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Abstract 41 

The role of the hippocampus in goal-directed action is currently unclear; studies investigating 42 

this issue have produced contradictory results. Here we reconcile these contradictions by 43 

demonstrating that, in rats, goal-directed action relies on dorsal hippocampus but only 44 

transiently, immediately after initial acquisition. Furthermore, we found that goal-directed 45 

action also depends transiently on physical context, suggesting a psychological basis for the 46 

hippocampal regulation of goal-directed action control. 47 

 48 

One Sentence Summary: Goal-directed actions are hippocampally- and context-dependent 49 

immediately after initial encoding but not after a delay. 50 

 51 

 52 
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Introduction 62 

Evidence regarding the role of the dorsal hippocampus in goal-directed action is 63 

mixed. Neuroimaging studies conducted in humans have produced several findings 64 

suggesting a central role for hippocampus in regulating non-navigational goal-directed 65 

decision-making1,2. Likewise, electrophysiological studies in rodents have implied a role for 66 

dorsal hippocampus in both navigational3 and non-navigational goal-directed tasks4. Rodent 67 

lesion studies, on the other hand, have found non-navigational goal-directed actions to be 68 

intact despite comprehensive lesions of dorsal hippocampus5,6.  69 

One potentially crucial difference between these studies is the types and amount of 70 

training involved. Studies that have detected a relationship between hippocampal activity and 71 

goal-directed action have involved protocols in which participants were either trained and 72 

tested in a single day1 or trained over several days on tasks that involve multiple contingency 73 

switches that could each be encoded as a novel event2,4. By contrast, studies that found no 74 

role for hippocampus in goal-directed action trained animals on stable contingencies over 75 

multiple days5,6. We sought, therefore, to investigate the hypothesis that non-navigational 76 

goal-directed actions rely on dorsal hippocampus, but only during initial learning.  77 

We used outcome devaluation tests7 to determine whether actions were goal-directed 78 

(see methods). Rats were trained to press two levers each delivering a unique outcome; either 79 

pellets or sucrose. After training, the value of one of these outcomes was reduced using 80 

sensory specific satiety7 after which the rats were given a choice between the levers in an 81 

extinction test (i.e. in the absence of pellet or sucrose delivery). In such tests, rats typically 82 

respond more on the lever associated with the still-valued (non-prefed) outcome relative to 83 

the devalued lever, demonstrating control by both the current value of the outcome and the 84 

action-outcome association in accord with definitions of goal-directed action7,8. Our first 85 

series of experiments (Experiments 1-3) investigated whether dorsal hippocampal 86 
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involvement in goal-directed action depends on the amount of training. To achieve this, we 87 

inactivated dorsal hippocampus using either local infusions of γ-aminobutyric acid-A 88 

(GABAA) receptor antagonist muscimol or chemogenetics.  89 

Results 90 

Goal-directed action is transiently affected by dorsal hippocampal inactivation 91 

We first assessed the effect of intra-dorsal hippocampal infusions of muscimol given 92 

either prior to training (Experiment 1a) or test (Experiment 1b, see methods; Extended Data 93 

Fig. 1a-c). For each experiment, rats were first trained to press both left (A1) and right (A2) 94 

levers for polycose (O3) on days 1-5. On day 6, the left and right levers earned unique 95 

outcomes, either pellets or sucrose (i.e., A1O1 and A2O2; counterbalanced, design in 96 

Fig. 1a). Groups did not differ in lever press acquisition either for polycose or pellets and 97 

sucrose in either experiment (largest F = 1.99, p = .176, Extended Data Fig. 2a-f). On test, 98 

devaluation was intact (Valued > Devalued) for rats that received saline infusions on Day 6, 99 

but was impaired in muscimol-infused rats (Valued = Devalued, Experiment 1a; Fig. 1b), 100 

demonstrated by a group x devaluation interaction, F (1,17) = 6.56, p = .02, and a significant 101 

simple effect for group SALINE, F(1,17) = 13.46, p = .002, but not group MUSCIMOL, F < 102 

1. Hippocampal inactivation on test (Experiment 1b) again disrupted devaluation relative to 103 

saline controls (Fig. 1c). There was a significant group x devaluation interaction, F(1,14) = 104 

6.09, p = .027, and a simple effect in group SALINE, F(1,14) = 5.86, p = .03, but not in group 105 

MUSCIMOL, F < 1. 106 

Experiment 2 (design in Fig. 1d) replicated and extended Experiment 1b, except we omitted 107 

polycose pretraining and used inhibitory hM4Di DREADDs (based on procedures validated 108 

previously9,10) to inactivate dorsal hippocampus, avoiding the need for multiple infusions. 109 

Experiment 2 also sought to establish the regional specificity of the effect by comparing 110 
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animals that received transfection directed towards the CA1 region of the dorsal hippocampus 111 

with a group in which expression was confined to CA2 (Fig. 1e,Extended Data Fig. 1d-e). 112 

Half of the rats in each control group (hM4Di+Veh and mCherry+CNO) received viral 113 

transfection in CA1 and half in CA2. 114 

For this experiment, rats were trained to a criterion of a minimum of 20 outcomes on 115 

each lever over 1-2 days, then tested for devaluation performance the following day (see 116 

methods). Vehicle and CNO injections were administered prior to test. Initial lever press 117 

acquisition and number of outcomes earned on each lever was similar for all groups (all Fs < 118 

1, Extended Data Fig. 2g-h). On test, however, whereas devaluation was intact in controls, 119 

i.e., groups hM4Di+Veh, mCherry+CNO, and hM4Di CA2+CNO (Valued > Devalued), it 120 

was impaired in group hM4Di CA1+CNO (Fig. 1f). There was a group (hM4Di CA1+CNO 121 

vs. the others) x devaluation interaction, F(1,31) = 5.19, p = .03, supported by significant 122 

simple effects for groups hM4Di+Veh, F(1,31) = 7.03, p = .012, mCherry+CNO, F(1,31) = 123 

17.98, p = .00, and CA2+CNO, F(1,31) = 7.32, p = .011, but not group hM4Di CA1+CNO, F 124 

< 1. Following this test, all groups were trained for a further 4-5 days and tested again 125 

(Extended Data Fig. 2i). In contrast to the initial test, all groups now showed intact 126 

devaluation (Fig. 1g). There was a main effect of devaluation, F(1,31) = 77.57, p = .00, 127 

which didn’t interact with any group differences, largest F(1,31) = 2.2, p = .148.  128 

Next we investigated whether goal-directed actions also become hippocampally-129 

independent with the passage of time (Experiments 3a and 3b - design in Fig. 1h). For this 130 

experiment, animals again received 1-2 days of lever press training to criterion, followed by 131 

outcome devaluation testing the next day (immediate - Experiment 3a), or one week later 132 

(delayed - Experiment 3b). Performance for dorsal hippocampus inactivated (hM4Di+CNO) 133 

animals was compared against mixed (hM4Di+Veh and mCherry+CNO) controls (Extended 134 

Data Fig. 1f). For both experiments, half of the animals in each group received CNO/Vehicle 135 
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injections prior to training and half prior to test.  136 

Groups tested immediately did not differ in their lever pressing during acquisition, F(1,34) = 137 

1.091, p = .304, or with regards to the number of outcomes earned (F < 1, Extended Data 138 

Fig. 2j-k). On test, however, devaluation performance was intact in control rats, but impaired 139 

in hippocampally-inactivated rats whether inactivation occurred prior to training or prior to 140 

test (Fig. 1i). There was a group (hM4Di+CNO vs. Controls) x devaluation interaction 141 

F(1,34) = 4.622, p = .039. Simple effects analysis found intact devaluation (Valued > 142 

Devalued) in Controls that received training injections, F(1,34) = 6.606, p = .015 and those 143 

that received test injections, F(1,34) = 6.568, p = .015, but impaired devaluation in the 144 

hM4Di+CNO groups, Fs < 1. Rats tested after a delay again did not show any differences in 145 

lever press acquisition (Fs < 1) or outcomes received, F(1,33) = 2.388, p = .132, (Extended 146 

Data Fig. 2j, 2l) but did show intact devaluation performance in all groups (Fig. 1j). There 147 

was a main effect of devaluation, F(1,33) = 21.81, p = .00, but no two-way interaction (F < 148 

1). Collectively, these results support the claim that goal-directed actions transiently depend 149 

on dorsal hippocampus.  150 

Goal-directed action transiently depends on physical context 151 

We next considered the psychological basis of hippocampal involvement in goal-152 

directed action. One potential source of the above effects lies in the well documented role of 153 

the hippocampus in representing spatial context11. Although goal-directed actions are 154 

independent of context when stable contingencies are trained over multiple days12, their 155 

dependency on context early in training has not been assessed so we sought to determine 156 

whether goal-directed actions also transiently depend on the physical context. To achieve 157 

this, rats again received 5 days of polycose pretraining before a single day of training during 158 

which the levers earned either pellets or sucrose (Experiment 4a – design in Fig. 2a). In 159 

parallel, another cohort of rats were trained such that the levers earned pellets and sucrose 160 
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across all 6 days of training (Experiment 4b - design in Fig. 2a). After day 6, rats in both 161 

experiments were given an outcome devaluation test in either the training context (group 162 

SAME) or in a different but familiar context (group DIFFERENT). Based on the 163 

hippocampal results (Experiment 1a), we predicted that only rats given minimal training 164 

would show transient control of goal-directed action by context. As shown in Figure 2, this 165 

was the observed result. There were no group differences during lever press acquisition in 166 

either experiment (all Fs < 1, Extended Data Fig. 3a-d). On test, however, animals given 167 

minimal training (Experiment 4a) showed intact devaluation (Valued > Devalued) if tested in 168 

the same context, but impaired devaluation (Valued = Devalued) if tested in the different 169 

context (Fig. 2b); there was a significant group x devaluation interaction, F(1,23) = 4.55, p = 170 

.044, and simple effect for group SAME, F (1,23) = 7.076, p = .014, but not group 171 

DIFFERENT, F < 1. By contrast, rats given additional training (Experiment 4b) showed 172 

intact devaluation regardless of test context; there was a significant main effect of 173 

devaluation, F(1,19) = 11.78, p = .003, but no interaction, F < 1 (Fig. 2c).  174 

In a final study (Experiment 5 - design in Fig. 2d) we sought to determine whether 175 

goal-directed actions also become independent of their physical context with the passage of 176 

time. Rats were again trained to lever press to criterion over 1-2 days (without pretraining) 177 

after which they were tested in the same or different context either immediately (1 day later, 178 

groups SAME-IMM and DIFF-IMM), or 1 week later (groups SAME-DELAY and DIFF-179 

DELAY). Again, lever pressing did not differ during acquisition (all Fs < 1), nor did delivery 180 

of pellets/sucrose, F(1,22) = 2.411, p = .135, Extended Data Fig. 3e-f). On test, goal-181 

directed action was context-dependent only when testing was conducted immediately after 182 

training, and was context-independent after a one-week delay (Fig. 2e). There was a 183 

significant group x lever interaction F(1,22) = 4.584, p = .044, supported by significant 184 

simple effects for groups SAME-IMM, F(1,22) = 5.489, p = .029, SAME-DELAY, F(1,22) = 185 
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10.385, p = .004, and DIFF-DELAY F(1,22) = 6.018, p = .023, but not in group DIFF-IMM, 186 

F < 1. 187 

Discussion 188 

Together, our results support our central claim that goal-directed actions transiently 189 

depend on dorsal hippocampus and imply that a hippocampal representation of the physical 190 

context is the source of its role in this effect. Our findings support this specific claim rather 191 

than a role in the contextual regulation of goal-directed action generally because Experiment 192 

5 essentially involved two contextual alterations: physical (i.e. the change in physical 193 

context) and temporal (i.e. testing immediately vs. after one-week). If goal-directed actions 194 

were broadly context-dependent after initial training we would expect the delay alone to 195 

impair devaluation even in the absence of an altered physical environment. In contrast to this 196 

prediction, however, our results found devaluation to be intact in both the same and different 197 

contexts after a delay (Fig. 2e). Furthermore, these results cannot be explained by 198 

hippocampal or context manipulations causing generalized rather than specific satiety 199 

following devaluation, even transiently, because that would be expected to reduce responding 200 

selectively on the valued lever. Such an effect was only statistically supported in Experiment 201 

5 (Extended Data Fig. 4i), where specific satiety was induced before the context 202 

manipulation was applied. Thus, these results are more consistent with an effect on the 203 

capacity for goal-directed action, although whether this reflects a deficit in action-outcome 204 

memory or in decision-making itself remains to be tested. 205 

The effects reported here fit well with several of the known functions of 206 

hippocampus, such as systems consolidation13,14 and episodic memory 15,16, and, for the first 207 

time, link these functions directly with decision-making involving choice. The systems 208 

consolidation account13,14 suggests that the dorsal hippocampus) regulates short term memory 209 

formation and recall, which becomes hippocampally independent, possibly migrating to 210 
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frontal cortical structures over the course of a week. The vast majority of the evidence for this 211 

theory has come from studies of conditioned reflexes in Pavlovian conditioning, particularly 212 

Pavlovian fear conditioning17,18. In light of the current findings, however, a link between 213 

systems consolidation and goal-directed action control warrants further consideration. 214 

Relatedly, our findings are also consistent with the view that goal-directed actions initially 215 

rely on (contextually and hippocampally-dependent) episodic memories which become 216 

context-free, extra-hippocampal semantic memories with the passage of time19,20.  217 
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 275 

Figure Legends 276 

Fig. 1. Inactivation of dorsal hippocampus transiently impaired outcome devaluation 277 

performance when testing was immediate, but not after additional training or a delay. a) Top - 278 

Experiment 1a design. Bottom - Experiment 1b design, b) Mean lever presses on test for Experiment 279 

1a (n = 19 rats), c) Mean lever presses on test for Experiment 1b (n = 16 rats), d) Experiment 2 280 

design. e) Representative micrographs of dorsal hippocampal neurons transfected with AAV8-hSyn-281 

hM4D(Gi)-mCherry DREADDs virus (M4; red) in CA1 region (top row; n = 19 rats showed similar 282 

infection in Experiment 2) and lateral CA2 region (bottom row; n = 16 rats showed similar infection 283 

in Experiment 2). f) Mean lever presses during the initial test (days 3-4; n = 35 rats), g) Mean presses 284 

during the extended test (days 9-10; n = 35 rats), h) Top – Design of Experiment 3a. Bottom – Design 285 

of Experiment 3b, i) Mean lever presses on test for Experiment 3a (n = 38 rats), j) Mean lever presses 286 

on test for Experiment 3b (n = 37 rats). Data are shown as individual dot plots and mean ± SEM. A = 287 

action, O = outcome.  288 

 289 

Fig 2. Outcome devaluation performance is impaired by a context switch immediately after 290 

limited training, but not after additional training or after a delay. a) Top - Design of Experiment 291 

4a. Bottom - Design of Experiment 4b. b) Mean lever presses during test for rats that had limited 292 

training (Experiment 4a; n = 25 rats), c) Mean lever presses on test for rats that had extended training 293 

(Experiment 4b; n = 21 rats). d) Design of Experiment 5. e) Mean presses during devaluation test (n = 294 

26 rats). Data are shown as individual dot plots and mean ± SEM. A = action, O = outcome.  295 

 296 

  297 
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Methods 298 
 299 
All procedures were approved by the University of New South Wales Ethics Committee 300 
and/or or the University of Sydney Ethics Committee. 301 
 302 
Subjects and Exclusions 303 
Long-Evans Rats, between 12-24 weeks of age at the beginning of the experiment, were 304 
housed in transparent amber plastic boxes (0.5 m3; 3-4 rats per box) located in a temperature- 305 
and humidity-controlled vivarium and were maintained on a 12 h light/dark cycle (lights on 306 
between 7:00 A.M. and 7:00 P.M.). Experiments 1a, 1b, 4a and 4b were conducted with male 307 
rats. All other experiments were conducted using approx. 50% male and 50% female rats. 308 
Males weighed between 350-500g and females weighed between 200-300g at the beginning 309 
of each experiment.  310 
 311 

Experiment 1a 312 
A total of 24 male rats were used as subjects. Four rats were excluded from the final analysis 313 
due to cannula misplacement and 1 rat was excluded due to infection. Thus the final 314 
experiment numbers were 9 rats in group SALINE, and 10 rats in group MUSCIMOL. 315 
 316 
Experiment 1b 317 
A total of 19 male rats were used as subjects. Three rats were excluded from the final analysis 318 
due to cannula misplacement. Thus the final experiment numbers were 9 rats in group 319 
SALINE, and 7 rats in group MUSCIMOL. 320 
 321 
Experiment 2 322 
A total of 55 rats (28 males and 27 females) were used as subjects. Four animals were 323 
excluded for misplaced DREADDs expression. Sixteen animals were excluded from the final 324 
test for not reaching criterion (> 20 outcomes per lever).  325 
 326 
Experimental numbers for the first round of devaluation testing (after 1-2 days of training) 327 
were: 7 rats in group hM4Di+Veh, 16 rats in mCherry+CNO, 6 rats in hM4Di CA1+CNO, 328 
and 6 rats in hM4Di CA2+CNO.  329 
 330 
For hM4Di-transfected animals, half of those that received CNO during the first round of 331 
testing were switched to Vehicle (Veh) for the second round of testing (after 6 days of 332 
training), and vice versa. The remaining half received consistent injections prior to both tests. 333 
Experimental numbers for the second round of devaluation testing (after 6 days of training) 334 
were 8 rats in group hM4Di+Veh, 16 rats in mCherry+CNO, 5 rats in hM4Di CA1+CNO, 335 
and 6 rats in hM4Di CA2+CNO.  336 
 337 

Experiment 3a 338 
A total of 52 rats (25 males and 27 females) were used as subjects. Six animals were 339 
excluded for misplaced DREADDs expression or an infection at an injection site. Eight 340 
animals were excluded from the final test for not reaching criterion (> 20 outcomes per 341 
lever).  342 
Experimental numbers on test were: 7 rats in group Controls-TRAINING, 9 M4- 343 
TRAINING, 12 rats in Controls-TEST and 10 rats in M4-TEST. 344 
 345 
Experiment 3b 346 
A total of 55 rats (28 males and 27 females) were used as subjects.  347 
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Six animals were excluded for misplaced DREADDs expression or an infection at an 348 
injection site. Twelve animals were excluded from the final test for not reaching criterion (> 349 
20 outcomes per lever).  350 
 351 
Experimental numbers on test were: 7 rats in group Controls-TRAINING, 9 M4- 352 
TRAINING, 10 rats in Controls-TEST and 11 rats in M4-TEST. 353 
 354 

Experiment 4a 355 
A total of 25 male rats were used as subjects, 13 in group SAME, and 12 in group 356 
DIFFERENT. 357 
  358 
Experiment 4b 359 
A total of 23 male rats were used as subjects. Two animals were excluded for failing to lever 360 
press, thus final experimental numbers were 11 rats in group SAME, and 10 rats in group 361 
DIFFERENT.  362 
 363 
Experiment 5 364 
A total of 46 rats (22 males and 24 females) were used as subjects. Twenty animals were 365 
excluded from the reported test for not reaching criterion (> 20 outcomes per lever). 366 
  367 
Experimental numbers on test were 6 rats in group SAME-IMM, 6 rats in group DIFF-IMM, 368 
8 rats in group SAME-DELAY, and 6 rats in group DIFF-DELAY. 369 
 370 
Apparatus 371 
For all behavioral experiments, training was conducted in 16 MED Associates operant 372 
chambers enclosed in sound- and light-attenuating cabinets. Each chamber was fitted with 373 
a pellet dispenser capable of delivering a 45 mg grain food pellet (F0165, BioServ 374 
Biotechnologies), to a recessed magazine inside the chamber, as well as two pumps fitted 375 
with syringes outside the chamber, capable of delivering 0.2 mL of either 20% sucrose 376 
solution (white sugar, Coles) diluted in water or 20% maltodextrin solution (Poly-Joule, 377 
Nutrica) diluted in water, each delivered to separate compartments of the recessed magazine 378 
inside the chamber. The chambers also contained two retractable levers that could be inserted 379 
individually on the left and right sides of the magazine. Head entries into the magazine were 380 
detected via an infrared photobeam. Unless otherwise stated, the operant chambers were fully 381 
illuminated during all experimental stages, illumination was provided by a 3W, 24V house 382 
light located on the upper edge of the wall opposite to the magazine. All training sessions 383 
were pre-programmed on two computers located in a separate room through the MED 384 
Associates software (Med-PC), these computers also recorded the experimental data from 385 
each session. 386 
 387 

Surgery 388 
Rats were anaesthetized with 3% inhalant isoflurane gas mixed with oxygen, delivered at a 389 
rate of 0.5 L/min throughout surgery. Anaesthetized rats were placed in a stereotaxic frame 390 
(Kopf Instruments). An incision was made into the scalp to expose the skull surface and the 391 
incisor bar was adjusted to place bregma and lambda in the same horizontal plane.  392 
 393 
For Experiments 1a and 1b, a small hole was then drilled into the skull above the 394 
hippocampus (all co-ordinates in millimeters relative to bregma: anteroposterior, -3.8, 395 
mediolateral, ±3.2, dorsoventral, -2.5 at an angle of 15 degrees) in each hemisphere. A 26 396 
gauge guide cannula (Plastics One) was then implanted into the hole, the tip of which was 397 
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aimed towards the CA1 region of the hippocampus. Guide cannulas were maintained in 398 
position with dental cement, and dummy cannulas were kept in each guide at all times except 399 
during microinfusions. The wound was subsequently stapled and cleaned, after which rats 400 
were injected with a prophylactic (0.4 mL) dose of 300 mg/kg procaine penicillin 401 
interperitoneally (i.p), and 0.1mL of the analgesic Rymadil subcutaneously (s.c.). Rats were 402 
given one week of recovery following surgery during which they were weighed and 403 
monitored each day. 404 
 405 
For Experiments 2, 3a and 3b, following the scalp incision a small hole was drilled into the 406 
skull above the hippocampus, either above the CA1 region (Half of the animals in 407 
Experiment 2, and all animals in Experiment 3a and 3b, anteroposterior, -3.8, mediolateral, 408 
±2.5, dorsoventral, -3.5 for males, and anteroposterior, -3.6, mediolateral, ±2.5, dorsoventral, 409 
-3.5 for females) or above the CA2 region (Half of the animals in Experiment 2 only, 410 
anteroposterior, -3.8, mediolateral, ±2.5, dorsoventral, -3 for males, anteroposterior, -3.6, 411 
mediolateral, ±2.5, dorsoventral, -3 for females). A 1.0 µL glass syringe (Hamilton 412 
Company) connected to an infusion pump (Pump 11 Elite Nanomite, Harvard Apparatus) was 413 
lowered into the brain, and rats received 0.75µL infusions of either AAV8-hSyn-hM4D(Gi)-414 
mCherry or AAV8-hSyn-mCherry, at a rate of 0.15µL per minute. All DREADD viruses and 415 
control fluorophores were obtained from UNC Vector Core or Addgene based on plasmids 416 
gifted by Bryan Roth and Karl Deisseroth. Following infusions, the needle was left in place 417 
for a further 2 min for diffusion before being retracted. The wound was subsequently closed 418 
with staples (Stoelting) and cleaned, after which rats were injected with a prophylactic 419 
(0.4 mL) dose of 300 mg/kg procaine penicillin (i.p), and 0.1mL of the analgesic Carprofen 420 
(s.c.). Rats were given a minimum of 3 weeks of recovery time following surgery to allow 421 
sufficient viral expression. 422 

 423 
Drug Infusions 424 
In Experiments 1a and 1b, rats received bilateral intra-hippocampal infusions of 5-425 
aminomethyl-3-hydroxyisoxazole (muscimol, M1523, Sigma). A total of 0.5 μL of muscimol 426 
(0.5mg/mL) was infused at 0.32 μL/min. Control rats received a saline infusion at the same 427 
rate. Microinfusions were conducted using a 33 gauge infusion cannulas (Plastics One) that 428 
extended 1 mm beyond the guide cannula. Infusion cannulas were inserted into the guide 429 
cannulas and connected to 25 μL glass syringes (Hamilton Company) fitted on an infusion 430 
pump (PHD ULTRA 4400, Harvard apparatus). The infusion cannulas were left in place for 1 431 
min following infusions to allow diffusion of the drug. Rats were placed back in their home 432 
cage for 20 min prior to behavioral training/testing to permit the drug to take effect.  433 
 434 

Drugs for i.p. injection 435 
In Experiments 2, 3a and 3b, Clozapine-N-Oxide (CNO; RTI international) was dissolved in 436 
0.8% HCl in water to a concentration of 7 mg/mL (pH 3-4). A solution of 0.1% HCl in water 437 
of the same pH was used as vehicle. Drug or vehicle was injected i.p. 1 h prior to the onset of 438 
instrumental training session or testing session, at a volume of 1 mL/kg, hence the dosage 439 
was 7 mg/kg. We have previously demonstrated the viability of this procedure, and its 440 
efficacy in reducing firing in hM4Di DREADDs-transfected cells in dorsal hippocampus 441 
using electrophysiology1. 442 
 443 
Contexts  444 
Experiments 4a, 4b, and 5 employed two distinct contexts. One of these contexts constituted 445 
the bare, unadorned chamber with a paper towel placed in the bedding that had 0.5 mL of 446 
10% peppermint essence added. For the other context, laminated sheets of black and white 447 



16 
 

vertical stripes were positioned on the transparent walls of the chambers, smooth Plexiglas 448 
sheets were placed on the floor, and a paper towel with 0.5 mL of 10% vanilla essence was 449 
placed in the bedding. Therefore, these contexts differed along visual (transparent vs. striped 450 
walls), tactile (grid vs. smooth floor), and olfactory (peppermint vs. vanilla) dimensions.  451 
 452 
For these experiments, animals received one magazine training session in each context during 453 
which both pellet and sucrose outcomes were delivered, one on each day (order 454 
counterbalanced), and two more pre-exposures to the ‘different’ context after lever press 455 
training sessions. This served to familiarize the animals to the different context and reduce 456 
neophobia. Pre-exposure sessions lasted 40 min during which no levers were extended and no 457 
food was delivered.  458 
 459 

Food restriction 460 
Rats underwent 3 d of food restriction prior to the onset of magazine training and this 461 
continued throughout the duration of the experiment. During this time, they received 5 g (for 462 
females) or 8 g (for males) of home chow daily for the first two days, and 7-12 g (females) 463 
and 10-15 g (males) from the third day until the end of the experiment. Their weight was 464 
monitored daily to ensure it remained above 85% of their pre-surgery body weight at all 465 
times. 466 
 467 
Behavioral Procedures 468 
Please note that we employed random ratio schedules during training7 as well as choice 469 
tests21 in all experiments to promote goal-directed behavior and prevent the transition to 470 
habitual responding, even after multiple days of training.  471 
 472 

Magazine training 473 
Rats in Experiments 1a, 1b, 2, 3a and 3b were given one session of magazine training and rats 474 
in Experiments 4a, 4b and 5 were given two sessions of magazine training (one in each 475 
context). For these sessions, the house light was turned on at the start of the session and 476 
turned off when the session was terminated. No levers were extended. For rats that received 477 
polycose pretraining first (Experiments 1a, 1b, and 4a), 30 deliveries of 20% polycose 478 
solution were delivered into the magazine on a random time 60 s schedule (RT60). For rats 479 
that only had lever press training for pellets and sucrose solution (Experiments 2, 3a, 3b, 4b 480 
and 5), 20 deliveries of pellets and 20 deliveries of 20% sucrose solution were delivered on 481 
independent RT60 schedules. 482 
 483 
Polycose Pretraining  484 
Rats that had polycose pretraining were trained to press two levers that earned the same 485 
outcome polycose, prior to receiving lever press training for pellet and sucrose solution. 486 
Each session lasted for a maximum of 50 min and consisted of four periods where a single 487 
lever was inserted into the chamber (i.e. two periods for each lever) separated by a 2.5 min 488 
time out period in which the lever was retracted and the house light was turned off. Each 489 
period ended after 20 outcomes had been earned or 10 min elapsed. The order of presentation 490 
of each lever was pseudorandom.  491 
 492 
On day 1, lever presses on each lever were continuously reinforced with a polycose solution. 493 
On days 2 and 3, the schedule of reinforcement shifted to a random ratio (RR) 5 schedule 494 
such that the probability of polycose delivery was 0.2 for each action. On days 4 and 5, the 495 
schedule of reinforcement shifted to a RR10 schedule such that the probability of a delivery 496 
of the outcome was 0.1 for each action.  497 
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 498 
Lever press training for pellets and sucrose solution  499 
Each session lasted for a maximum of 50 min and consisted of four periods where a single 500 
lever was inserted into the chamber (i.e. 2 periods for each lever) separated by a 2.5 min time 501 
out period in which the lever was retracted and the house light was turned off. Each period 502 
ended after 20 outcomes had been earned or 10 min elapsed. The order of presentation of 503 
each lever was pseudorandom.  504 
 505 
Rats that had previously received polycose pretraining on days 1-5 (Experiments 1a, 1b, and 506 
4a), received a single contingency training session on day 6 where lever presses earned 507 
sucrose solution and pellets on a RR10 schedule. For half of the animals in each group, the 508 
left lever earned pellets and the right lever earned a sucrose solution, and the remaining 509 
animals were trained on the opposite action-outcome contingencies (counterbalanced).  510 
 511 
For rats that received 6 days of lever press training (Experiment 4b) lever presses were 512 
continually reinforced with pellets or sucrose solution on day 1. After, the schedule of 513 
reinforcement shifted to a RR5 schedule on days 2-3 and a RR10 schedule on days 4-6. 514 
Action-outcome contingencies were counterbalanced for each group. 515 
 516 
For rats that received 1-2 days of lever press training (Experiments 2, 3a, 3b, and 5), lever 517 
presses were initially continually reinforced with pellets or sucrose solution in the first period 518 
each lever was extended (i.e. first 10 min on each lever). If rats earned more than 10 519 
outcomes on both levers in the first 25 min, they were moved to a RR5 schedule. Rats that 520 
did not earn more than 10 outcomes on both levers remained on a continually reinforced 521 
schedule during the entire 50 min session. Animals that earned more than 20 outcomes per 522 
lever by the end of day 1 (i.e. animals that reached criterion) were not trained on day 2. 523 
Action-outcome contingencies were counterbalanced for each group. 524 
 525 
Outcome Devaluation Tests 526 
During devaluation tests, rats were first placed in the devaluation chambers (which were in a 527 
separate room from the operant chambers) and provided with ad libitum access to one of the 528 
previously earned outcomes (pellets or sucrose solution) for 1 h. After prefeeding, animals 529 
were placed in the operant chambers and given a choice test with both levers available for 530 
5 min but no outcomes were delivered. The following day, rats were given another 531 
devaluation test for which they were prefed the opposite outcome. That is, if previously 532 
prefed on pellets they were now prefed on sucrose solution, and vice versa. 533 
All rats received one 1 h pre-exposure session to the devaluation chambers following the final 534 
lever press training session, in which they were fed a little bit of their daily chow. This served 535 
to habituate animals to the devaluation chambers to reduce neophobia. 536 
 537 
Each individual experiment employed a variant on the same procedures, as described below. 538 
 539 

Randomization 540 
Rodents were randomly allocated to groups. During lever press training, the order in which 541 
each (left and right) lever was presented on each day was chosen randomly by the 542 
experimenter, and the same order was never presented more than 3 days consecutively.  543 
 544 
 545 
 546 
 547 
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Experiments 1a  548 
Rats first received polycose pretraining for 5 days. On day 6, rats received an intra-dorsal 549 
hippocampal infusion of saline or muscimol as described above. Rats were then placed back 550 
into their home cages for 20 min for the drug to take effect. After 20 min, rats were placed 551 
into the operant chambers for a single contingency training session for pellets and sucrose 552 
solution. After, rats received outcome devaluation testing across two days (day 7-8) as 553 
described above. 554 
 555 
Experiment 1b 556 
Rats first received polycose training for 5 days followed by 1 day of lever press training for 557 
pellets and sucrose solution. After, rats received outcome devaluation testing as described 558 
above (day 7-8). Following prefeeding on each devaluation day, rats were immediately 559 
administered intra-dorsal hippocampal infusions of saline or muscimol. Rats were then placed 560 
back into their home cages for 20 min for the drug to take effect before being tested in the 561 
operant chambers.  562 
 563 
Experiment 2 564 
Rats received lever press training for pellets and sucrose solution for 1-2 days. After, rats 565 
received outcome devaluation testing as described above (day 3-4). Rats then received 566 
additional 4 daily lever press training sessions (day 5-8) for pellets and sucrose solution. 567 
Following this extended training, rats received a second set of devaluation tests (day 9-10).  568 
 569 
Prior to each devaluation day, animals were subject to i.p. Veh or CNO injections 570 
immediately before being placed into the devaluation chambers. Once in these chambers, 571 
prefeeding procedures took place as described before. After prefeeding, rats were 572 
immediately placed into the operant chambers and given a 5 min choice test between levers. 573 
 574 

Experiment 3a 575 
Rats received lever press training for pellets and sucrose solution for 1-2 days. The following 576 
day, rats received outcome devaluation testing as describe above (day 3-4).  577 
 578 
Half of the animals were subject to i.p. Veh or CNO injections (depending on their group 579 
assignment) 1 h prior to the lever press training session and the other half were subject to i.p. 580 
Veh or CNO injections (depending on their group assignment) 1 h prior to the 5 min choice 581 
test (i.e. immediately before being placed into the devaluation chambers).  582 
 583 
Experiment 3b 584 
Rats received lever press training for pellets and sucrose solution for 1-2 days. After a 7 day 585 
delay, rats received outcome devaluation testing as describe above (day 9-10).  586 
 587 
Half of the animals were subject to i.p. Veh or CNO injections (depending on their group 588 
assignment) 1 h prior to the lever press training session and the other half were subject to i.p. 589 
Veh or CNO injections (depending on their group assignment) 1 h prior to the 5 min choice 590 
test (i.e. immediately before being placed into the devaluation chambers).  591 
 592 

Experiment 4 a  593 
Rats first received polycose pretraining in one context (context alterations are described 594 
above). After, rats received a single session of lever press training on pellets and sucrose 595 
solution in that same context. The following day, rats received outcome devaluation tests as 596 
described above. For each choice test, animals were placed in operant chambers with the 597 
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same or a different context to that in which they had been trained. Context assignment for 598 
each test did not change between days, such that animals were either tested in the ‘same’ 599 
context on both test days, or the ‘different’ context on both test days (although context 600 
identity was counterbalanced, such that the ‘same’ context was the vanilla/stripy/smooth 601 
context for half of the rats, and the unadorned/grid/peppermint context for the rest, and 602 
likewise for the ‘different’ context). 603 
 604 

Experiment 4b 605 
Rats received lever training sessions for pellets and sucrose solution for 6 days. After, rats 606 
received outcome devaluation testing in the same or different context as described in 607 
Experiment 4a. Again, context assignment for test did not change between days, such that 608 
animals were either tested in the ‘same’ context on both test days (i.e. one with each 609 
outcome), or the ‘different’ context on both test days. 610 
 611 
Experiment 5 612 
Rats received lever press training for pellets and sucrose solution for 1-2 days. Outcome 613 
devaluation was conducted identically to that described for Experiments 4a and 4b, except 614 
that half of the animals received the devaluation tests one day after the final lever press 615 
session (day 3-4), whereas the other half received the devaluation tests after a 7-day delay 616 
(day 9-10). Again, context assignment did not change between days.  617 
 618 
Histology 619 
Rats were rapidly anaesthetized with sodium pentobarbital (300 mg/kg i.p., Virbac) and 620 
transcardially perfused with 400 mL of 4% paraformaldehyde in 0.1 M sodium phosphate 621 
buffer (PB; pH 7.4).  622 
 623 
Brains collected for cannula placement only were post-fixed for 1 h in the same fixative and 624 
placed in 20% sucrose in phosphate buffered saline (PBS pH 7.2) overnight. 40 μm coronal 625 
sections were cut using a cryostat (CM1520, Leica Microsystems). Every third section was 626 
collected on a slide and stained with cresyl violet. Slides were examined for placement of the 627 
cannula tip and evidence of infusion.  628 
 629 
Brains collected for further immunofluorescence analysis to determine the location of viral 630 
expression were post-fixed overnight at 4°C. Coronal sections (30 μm) were collected with a 631 
vibratome (VT1000, Leica Microsystems) and stored at -20°C in a solution containing 30% 632 
ethylene glycol, 30% glycerol in PB, until they were rinsed four times for 10 min in PBS, 633 
mounted on slides and cover-slipped in Vectashield mounting medium (VEH1400, Vector 634 
Laboratories). Images were obtained using an Olympus FV1000 confocal microscope. For 635 
each rat, sections were selected along the rostral-caudal axis of dorsal hippocampus.  636 
 637 
The location of the cannula in Experiment 1a and 1b and the extent of the DREADDs 638 
expression Experiment 2, 3a and 3b was determined using the boundaries defined by Paxinos 639 
and Watson22 (Extended Data Fig. 1). Animals were excluded when the placement of the 640 
guide cannulas were misplaced, when the DREADDs expression was not in the boundaries of 641 
the targeted region, or when expression was minimal or not observed or when there was an 642 
infection at the cannula or injection site. 643 
 644 
Cannula placements and evaluation of virus transfection was conducted by 1-2 experimenters 645 
on an Olympus FV1000 confocal microscope, all of whom were blind to the experimental 646 
conditions. 647 
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 648 
Statistics 649 

Data was collected automatically by Med-PC (versions 4 or 5) and was uploaded to MS excel 650 
automatically using MedPC2Excel software. 651 

 652 

Sampling was random. Sample size was determined in accordance with both power 653 
calculations and prior experience.  654 

 655 

According to G*power 3 if we control the per-family error rate at alpha = .05 and assume the 656 
default correlation of 0.5 among repeated measures and a minimum of 2 groups, a group size 657 
of n = 12 will provide 0.65 power (1-β) to detect a medium effect size (0.25 for this type of 658 
analysis according to Cohen’s size of effect). For experiments with 4 groups, n = 9 will 659 
provide 0.65 power (1-β). We determined that this was sufficient power based on our prior 660 
experience, and the fact that we employed the slightly less conservative (but valid for 661 
orthogonal contrasts) per-contrast error rate. Our final group sizes were slightly smaller than 662 
this after exclusions. 663 

 664 

All data was analyzed using complex orthogonal contrasts controlling the per-contrast error 665 
rate at α = .05 using the statistical procedure described by Hays23. The software used to for 666 
these analyses was PSY statistical software which is freely available for download here: 667 
https://www.psy.unsw.edu.au/research/research-tools/psy-statistical-program. For lever press 668 
acquisition data there was typically a between-subjects factor of group and a linear trend 669 
contrast to test the within-subjects acquisition of lever pressing. Some simpler analyses (e.g. 670 
Day 6 analyses in Experiment 1a) only had a between-subjects comparison of group. For test 671 
data there was a between-subjects factor of group and a within-subjects factor of lever 672 
(devalued vs. valued). If an interaction (or interactions) was detected, follow up simple 673 
effects analyses were calculated to determine the source of the interaction. All statistical 674 
analyses can be found in the relevant data files at the link: 675 
https://osf.io/vd4an/?view_only=b161002919a24ca196ce23f7b2df84ad. All of the statistical 676 
analyses used can be considered to be two-tailed. Data distribution was assumed to be 677 
normal, but this was not formally tested. 678 

 679 

Finally, suppression ratios were calculated separately for the devalued and valued levers for 680 
each animal according to the following equation: 681 
 682 ܴܵ = ݐݏ݁ݐ	݊݋	݁ݐܽݎ	ݏݏ݁ݎ݌	ݎ݁ݒ݁ܮሺݐݏ݁ݐ	݊݋	݁ݐܽݎ	ݏݏ݁ݎ݌	ݎ݁ݒ݁ܮ +  			ሻ݃݊݅݊݅ܽݎݐ	݃݊݅ݎݑ݀	݁ݐܽݎ	ݏݏ݁ݎ݌	ݎ݁ݒ݁ܮ
  683 

A ratio of below 0.5 indicates that responding was suppressed during training, whereas a ratio 684 
of 0.5 or above indicates no suppression. These calculations were performed to determine 685 
whether animals suppressed responding on the devalued and/or valued levers on test relative 686 
to presses on that same lever training. Results were analyzed using the same complex 687 
orthogonal contrasts that were applied to the raw test data, and if an interaction was detected, 688 
follow up simple effects were calculated for the valued and devalued levers (separately). 689 
Results of this analysis are shown in the caption for Extended Data Fig. 4.  690 
 691 
Please refer to the Life Sciences Reporting Summary for further information.  692 
 693 
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Data Availability Statement 694 

Research data for this article (Figs. 1-2 and Extended Data Figs. 2-4) is available for 695 
download at the following link: 696 
https://osf.io/vd4an/?view_only=b161002919a24ca196ce23f7b2df84ad. 697 
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