still under the effect of the drug (20 min after intraHPC injection) were slower to go to the correct location.  But an ANOVA of these latency scores revealed no overall interaction between drug and trial (F = 2.5, df = 1.72/17.2, p > 0.1)  



On the other hand, the performance index (calculated with reference to the number of errors made before choosing the correct sandwell) was unaffected on the day of the injection (Fig 2A, sessions 18, 23, 28), with the trend for the PI on s23 to decrease not being significant.   

 
 

Figure S4 

Latency to dig at correct sandwell on the day of drug-infusions in Expt1. (A) New 

paired-associates:  Latencies on the two new PA trials 20 min after drug infusion (grey 

bars) compared with latency on the four remaining original PA trials without drug 

(white bars).  (B) Original paired-associates: Latency to complete original PA trials in 

presence of drug (NaCl vs SCH23390) compared with latency to complete original PA 

trials without any drug.   


