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ABSTRACT 38 

To make an appropriate decision one must anticipate potential future rewarding events, even 39 

when they are not readily observable. These expectations are generated by using observable 40 

information (e.g., stimuli or available actions) to retrieve often quite detailed memories of 41 

available rewards. The basolateral amygdala (BLA) and orbitofrontal cortex (OFC) are two 42 

reciprocally-connected key nodes in the circuitry supporting such outcome-guided behaviors. 43 

But there is much unknown about the contribution of this circuit to decision making, and almost 44 

nothing known about the whether any contribution is via direct, monosynaptic projections, or the 45 

direction of information transfer. Therefore, here we used designer receptor-mediated 46 

inactivation of OFC→BLA or BLA→OFC projections to evaluate their respective contributions to 47 

outcome-guided behaviors in rats. Inactivation of BLA terminals in the OFC, but not OFC 48 

terminals in the BLA, disrupted the selective motivating influence of cue-triggered reward 49 

representations over reward-seeking decisions as assayed by Pavlovian-to-instrumental 50 

transfer. BLA→OFC projections were also required when a cued reward representation was 51 

used to modify Pavlovian conditional goal-approach responses according to the reward’s 52 

current value. These projections were not necessary when actions were guided by reward 53 

expectations generated based on learned action-reward contingencies, or when rewards 54 

themselves, rather than stored memories, directed action. These data demonstrate that 55 

BLA→OFC projections enable the cue-triggered reward expectations that can motivate the 56 

execution of specific action plans and allow adaptive conditional responding. 57 

 58 

  59 
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SIGNIFICANCE STATEMENT  60 

Deficits anticipating potential future rewarding events are associated with many psychiatric 61 

diseases. Presently, we know little about the neural circuits supporting such reward expectation. 62 

Here we show that basolateral amygdala to orbitofrontal cortex projections are required for 63 

expectations of specific available rewards to influence reward seeking and decision making. The 64 

necessity of these projections was limited to situations in which reward expectations were 65 

elicited by reward-predictive cues. These projections, therefore, facilitate adaptive behavior by 66 

enabling the orbitofrontal cortex to use environmental stimuli to generate expectations of 67 

potential future rewarding events. 68 

 69 

  70 
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INTRODUCTION 71 

Appropriate decision making requires the accurate anticipation of potential rewarding outcomes. 72 

Often these rewards are not present or noticeable in the immediate environment. So one must 73 

use information that can be observed, such as the presence of stimuli or available actions, to 74 

enable the mental representation of the critical information needed to make a choice: future 75 

possible outcomes. Indeed, stored knowledge of specific stimulus-outcome or action-outcome 76 

relationships permits recollection of the detailed reward memories that facilitate the outcome 77 

expectations that influence conditional responses, reward seeking, and decision making 78 

(Balleine and Dickinson, 1998; Delamater and Oakeshott, 2007; Delamater, 2012; Fanselow 79 

and Wassum, 2015). Detailed reward predictions enable adaptive behavior by allowing 80 

individuals to rapidly adjust to environmental changes and to infer the most advantageous 81 

option in novel situations. But disruptions in this process can lead to the cognitive symptoms 82 

underlying many psychiatric diseases. 83 

The orbitofrontal cortex (OFC) and basolateral amygdala (BLA) are two identified key nodes 84 

in the circuitry supporting outcome-guided behaviors. Damage to either region causes 85 

performance deficits when specific rewarding events must be anticipated (Gallagher et al., 86 

1999; Blundell et al., 2001; Pickens et al., 2003; Izquierdo et al., 2004; Pickens et al., 2005; 87 

Wellman et al., 2005; Machado and Bachevalier, 2007; Ostlund and Balleine, 2007b, 2008; 88 

Johnson et al., 2009; West et al., 2011; Jones et al., 2012; Scarlet et al., 2012; Rhodes and 89 

Murray, 2013; Malvaez et al., 2015). These regions share dense and reciprocal direct 90 

connections (Carmichael and Price, 1995; Price, 2007) and associative encoding in one region 91 

has generally been shown to be altered by lesions of the other (Schoenbaum et al., 2003; 92 

Saddoris et al., 2005; Hampton et al., 2007; Rudebeck et al., 2013; Lucantonio et al., 2015; 93 

Rudebeck et al., 2017). The unique contribution of each region is still a matter of debate, but 94 

there is some evidence to suggest that the BLA might acquire reward representations, while the 95 

OFC is more important for using this information to generate the expectations that guide action 96 
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(Pickens et al., 2003; Wellman et al., 2005; Wassum et al., 2009; Jones et al., 2012; Parkes and 97 

Balleine, 2013; Takahashi et al., 2013; Gore et al., 2015). The OFC may be especially needed 98 

when critical determining elements of future possible states (e.g., potential rewarding outcomes) 99 

are not readily observable (Wilson et al., 2014; Bradfield et al., 2015; Schuck et al., 2016). But 100 

understanding of BLA-OFC function in reward seeking and decision making is limited by the fact 101 

that the contribution of direct, monosynaptic projections and the direction of information transfer 102 

are unknown. Therefore, here we used designer receptor-mediated inactivation of OFC→BLA or 103 

BLA→OFC monosynaptic projections to evaluate their respective contributions to the ability to 104 

use detailed reward expectations to influence reward seeking and decision making. Follow-up 105 

tests focused on the specific contribution of BLA→OFC projections. 106 

 107 

MATERIALS AND METHODS 108 

Subjects. 109 

Subjects were male, Long Evans rats (n=60 total, Charles River Laboratories, Wilmington, MA) 110 

weighing between 300-390 g (age ~3 months) at the beginning of the experiment. Rats were 111 

pair housed and handled for ~5 days prior to the onset of the experiment. Training and testing 112 

took place during the dark phase of the 12:12 hr reverse dark:light cycle. Rats had ad libitum 113 

access to filtered tap water in the home cage and were maintained on a food-restricted 114 

schedule whereby they received 12-14 g of their maintenance diet (Lab Diet, Brentwood, MO) 115 

daily to maintain ~85-90% free-feeding body weight. All procedures were conducted in 116 

accordance with the NIH Guide for the Care and use of Laboratory Animals and approved by 117 

the UCLA Institutional Animal Care and Use Committee. 118 

 119 

Viral constructs. 120 

Transduction of OFC or BLA neurons with the inhibitory Designer-Receptor-Exclusively-121 

Activated-by-Designer-Drug (DREADD) hM4Di was achieved with an adeno-associated virus 122 
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(AAV) driving the hM4Di-mCherry sequence under the human synapsin promoter (AAV8-hSyn-123 

hM4Di-mCherry, viral concentration 7.4x1012 vg/ml; University of North Carolina Vector Core, 124 

Chapel Hill, NC). A virus lacking the hM4Di DREADD gene (AAV8-hSyn-mCherry; viral 125 

concentration 4.6x1012 vg/ml; University of North Carolina Vector Core) was used as a control. 126 

For ex vivo electrophysiology experiments, hM4Di and the excitatory opsin, channelrhodopsin 127 

(ChR2; AAV5-CAMKII-ChR2-EYFP; viral concentration 6.2x1012 vg/ml; University of North 128 

Carolina Vector Core), were co-expressed in either the OFC or BLA using a cocktail of both 129 

viruses. A separate control group received only the ChR2 virus. Behavioral testing began 130 

between 6-8 weeks post viral injection to allow anterograde transmission and robust axonal 131 

expression in terminal regions. 132 

 133 

Surgical procedures. 134 

Standard aseptic surgical procedures were used under isoflurane anesthesia (5% induction, 1-135 

2% maintenance). Bilateral virus injections were made via 33-gauge, stainless steel injectors 136 

inserted into either the BLA (AP -3.0 mm, ML ±5.1 mm, DV -8.0 or -8.5 mm relative to bregma) 137 

or OFC (AP +3.0, ML ±3.2, DV -6.0 mm). Viruses were infused in a volume of 0.6 (BLA) or 0.8 138 

(OFC) μl per hemisphere at a flow rate of 1 μL/min. Injectors were left in place for an additional 139 

10 min to ensure adequate diffusion and to minimize viral spread up the injector tract. For rats in 140 

the behavioral experiments, during the same surgery, 22-gauge, stainless steel guide cannulae 141 

(Plastics One, Roanoke, VA) were implanted bilaterally targeted 1 mm above the BLA (AP -3.0 142 

mm, ML ±5.1 mm, DV -7.0 mm) for the OFC viral injection group, or the OFC (AP +3.0, ML ±3.2, 143 

DV -5.0 mm) for groups receiving viral injections into the BLA. A nonsteroidal anti-inflammatory 144 

agent was administered pre- and post-operatively to minimize pain and discomfort. Following 145 

surgery, rats were individually housed and allowed to recover for ~16 days prior to the onset of 146 

any behavioral training.  147 

 148 
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Behavioral training. 149 

Training and testing took place in a set of 16 Med Associates (East Fairfield, VT) operant 150 

chambers, described previously (Wassum et al., 2016). 151 

Pavlovian training. Each of the 8 daily sessions consisted of 8 tone (1.5 kHz) and 8 white 152 

noise conditional stimulus (CS) presentations (75 db, 2-min duration), during which either 153 

sucrose solution (20%, 0.1 ml/delivery) or grain pellets (45 mg; Bio-Serv, Frenchtown, NJ), were 154 

delivered on a 30-s random-time schedule into the food-delivery port, resulting in an average of 155 

4 stimulus-reward pairings per trial. For half the subjects, tone was paired with sucrose and 156 

noise with pellets, with the other half receiving the opposite arrangement. CSs were delivered 157 

pseudo-randomly with a variable 2-4 min inter-trial interval (mean=3 min). Entries into the food-158 

delivery port were recorded for the entire session. Comparison of anticipatory entries during the 159 

CS-probe periods (interval between CS onset and first reward) to entries during baseline 160 

periods (2-min period prior to CS onset) provided a measure of Pavlovian conditioning. 161 

Instrumental training. Rats were then given 11 days of instrumental training, receiving 2 162 

separate training sessions per day, one with the lever to the left of the food-delivery port and 163 

one with the right lever. Each action was reinforced with a different outcome, either grain pellets 164 

or sucrose solution (counterbalanced with respect to the Pavlovian contingencies). Each 165 

session terminated after 30 outcomes had been earned or 30 min had elapsed. Actions were 166 

continuously reinforced on the first day, and then escalated to a random-ratio 20 schedule. The 167 

rate of responding on each lever was measured throughout training. 168 

 169 

Pavlovian-to-instrumental transfer test. 170 

4 groups of subjects received PIT tests: OFChM4Di→BLA (n=10), BLAhM4Di→OFC (n=10), 171 

OFCmCherry→BLA (n=11), and BLAmCherry→OFC (n=12). On the day prior to each PIT test, rats 172 

were given a single 30-min extinction session during which both levers were available, but 173 

pressing was not reinforced to establish a low level of responding. Each rat was given 2 PIT 174 
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tests, one following infusion of vehicle and one following infusion of the otherwise inert hM4Di 175 

ligand, clozapine-n-oxide (CNO), into the BLA (OFChM4Di→BLA and OFCmCherry→BLA groups) or 176 

OFC (BLAhM4Di→OFC and BLAmCherry→OFC groups). Test order was counterbalanced across 177 

subjects. During each PIT test, both levers were continuously present, but pressing was not 178 

reinforced. After 5 min of lever-pressing extinction, each 2-min CS was presented separately 4 179 

times each in pseudorandom order, separated by a fixed, 4-min inter-trial interval. No rewards 180 

were delivered during CS presentation. The 2-min period prior to each CS presentation served 181 

as the baseline. Rats were given 2 retraining sessions for each instrumental association (2 182 

sessions/day for 2 days) and 1 Pavlovian retraining session in between PIT tests.  183 

 184 

Outcome-specific devaluation test. 185 

Following training, a second cohort of BLAhM4Di→OFC rats (n=9) was given a series of two 186 

outcome-specific devaluation tests. Prior to each test, rats were given 1-hr, unlimited access to 187 

either sucrose solution or food pellets in pre-exposed feeding chambers such that the pre-fed 188 

reward would become devalued, while the other reward would remain valued. Immediately after 189 

this pre-feeding, rats received infusions of either vehicle or CNO into the OFC and were then 190 

tested. The test consisted of two phases. In the first, both levers were available and non-191 

reinforced lever pressing was assessed for 5 min. The levers were then retracted, which started 192 

the second, Pavlovian, test phase, in which each 2-min CS was presented, without 193 

accompanying reward, separately 2 times each in alternating order, separated by a fixed, 4-min 194 

inter-trial interval. The 2-min period prior to each CS presentation served as the baseline. 195 

Successful devaluation of the earned outcome was confirmed by post-test consumption of each 196 

food reward, in which rats ate significantly less of the devalued reward type (Average: 1.81 g + 197 

0.43 s.e.m.) relative to the valued reward (5.38+0.7; t17=4.05, P=0.0008).  198 

After the first test, rats remained in their home cage for 2 days and were then given 2 199 

retraining sessions for each instrumental association (2 sessions/day for 2 days) and 1 200 



9 
 

 9 

Pavlovian retraining session, prior to the second outcome-specific devaluation test. For the 201 

second test, rats were pre-fed on the opposite food reward (e.g., pellets if sucrose had been 202 

pre-fed on Test 1), and infused with the opposite drug (e.g., CNO, if they had previously 203 

received vehicle). Thus, each rat experienced 2 devaluation tests to allow a within-subject drug-204 

treatment design, one following vehicle and one following CNO infusion, counterbalanced for 205 

order. Because in the absence of the hM4Di receptor CNO itself was found to have no effect on 206 

the expression of PIT, which requires both action-outcome and stimulus-outcome associative 207 

information, empty-vector controls were not included for this experiment in which the use of 208 

either action-outcome or stimulus-outcome associations was assessed. 209 

 210 

Outcome-specific reinstatement test. 211 

Rats then received 4 days of instrumental retraining prior to outcome-specific reinstatement 212 

testing. On the day prior to each reinstatement test, rats received a 30-min lever-pressing 213 

extinction session. Each rat was given 2 reinstatement tests, one following intra-OFC vehicle 214 

infusion and one after CNO infusion, counterbalanced for order. Rats were given instrumental 215 

retraining in between the two reinstatement tests. During each reinstatement test, both levers 216 

were continuously present, but pressing was never reinforced. After 5 min of extinction, rewards 217 

were presented in 8 separate reward-presentation periods (4 sucrose, 4 pellet periods, in 218 

pseudorandom order) separated by a fixed 4-min inter-trial interval. Each reward presentation 219 

period was 2 min in duration and began with 2 deliveries of the appropriate reward, separated 220 

by 6 s. The 2-min period prior to each reward-delivery period served as the baseline. 221 

 222 

Drugs. 223 

For behavioral experiments, CNO (Tocris Bioscience, Sterling Heights, MI) was dissolved in 224 

aCSF to 1 mM and was intracranially infused over 1 min in a volume of 0.25 μL into the OFC or 225 

0.5 μL into the BLA. Injectors were left in place for at least 1 additional min to allow for drug 226 
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diffusion. Behavioral testing commenced within 5-10 min following infusion. CNO dose was 227 

selected based on evidence of both its behavioral effectiveness and ability to inactivate terminal 228 

activity when intracranially infused over hM4Di-expressing terminals (Mahler et al., 2014). CNO 229 

was dissolved in aCSF to 100 μM for ex vivo electrophysiology experiments (Stachniak et al., 230 

2014). 231 

 232 

Ex vivo electrophysiology. 233 

Whole-cell patch clamp recordings were performed in brain slices from ~5-6 month-old rats (n=8 234 

rats) 8-13 weeks following AAV injection. To prepare brain slices, rats were deeply anesthetized 235 

with isoflurane and perfused transcardially with an ice-cold, oxygenated NMDG-based slicing 236 

solution containing (in mM): 30 NaHCO3, 20 HEPES, 1.25 NaH2PO4, 102 NMDG, 40 glucose, 237 

3 KCl, 0.5 CaCl2-2H2O, 10 MgSO4-H2O (pH adjusted to 7.3-7.35, osmolality 300-310 238 

mOsm/L). Brains were extracted and immediately placed in ice-cold, oxygenated NMDG slicing 239 

solution. Coronal slices (350 μm) were cut using a vibrating microtome (VT1000S; Leica 240 

Microsystems, Germany) and transferred to an incubating chamber containing oxygenated 241 

NMDG slicing solution warmed to 32-34°C and allowed to recover for 15 minutes before being 242 

transferred to an aCSF solution containing (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 243 

NaHCO3, 2 MgCl2, 2 CaCl2, and 10 glucose) oxygenated with 95% O2-5% CO2 (pH 7.2-7.4, 244 

osmolality 290-310 mOsm/L, 32-34°C). After 15 minutes, slices were moved to room 245 

temperature and allowed to recover for an additional ~30 min prior to recording. All recordings 246 

were performed using an upright microscope (Olympus BX51WI, Center Valley, PA) equipped 247 

with differential interference contrast optics and fluorescence imaging (QIACAM fast 1394 248 

monochromatic camera with Q-Capture Pro software, QImaging, Surrey, BC, Canada).  249 

Whole-cell patch clamp recordings in voltage-clamp mode were obtained from postsynaptic 250 

BLA (OFChM4Di/ChR2→BLA: n=7 cells, or OFCChR2→BLA: n=5 cells) or OFC (BLAhM4Di/ChR2→OFC: 251 

n=5 cells, or BLAChR2→OFC: n=5 cells) neurons using a MultiClamp 700B Amplifier (Molecular 252 
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Devices, Sunnyvale, CA) and the pCLAMP 10.3 acquisition software. Visible eYFP-expressing 253 

terminals were identified in the OFC or BLA and recordings were obtained from cells located 254 

only in highly fluorescent regions. The patch pipette (3-5 MΩ resistance) contained a Cesium 255 

methanesulfonate-based internal recording solution (in mM): 125 Cs-methanesulfonate, 4 NaCl, 256 

1 MgCl2, 5 MgATP, 9 EGTA, 8 HEPES, 1 GTP-Tris, 10 phosphocreatine, and 0.1 leupeptin; pH 257 

7.2 with CsOH, 270-280 mOsm). Biocytin (0.2%, Sigma-Aldrich, St. Louis, MO) was included in 258 

the internal recording solution for subsequent postsynaptic cell visualization and identification. 259 

After breaking through the membrane, recordings were obtained from cells while holding 260 

the membrane potential at −70 mV. Electrode access resistances were maintained at <30 MΩ. 261 

Blue light (470 nm, 5 ms pulse, 8 mW; CoolLED Ltd, Andover, UK) was delivered through the 262 

epifluorescence illumination pathway using Chroma Technologies filter cubes to activate ChR2 263 

and stimulate BLA terminals in the OFC, or OFC terminals in the BLA. All voltage-clamp 264 

recordings were performed in the presence of GABAA receptor antagonists, bicuculline or 265 

gabazine (10 μM, Tocris, R&D Systems, Minneapolis, MN). Optically-evoked excitatory post-266 

synaptic currents (EPSCs) were recorded both prior to and after CNO bath application (100 μM; 267 

20 min). As an additional control, recordings were made with identical timing, but without CNO 268 

bath application (n=4 cells).   269 

 270 

Histology. 271 

Rats in the behavior experiments were deeply anesthetized with Nembutal and transcardially 272 

perfused with PBS followed by 4% paraformaldehyde. Brains were removed and post-fixed in 273 

4% paraformaldehyde overnight, placed into 30% sucrose solution, then sectioned into 30-40 274 

μm slices using a cryostat and stored in PBS or cryoprotectant. To visualize hM4Di-mCherry 275 

expression in BLA or OFC cell bodies, free-floating coronal sections were mounted onto slides 276 

and coverslipped with ProLong Gold mounting medium with DAPI (Invitrogen, Carlsbad, CA). 277 

The signal for axonal expression of hM4Di-mCherry in terminal regions was 278 
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immunohistochemically amplified using antibodies directed against mCherry. Floating coronal 279 

sections were washed 2 times in 1X PBS for 10 min and then blocked in a solution of 5% 280 

normal goal serum (NGS) and 1% Triton X-100 dissolved in PBS for 1-2 hrs at room 281 

temperature. Sections were then washed 3 times in PBS for 15 min and then incubated in 282 

blocking solution containing rabbit anti-DsRed antibody (1:1000; EMD Millipore, Billerica, MA) 283 

with gentle agitation at 4°C for 18-22 hrs. Sections were next rinsed 3 times in the blocking 284 

solution and incubated in Alexa Fluor 594-conjugated (red) goat secondary antibody (1:500; 285 

Invitrogen) for 2 hr. Sections were washed 3 times in PBS for 30 mins, mounted on slides, and 286 

coverslipped with ProLong Gold mounting medium with DAPI. All images were acquired using a 287 

Keyence (BZ-X710; Osaka, Japan) microscope with a 4X or 20X objective (CFI Plan Apo), CCD 288 

camera, and BZ-X Analyze software. Data from subjects for which hM4Di-mCherry expression 289 

could not be confirmed bilaterally in the target region were omitted from the analysis. We also 290 

confirmed that cannula placement was in the target region and coincided with labeled axon 291 

terminals. 292 

Following ex vivo recordings, brain slices were fixed in 4% PFA for 24 hrs. Slices were then 293 

washed with 1x PBS, permeabilized with 1% Triton overnight at 4°C, and incubated for 2 hrs 294 

with streptavidin-Marina Blue (365 nm, ThermoFisher) at room temperature. Fluorescent images 295 

were taken of both recorded cells and eYFP or mCherry-expressing terminals using a Zeiss 296 

Apotome (Göttingen, Germany) equipped with 20x and 40x objectives.  297 

 298 

Experimental design and statistical analysis. 299 

Data were processed with Microsoft Excel (Redmond, WA) and then analyzed with GraphPad 300 

Prism (La Jolla, CA) and SPSS (IBM Corp, Chicago, IL). For all hypothesis tests, the α level for 301 

significance was set to P<0.05. The behavioral data of primary interest were statistically 302 

evaluated with repeated-measures ANOVAs (Geisser-Greenhouse correction). For well-303 

established behavioral effects (PIT, devaluation, reinstatement), multiple pairwise comparisons 304 
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(paired t-test, two-tailed) were used for a priori posthoc comparisons, as advised by (Levin et 305 

al., 1994) based on a logical extension of Fisher’s protected least significant difference (PLSD) 306 

procedure for controlling familywise Type I error rates. Bonferroni or Dunnet’s corrections were 307 

used for posthoc analyses of all drug effects. Electrophysiological data were analyzed with 308 

unpaired t-tests. 309 

Behavioral data were analyzed for the rate of both lever pressing and entries into food-310 

delivery port. Both drug and test phase were within-subject factors. All data were averaged 311 

across trials. For the PIT tests, lever pressing was averaged across levers for the 2-min 312 

baseline period and compared to that during the CS period, which was separated for presses 313 

on the lever that, during training, earned the same outcome as the cue predicted (i.e., CS-314 

Same presses) versus those on the other available lever ( i.e., CS-Different presses). Data 315 

from the reinstatement test were analyzed similarly, with reward-period presses separated for 316 

those on the lever that previously earned the same outcome as the presented reward (i.e., 317 

Reinstated presses) versus those on the alternate lever (i.e., Non-reinstated). For the PIT 318 

tests, entries into the food-delivery port were compared between the baseline and CS 319 

periods. Food-delivery port entries were analyzed similarly for the Pavlovian phase of the 320 

devaluation test; baseline entry rate was compared to entries during presentation of each CS 321 

separated for the cue that predicted the valued versus devalued reward type. Lever pressing 322 

during the instrumental phase of the devaluation test was separated for actions on the lever 323 

that, in training, earned the currently devalued v. valued reward. To specifically examine how 324 

CS presentation changed behavior during PIT and the Pavlovian devaluation test, in addition 325 

to these analyses, we also evaluated cue-induced change in lever pressing (PIT test) or 326 

food-port entries (Pavlovian devaluation test) by calculating an elevation ratio [CS 327 

responses/(CS responses+ Baseline responses)]. 328 
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For electrophysiological data optically-evoked EPSC amplitudes following CNO 329 

application were expressed as a percentage of the evoked response prior to CNO for 330 

comparison between AAV groups (hM4Di+ChR2 v. ChR2 only).  331 

 332 

RESULTS 333 

Pathway-specific chemogenetic OFC-BLA manipulations. 334 

We used a chemogenetic approach (Armbruster et al., 2007; Smith et al., 2016) to manipulate 335 

monosynaptic OFC→BLA or BLA→OFC projections by taking advantage of the fact that 336 

DREADDs are trafficked to axon terminals where when hM4Di is activated by its otherwise inert 337 

exogenous ligand, CNO, it can attenuate presynaptic activity (Mahler et al., 2014; Stachniak et 338 

al., 2014). We first validated presynaptic suppression by terminal hM4Di activation with ex vivo 339 

electrophysiology. The Gi-coupled DREADD hM4Di and the excitatory opsin ChR2 were co-340 

expressed in either the OFC (Figure 1A) or BLA (Figure 1D) and whole-cell patch clamp 341 

recordings were obtained from postsynaptic cells in the ChR2 and hM4Di-expressing terminal 342 

regions (Figure 1B,C). EPSCs were evoked by blue light activation of ChR2 in both the BLA 343 

(Figure 1E) and OFC (Figure 1F) and the amplitude of these responses was markedly 344 

attenuated in the presence of CNO. The CNO-induced change in the optically-evoked EPSC 345 

was significantly lower in both BLA (t8=5.68, P=0.0005) and OFC (t10=5.41, P=0.0003) slices 346 

expressing hM4Di relative to ChR2-only controls lacking this receptor (Figure 1G). Identically-347 

timed recordings without CNO application indicated <10% rundown of evoked EPSCs due to 348 

time alone (Average response = 98.31% + 4.60 s.e.m.). 349 

For behavioral experiments, a synapsin-driven AAV yielding hM4Di expression was injected 350 

into either the OFC (OFChM4Di→BLA group) or BLA (BLAhM4Di→OFC group), yielding robust 351 

hM4Di expression (visualized by the mCherry fluorescent reporter protein; Figure 2A-B, and 2E-352 

F). Guide cannulae were implanted over either the BLA (for OFChM4Di→BLA group) or OFC (for 353 

BLAhM4Di→OFC group) terminal fields in close proximity to the area of axonal expression (Figure 354 
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2C-D and 2G-H) to allow CNO infusion to selectively inactivate OFC terminals in the BLA or 355 

BLA terminals in the OFC. We focused on the lateral OFC subregion, which is densely 356 

connected with the BLA (Kita and Kitai, 1990; Carmichael and Price, 1995; Ongür and Price, 357 

2000) and heavily implicated in outcome-guided conditional responding and action 358 

(Schoenbaum et al., 1998; Ostlund and Balleine, 2007b; Lucantonio et al., 2015). 359 

 360 

Contribution of OFC→BLA and BLA→OFC projections to outcome-specific Pavlovian-to-361 

instrumental transfer. 362 

Using this approach, we examined the contribution of OFC→BLA and BLA→OFC projections to 363 

the ability to retrieve a stored memory of a specific predicted reward and to use this information 364 

to influence reward-seeking decisions during outcome-specific Pavlovian-to-instrumental 365 

transfer (PIT; Figure 3A). Rats were trained to associate two auditory CSs with two distinct food 366 

rewards and then to earn each of those two rewards by pressing on independent levers. Rats 367 

demonstrated acquisition of the Pavlovian associations by entering the food-delivery port 368 

significantly more during the CS probe periods (Average entry rate on the final training session 369 

OFChM4Di→BLA group: 11.05 entries/min +1.25 s.e.m.; BLAhM4Di→OFC group: 11.89+1.51) than 370 

during the baseline periods (OFChM4Di→BLA group: 4.52+0.50, t9=5.72, P=0.0003; 371 

BLAhM4Di→OFC group: 6.70+1.44, t9=4.92, P=0.0008). All rats also acquired the instrumental 372 

behavior (Final average press rate OFChM4Di→BLA group: 21.13 presses/min +1.37; 373 

BLAhM4Di→OFC group: 21.45+1.54). At the critical PIT test, both levers were present, but lever 374 

pressing was not rewarded. Each CS was presented 4 times (also without accompanying 375 

reward), with intervening CS-free baseline periods, to assess its influence on action 376 

performance and selection in the novel choice scenario. Because the CSs are never associated 377 

with the instrumental actions, this test assesses the rats’ ability to, upon CS presentation, 378 

retrieve a stored memory of the specific predicted reward and to use this information to motivate 379 
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performance of those actions known to earn the same unique reward (Kruse et al., 1983; Colwill 380 

and Motzkin, 1994; Gilroy et al., 2014; Corbit and Balleine, 2015). 381 

CNO-hM4Di inactivation of OFC terminals in the BLA did not alter the expression of 382 

outcome-specific PIT (Figure 3B; Main effect of CS Period: F2,18=10.18, P=0.001; Drug: 383 

F1,9=0.45, P=0.52; CS x Drug interaction: F2,18=0.04, P=0.96). Following either vehicle or CNO 384 

infusion, CS presentation elevated press rate selectively on the lever that, in training, earned the 385 

same predicted reward (CS-Same) relative to both pressing during the CS on the alternate 386 

available lever (CS-Different) and baseline press rate (P=0.001 - 0.002).  387 

CNO-hM4Di inactivation of BLA terminals in the OFC did, however, attenuate PIT 388 

expression (Figure 3C; CS Period: F2,18=15.64, P=0.0001; Drug: F1,9=0.63, P=0.45; CS x Drug: 389 

F2,18=3.54, P=0.05). Robust PIT was demonstrated under vehicle-infused control conditions; the 390 

CS elevated performance of the CS-Same action relative to both baseline (P=<0.001) and CS-391 

Different pressing (P=0.002). Following CNO infusion, there was no significant difference 392 

between CS-Same and either CS-Different (P=0.15) or baseline pressing (P=0.09) and CS-393 

Same performance was lower following CNO relative to vehicle (P=0.01). The result was similar 394 

when the CS-induced elevation in performance on each action choice was evaluated (Figure 395 

3C-inset). Under control conditions the CS induced a greater elevation in performance on action 396 

Same than action Different (t9=3.08, P=0.01), but following CNO infusion there was no 397 

significant difference between actions (t9=0.10, P=0.92). The effect of inactivating BLA terminals 398 

in the OFC was restricted to cue-influenced action; lever pressing during the baseline period 399 

was not altered by CNO (P=0.90). CNO-hM4Di inactivation of BLA terminals in the OFC 400 

consistently attenuated PIT expression across trials (Drug x CS x Trial: F6,54=1.61, P=0.20). 401 

Inactivation of neither OFC terminals in the BLA (Figure 3D; CS Period: F1,9=95.95, 402 

P=<0.0001; Drug: F1,9=1.62, P=0.23; CS x Drug: F1,9=0.08, P=0.78), nor BLA terminals in the 403 

OFC (Figure 3E; CS Period: F1,9=106.30, P=<0.0001; Drug: F1,9=0.26, P=0.62; CS x Drug: 404 
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F1,9=0.49, P=0.50) altered Pavlovian conditional food-port approach responding. In all cases, 405 

CS presentation significantly elevated entries into the food-delivery port (P=<0.0001 - 0.001).  406 

CNO had no effect on lever pressing during PIT in subjects lacking the hM4Di receptor 407 

when it was infused into either the BLA (OFCmCherry→BLA group; Figure 4A; CS Period: 408 

F2,20=7.07, P=0.005; Drug: F1,10=1.04, P=0.33; CS x Drug: F2,20=0.20, P=0.82) or OFC 409 

(BLAmCherry→OFC group; Figure 4B; CS Period: F2,22=34.21, P=<0.0001; Drug: F1,11=0.31, 410 

P=0.59; CS x Drug: F2,22=0.04, P=0.96). 411 

 412 

Contribution of BLA→OFC projections to the sensitivity of instrumental actions and 413 

Pavlovian conditional responses to outcome-specific devaluation. 414 

The above data suggest that BLA→OFC, but not OFC→BLA projections are required for a 415 

reward-predictive cue to selectively motivate performance of an action that results in the same 416 

rewarding outcome. This capacity relies upon retrieval of a representation of the specific shared 417 

reward (i.e., outcome) encoded in both the previously learned Pavlovian stimulus-outcome and 418 

instrumental action-outcome associations (Dickinson and Balleine, 2002; Corbit and Janak, 419 

2010). The BLA is required for both types of associations (Blundell et al., 2001; Balleine et al., 420 

2003; Ostlund and Balleine, 2008; Johnson et al., 2009). Therefore, we next asked whether 421 

BLA→OFC projections are required for reward representations triggered by either Pavlovian 422 

reward-predictive stimuli, by the rats’ own knowledge of available action-outcome contingencies, 423 

or both (Figure 5A).  424 

 A separate group of BLAhM4Di→OFC rats were trained as described above. These subjects 425 

demonstrated acquisition of the Pavlovian associations by entering the food-delivery port 426 

significantly more during the CS probe periods (12.22+1.08) than the baseline periods 427 

(5.03+0.62; t8=7.24, P=<0.0001) and acquired the instrumental behavior (final average press 428 

rate 20.54+1.48). Prior to test, one of the food rewards was devalued by sensory-specific 429 

satiety. Rats were then given a brief unrewarded instrumental choice test followed by a test of 430 
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conditional food-port approach responding, in which levers were retracted and each CS was 431 

presented 2 times (without accompanying reward), with intervening CS-free, baseline periods. 432 

Infusions were made after the sensory-specific satiety procedure, but prior to test to evaluate 433 

the influence of inactivation of BLA terminals in the OFC on the retrieval of reward 434 

representations, rather than on devaluation learning per se. If rats are able to recall the learned 435 

action-outcome contingencies, then, during the instrumental phase of the test, they should be 436 

able to select the action that earns the valued reward, downshifting responding on the action 437 

that earns the devalued reward. Similarly, if the Pavlovian cues trigger the recall of a memory of 438 

their specific predicted reward, then rats should show robust conditional food-port approach 439 

responding to the cue signaling the valued reward, but attenuated responding to the cue 440 

signaling the devalued reward. Because, in both cases, a specific reward expectation is needed 441 

to influence behavior, this test provided an opportunity to evaluate the contribution of 442 

BLA→OFC projections to the generation of detailed reward expectancies. 443 

CNO-hM4Di inactivation of BLA terminals in the OFC was without effect on the sensitivity of 444 

instrumental choice performance to reward devaluation (Figure 5B; Devaluation: F1,8=13.50, 445 

P=0.006; Drug: F1,8=0.81, P=0.39; Devaluation x Drug: F1,8=0.31, P=0.60). Conversely, this did 446 

impair rats’ ability to adjust their Pavlovian conditional food-port approach responding according 447 

to the current value of each specific predicted reward (Figure 5C). The CS-induced elevation in 448 

food-port approach responding (Figure 5C-inset; Devaluation: F1,8=2.78, P=0.13; Drug: 449 

F1,8=0.30, P=0.60; Devaluation x Drug: F1,8=5.50, P=0.047) was higher when the CS signaled a 450 

valued reward relative to a devalued reward in the vehicle-infused condition (P=0.047), but 451 

responding was equally elevated by both CSs following CNO infusion (P=0.36). Indeed, 452 

following vehicle infusion, rats’ food-port entries were significantly elevated above baseline by 453 

presentation of the CS previously associated with the valued reward (P=0.006), but were not 454 

significantly elevated when the CS predicting the devalued reward was presented (P=0.40). 455 

Conversely, following CNO infusion rats’, food-port approach responding was elevated above 456 
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baseline during both CSs (Valued: P=0.03, Devalued P=0.04; Figure 5C- main; Devaluation: 457 

F2,16=25.21, P=<0.0001; Drug: F1,8=0.42, P=0.53; Devaluation x Drug: F2,16=1.65, P=0.22). 458 

 459 

Contribution of BLA→OFC projections to outcome-specific reinstatement. 460 

The data show that activity in BLA→OFC projections is required when a cue-triggered reward 461 

representation is used to either selectively motivate instrumental action or to direct adaptive 462 

conditional goal-approach responding. In both cases, the critical information, a predicted food 463 

reward, is not physically available, but rather must be expected based on previously learned 464 

associations. That is, the information was previously observed, but is not currently observable. 465 

BLA→OFC projections may, therefore, participate in this reward expectation. Conversely, these 466 

projections may simply be needed for a reward, whether observable or not, to influence action. 467 

The BLA is itself required for both (Ostlund and Balleine, 2008). To test between these 468 

possibilities, we evaluated the effect of inactivation of BLA terminals in the OFC on outcome-469 

specific reinstatement (see Figure 6A). 470 

Rats were retrained on the instrumental contingencies (final average press rate: 31.77+2.26) 471 

and then given a reinstatement test that was similar in structure to the PIT test, but with rewards 472 

themselves rather than CSs presented. During this test, rats hold the reward identity in working 473 

memory long enough to drive responding on the correct action without requiring access to a 474 

stored memory. As a result, reward presentation will selectively reinstate performance of the 475 

action that earns the same unique reward. If BLA→OFC projections are selectively required for 476 

the motivating influence of cue-elicited expectations of unobservable rewards, then inactivation 477 

of these projections should have little effect in this task. If, however, these projections are 478 

required for a reward to selectively motivate action regardless of its physical presence, then 479 

inactivation of this pathway should impair performance. 480 

The data support the former. CNO-hM4Di inactivation of BLA terminals in the OFC did not 481 

significantly affect the expression of outcome-specific reinstatement (Figure 6B; Reward 482 
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delivery: F2,16=5.49, P=0.02; Drug: F1,8=0.15, P=0.71; Reward x Drug: F2,16=0.37, P=0.70). 483 

Following either vehicle or CNO infusion reward presentation selectively elevated press rate on 484 

the lever that, in training, earned the same reward type (Reinstated) relative to both pressing on 485 

the alternate available lever (Non-reinstated) and baseline press rate (P=0.0002 - 0.006). There 486 

was also no effect on food-port entries in this task (Figure 6C; Reward delivery: F1,8=19.32, 487 

P=0.002; Drug: F1,8=0.03, P=0.86; Reward x Drug: F1,8=1.59, P=0.24). 488 

 489 

DISCUSSION 490 

Here we evaluated the contribution of OFC→BLA and BLA→OFC projections to outcome-491 

guided behaviors. Inactivation of BLA terminals in the lateral OFC was found to disrupt the 492 

influence of cue-generated reward expectations over both instrumental action choices and 493 

Pavlovian goal-approach responses. Activity in these projections was not required when actions 494 

were guided by reward expectations based on stored action-outcome contingencies, or when 495 

rewards themselves directed action selection. BLA→OFC projections, therefore, enable the 496 

cue-triggered reward expectations that can motivate the execution of specific action plans and 497 

allow adaptive conditional responding. 498 

 499 

BLA→OFC, but not OFC→BLA projections mediate the selective motivating influence of 500 

reward cues over action. 501 

Chemogenetic inactivation was used to evaluate the function of monosynaptic, direction-specific 502 

connections between the BLA and OFC. CNO-hM4Di activation was found to suppress terminal 503 

output through presynaptic inhibition, consistent with similar findings in other pathways 504 

(Stachniak et al., 2014; Yang et al., 2016; Zhu et al., 2016). Projection inactivation was 505 

temporally restricted to specifically assess contribution to online behavioral control. CNO-hM4Di 506 

inactivation of BLA→OFC, but not OFC→BLA projections attenuated expression of outcome-507 

specific PIT. In particular, BLA→OFC inactivation blunted the cues’ ability to selectively 508 
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invigorate actions directed at the same unique reward. That this manipulation did not cause the 509 

cues to non-discriminately increase action performance and did not alter discrimination between 510 

outcomes during reinstatement argues against a simple deficit in discriminating between the 511 

CSs. Rather, activity in BLA→OFC projections was found to be necessary for a reward cue, by 512 

way of retrieving a representation of a specific predicted reward, to motivate specific action 513 

plans. 514 

This result is generally consistent with findings that surgical BLA-OFC disconnection 515 

disrupts outcome-guided choice behavior (Baxter et al., 2000; Zeeb and Winstanley, 2013; 516 

Fiuzat et al., 2017) and specifically implicates monosynaptic, bottom-up BLA→OFC projections. 517 

It does, however, contrast to data showing that OFC→BLA, but not BLA→OFC projections are 518 

necessary for cue-induced reinstatement of cocaine seeking (Arguello et al., 2017), perhaps 519 

indicating that cocaine alters recruitment of OFC→BLA projections. An intact OFC is required 520 

for BLA neurons to develop associative encoding of cue-predicted rewards (Saddoris et al., 521 

2005). OFC→BLA projections may, therefore, be important for stimulus-outcome encoding, but 522 

not normally required once those associations have been well formed. This hypothesis warrants 523 

further investigation. 524 

 525 

BLA→OFC projections mediate cue-triggered reward expectancies.  526 

Successful PIT requires retrieval of both the previously learned action-outcome and stimulus-527 

outcome associations. Two pieces of evidence here suggest that BLA→OFC projections are not 528 

required for rats to access knowledge of the specific consequences of their instrumental actions. 529 

First, inactivation of BLA terminals in the OFC did not affect the ability to use the current value 530 

of specific anticipated rewards to influence instrumental choice. Second, it also left unaffected 531 

the ability of reward delivery to selectively reinstate performance of the action known to earn the 532 

same unique reward. These results could be interpreted as inconsistent with findings that BLA-533 

OFC disconnection lesions disrupt the sensitivity of choice behavior to outcome-specific 534 
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devaluation (Baxter et al., 2000; Zeeb and Winstanley, 2013; Fiuzat et al., 2017). But, in these 535 

previous studies, OFC-BLA connectivity was disrupted throughout both the devaluation learning 536 

opportunity and the choice test (and, in some cases, the whole of training and test), unlike the 537 

present study in which, to focus on memory retrieval, BLA→OFC projections were inactivated 538 

after devaluation just prior to test. While BLA→OFC projections are not needed for value-guided 539 

instrumental choice, BLA-OFC connectivity might be necessary for learning about changes in 540 

value. This possibility is consistent with evidence that the BLA is required for value encoding 541 

(Wassum et al., 2009; Wassum et al., 2011; Parkes and Balleine, 2013; Wassum et al., 2016). 542 

BLA→OFC projections were, however, required for cue-triggered outcome expectations to 543 

influence behavior. In support of this, inactivation of BLA terminals in the OFC prevented 544 

subjects from modulating their Pavlovian conditional goal-approach responding according to the 545 

current value of the specific cue-predicted reward. The PIT deficit, therefore, resulted from an 546 

inability of the cue to engender a reward expectation based on a stored stimulus-outcome 547 

memory. This could also explain why BLA-OFC disconnection lesions disrupt the sensitivity of 548 

instrumental choice behavior to devaluation, given that task demands in these experiments 549 

likely required stimulus-outcome information (Baxter et al., 2000; Zeeb and Winstanley, 2013; 550 

Fiuzat et al., 2017). That BLA→OFC projections are vital for cue-triggered reward expectations 551 

is consistent with evidence that reward cues activate BLA neurons (Paton et al., 2006; Tye and 552 

Janak, 2007; Ambroggi et al., 2008; Sangha et al., 2013; Beyeler et al., 2016) and that the OFC 553 

specializes in stimulus-outcome representations (Ostlund and Balleine, 2007b, a; Rudebeck et 554 

al., 2008; Camille et al., 2011; Rudebeck et al., 2017). 555 

These projections were not, however, necessary for the general, non-specific motivational 556 

influence of the cue. During PIT, the cue-induced elevation in goal-approach responding, which 557 

did not require a specific reward expectation because there was a single shared food port, was 558 

unaffected by inactivation of BLA→OFC projections. Moreover, following devaluation food-port 559 

entries were elevated by the reward-predictive cue regardless of whether the specific predicted 560 
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reward was devalued or not. This is consistent with evidence that the BLA is not required for 561 

expression of the general form of PIT, in which cues non-discriminately motivate action (Corbit 562 

and Balleine, 2005; Mahler and Berridge, 2012).  563 

The BLA has been suggested to encode motivationally-salient, precise reward 564 

representations (Schoenbaum et al., 1998; Fanselow and Wassum, 2015; Wassum and 565 

Izquierdo, 2015). Such information is needed to generate expectations about the current and 566 

potential future states, or situations, that guide decision making. Both the expression of 567 

outcome-specific PIT and the sensitivity of Pavlovian conditional responses to devaluation are 568 

consistent with the subject using an internally-generated state of the environment to guide 569 

behavior. In the devaluation test in particular, appropriate responding requires an understanding 570 

that, although things have not perceptually changed (e.g., CS presence), the state is 571 

nonetheless different because the specific anticipated reward is no longer valuable. The data 572 

here can, therefore, be interpreted as evidence that BLA→OFC projections are required when 573 

one must use a cue to generate a state expectation when the critical information, the reward, is 574 

not currently observable. In further support of this, these projections were not needed when the 575 

reward was itself present to direct action.  576 

While BLA→OFC projections appear to facilitate decision making, they are unlikely to 577 

mediate the actual decision-making process itself. Were this the case, inactivation of BLA 578 

terminals in the OFC during PIT would have resulted in a non-specific cue-induced increase in 579 

performance of both Same and Different actions, indicating an inability to select between 580 

actions on the basis of the cue-provided expectation. Rather, BLA projections may relay 581 

currently unobservable reward-specific information to the OFC for use in making predictions 582 

about future states. Indeed, the OFC has been suggested to be important for using reward 583 

expectations to guide action (Izquierdo et al., 2004; Delamater, 2007; Balleine et al., 2011; 584 

Schoenbaum et al., 2016; Sharpe and Schoenbaum, 2016) perhaps by influencing downstream 585 
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decision circuits (Keiflin et al., 2013), and lesions to this region do cause non-specific cue-586 

induced increases in instrumental activity during PIT (Ostlund and Balleine, 2007b). Moreover, 587 

activity in the OFC of humans (Gottfried et al., 2003; Klein-Flügge et al., 2013; Howard et al., 588 

2015; Howard and Kahnt, 2017), non-human primates (Rich and Wallis, 2016), and rodents 589 

(McDannald et al., 2014; Farovik et al., 2015; Lopatina et al., 2015) can represent detailed 590 

information about unobservable anticipated events. Correspondingly, OFC lesions or 591 

inactivations cause deficits in using anticipated rewarding events to guide behavior (Gallagher 592 

et al., 1999; Pickens et al., 2003; Izquierdo et al., 2004; Pickens et al., 2005; Ostlund and 593 

Balleine, 2007b; West et al., 2011; Jones et al., 2012; Bradfield et al., 2015; Murray et al., 594 

2015). If, as proposed (Wilson et al., 2014; Schuck et al., 2016), the OFC represents the 595 

current, not fully observable state, then the results here suggest that projections from the BLA 596 

enable reward-predictive cues to provide the OFC with detailed expectations of potential 597 

rewards available in that state. In concordance with this, an intact BLA is needed for neuronal 598 

encoding of anticipated outcomes in the OFC in rats (Schoenbaum et al., 2003; Rudebeck et al., 599 

2013), non-human primates (Rudebeck et al., 2013; Rudebeck et al., 2017), and humans 600 

(Hampton et al., 2007).  601 

 602 

Implications. 603 

Evidence suggests the cognitive symptoms underlying many psychiatric diseases result from a 604 

failure to appropriately anticipate potential future events. Indeed, deficits in the cognitive 605 

consideration of potential rewarding events have been detected in patients diagnosed with 606 

addiction (Hogarth et al., 2013), schizophrenia (Morris et al., 2015), depression (Seymour and 607 

Dolan, 2008), and social anxiety disorder (Alvares et al., 2014). Disrupted amygdala and OFC 608 

activity and connectivity have also been associated with these diseases (Ressler and Mayberg, 609 

2007; Price and Drevets, 2010; Goldstein and Volkow, 2011; Passamonti et al., 2012; Liu et al., 610 
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2014; Sladky et al., 2015). These data, therefore, have important implications for the 611 

understanding and treatment of these psychiatric conditions, and suggest that they might arise, 612 

in part, from disrupted transmission of reward information from the BLA to the OFC. 613 

  614 
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FIGURE LEGENDS 814 

Figure 1. Effect of CNO-hM4Di inactivation of OFC→BLA or BLA→OFC projections on 815 

postsynaptic responses. hM4Di-mCherry and/or ChR2-EYFP were expressed in either the 816 

BLA or OFC and whole-cell patch clamp recordings in voltage-clamp mode were obtained from 817 

postsynaptic BLA (OFChM4Di/ChR2→BLA: n=7 cells; OFCChR2→BLA: n=5) or OFC cells 818 

(BLAhM4Di/ChR2→OFC: n=5; BLAChR2→OFC: n=5) before and after CNO application. A. 819 

Representative fluorescent image of hM4Di-mCherry/ChR2-eYFP expression in OFC cell 820 

bodies. Arrows mark co-expressing cells. B. Representative florescent image of biocytin-filled 821 

cell (blue) surrounded by ChR2-eYFP and hM4Di-mCherry terminals in BLA. C. Representative 822 

fluorescent image of biocytin-filled cell surrounded by ChR2-eYFP and hM4Di-mCherry 823 

terminals in OFC. D. Representative fluorescent image of hM4Di-mCherry/ChR2-eYFP 824 

expression in BLA cell bodies. Scale bars = 20 μm. E. Sample traces (average of 2-3 sweeps) 825 

of evoked EPSCs in BLA in response to optical stimulation of OFC terminals (blue line: 470 nm, 826 

5 ms pulse, 8 mW) prior to (black) and after (gray) CNO application. F. Sample traces of evoked 827 

EPSCs in OFC in response to optical stimulation of BLA terminals. H. Average optically-evoked 828 

EPSC response following CNO, expressed as a percent of pre-CNO baseline responses, 829 

compared between subjects expressing hM4Di and ChR2 to ChR2-only controls for recordings 830 

made in the BLA or OFC. Error bars ± s.e.m. ***P<0.001. 831 

 832 

Figure 2. Viral expression and cannula placements. A-D: OFChM4Di→BLA rats (n=10). 833 

Bilateral hsyn-hM4Di-mCherry injections were made into the OFC and guide cannulae were 834 

implanted above the BLA, such that CNO infusion would inactivate OFC terminals in the BLA. A. 835 

Representative fluorescent image of hM4Di-mCherry expression in the OFC. Scale bars = 100 836 

μm. B. Schematic representation of hM4Di-mCherry maximal viral spread in the OFC for all 837 

subjects. Numbers to the lower right of each section represent distance anterior to bregma. 838 

Coronal section drawings taken from (Paxinos and Watson, 1998). C. Representative 839 

immunofluorescent image of hM4Di-mCherry expression in the BLA. Dashed line demarcates 840 

guide cannula track. D. Schematic representation of microinfusion injector tips in the BLA. E-H: 841 

BLAhM4Di→OFC rats (n=19). Bilateral hsyn-hM4Di-mCherry injections were made into the BLA 842 

and guide cannulae were implanted above the OFC, such that CNO infusion would inactivate 843 

BLA terminals in the OFC. E. Representative immunofluorescent image of hM4Di-mCherry 844 

expression in the OFC. F. Schematic representation of microinfusion injector tips in the OFC. G. 845 

Representative fluorescent image of hM4Di-mCherry expression in the BLA. H. Schematic 846 

representation of hM4Di-mCherry maximum viral spread in the BLA for all subjects.  847 
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 848 

Figure 3. Effect of inactivating OFC→BLA or BLA→OFC projections on Pavlovian-to-849 

instrumental transfer. A. Task design, see text. CS, conditional stimulus; O; outcome/reward; 850 

A, action. B-C. Trial-averaged lever presses per 2-min period averaged across both levers 851 

during the Baseline periods compared to pressing during the CS periods separated for presses 852 

on the lever that, in training, delivered the same outcome as predicted by the CS (CS-Same) 853 

and pressing on the other available lever (CS-Diff) for OFChM4Di→BLA (B; n=10) or 854 

BLAhM4Di→OFC (C; n=10) groups. Inset- CS-induced elevation in responding [CS presses/(CS 855 

presses + Baseline presses)] on action Same v. Different for the BLAhM4Di→OFC group. D-E. 856 

Trial-averaged entries into the food-delivery port during the Baseline and CS periods for the 857 

OFChM4Di→BLA (D) and BLAhM4Di→OFC (E) groups. Error bars ± s.e.m. *P<0.05, **P<0.01, 858 

***P<0.001. 859 

 860 

Figure 4. Effect of CNO infusion in subjects lacking hM4Di receptors. A-B. Trial-averaged 861 

lever presses per 2-min period averaged across both levers during the Baseline periods 862 

compared to pressing during the CS periods separated for presses on the lever that, in training, 863 

delivered the same outcome as predicted by the CS (CS-Same) and pressing on the other 864 

available lever (CS-Diff) for OFCmCherry→BLA (A; n=11), BLAmCherry→OFC (B; n=12) groups. 865 

Error bars ± s.e.m. *P<0.05, **P<0.01, ***P<0.001. 866 

 867 

Figure 5. Effect of inactivating BLA→OFC projections on sensitivity to outcome-specific 868 

devaluation. A. Task design, see text. Only one devaluation condition shown. B. Average lever-869 

press rate during the devaluation test. Presses separated for those that, in training, earned the 870 

currently devalued v. valued reward type. C. Trial-averaged entries into the food-delivery port 871 

during the Baseline and CS periods separated by the CS predicted the valued v. devalued 872 

reward. Inset- CS-induced elevation in responding [CS entries/(CS entries + Baseline entries)]. 873 

(n=9) Error bars ± s.e.m. *P<0.05, **P<0.01. 874 

 875 

Figure 6. Effect of inactivating BLA→OFC projections on outcome-specific reinstatement. 876 

A. Task design, see text. B. Trial-averaged lever presses per 2-min period averaged across 877 

both levers during the Baseline periods compared to pressing during the 2-min Reward periods 878 

following reward delivery, separated for presses on the lever that, in training, delivered the same 879 

outcome as the presented reward (Reinstated) and pressing on the other available lever (Non-880 
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reinstated). C. Trial-averaged entries into the food-delivery port during the Baseline and 881 

Reward-delivery periods. (n=9) Error bars ± s.e.m. **P<0.01, ***P<0.001. 882 
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