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Dorsal Bed Nucleus of the Stria Terminalis-Subcortical Output Circuits Encode Positive Bias in Pavlovian Fear and Reward
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Opposite emotions like fear and reward states often utilize the same brain regions. The bed nucleus of the stria terminalis (BNST) comprises one hub for processing fear and reward processes. However, it remains unknown how dorsal BNST (dBNST) circuits process these antagonistic behaviors. Here, we exploited a combined Pavlovian fear and reward conditioning task that exposed mice to conditioned tone stimuli (CS)s, either paired with sucrose delivery or footshock unconditioned stimuli (US). Pharmacological inactivation identified the dorsal BNST as a crucial element for both fear and reward behavior. Deep brain calcium imaging revealed opposite roles of two distinct dBNST neuronal output pathways to the periaqueductal gray (PAG) or paraventricular hypothalamus (PVH). dBNST neural activity profiles differentially process valence and Pavlovian behavior components: dBNST-PAG neurons encode fear CS, whereas dBNST-PVH neurons encode reward responding. Optogenetic activation of BNST-PVH neurons increased reward seeking, whereas dBNST-PAG neurons attenuated freezing. Thus, dBNST-PVH or dBNST-PAG circuitry encodes oppositely valenced fear and reward states, while simultaneously triggering an overall positive affective response bias (increased reward seeking while reducing fear responses). We speculate that this mechanism amplifies reward responding and suppresses fear responses linked to BNST dysfunction in stress and addictive behaviors.
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INTRODUCTION

Responding to environmental stimuli that predict positive and negative outcomes with appropriate affective behaviors is critical to survival. Fearful stimuli elicit defensive coping strategies (e.g., freezing), while rewarding stimuli trigger reward-seeking behaviors. Typically, research delineates the neuronal processing of one affective state at a time, i.e., fear (LeDoux, 2000; Haubensak et al., 2010; Tovote et al., 2015) and reward-related states (Everitt et al., 1999). Interestingly, various neural processing hubs contribute to both fear and reward, like the amygdala (Paton et al., 2006; Shabel and Janak, 2009; Beyeler et al., 2016; Kim et al., 2016), and the ventral tegmental area (VTA) (Cohen et al., 2012; Lammel et al., 2012). We questioned how a single network node differentiates oppositely valenced affective states to drive appropriate behavioral responses (Calder et al., 2001; Lammel et al., 2014; Namburi et al., 2016).

The bed nucleus of the stria terminalis (BNST) constitutes a key relay and integration point (Lebow and Chen, 2016; Ch'ng et al., 2018) between subcortical limbic structures (e.g., amygdala, hippocampus; Dong et al., 2001; Dong and Swanson, 2004) and downstream regions [e.g., periaqueductal gray (PAG), paraventricular hypothalamus (PVH; Cullinan et al., 1993; Dong and Swanson, 2006)] that underlies appropriate behavioral responses to emotional stimuli (Herman et al., 2003; Johnson et al., 2016). Although the BNST plays a critical role in anxiety-like or long-lasting sustained fear behaviors (Walker and Davis, 1997; Jennings et al., 2013a; Kim et al., 2013), evidence now indicates a direct role of the BNST in phasic fear states (Duvarci et al., 2009; Haufler et al., 2013; De Bundel et al., 2016; Bjorni et al., 2020). Yet, other evidence shows the BNST, mostly its dorsal part (dBNST), can modulate both aversive and rewarding phenotypes (Jennings et al., 2013a; Kim et al., 2013; Giardino et al., 2018; Girven et al., 2020). Based on these data, we hypothesized that the dBNST is a critical brain region for processing both fear and reward-related states and behaviors.

The BNST is a heterogeneous structure, comprised of several subdivisions and projection targets, suggesting a complex functional modular organization. However, how these functional modules in the BNST differentially process opposing affective states remains unclear. In humans, this dichotomy exists in psychiatric disorders like anxiety disorders and addiction, which have contradictory comorbidities (Kessler et al., 1995). These opposing features have been linked to dysregulated fear and reward processing in the BNST (Avery et al., 2016; Lebow and Chen, 2016; Ch'ng et al., 2018). Such BNST dysregulation may, in fact, underly increased reward-seeking in rodent models of drug abuse (Erb et al., 2001; Shaham et al., 2003), as increased BNST anxiety may evolve into drug-seeking. Using a combined Pavlovian reward and fear conditioning paradigm (Shabel and Janak, 2009; Kargl et al., 2020) and circuit physiology, we examined how dBNST and its key outputs to PVH and PAG differentially encode and control fear and reward stimuli and behaviors.



MATERIALS AND METHODS


Experimental Subjects

All experiments were conducted using 2 to 6-month-old male mice (C57Bl/6J, Charles River, Germany). They were group housed by 2–5 and in a temperature- and humidity-controlled room under a 14-h light/10-h dark cycle, an alternative cycle commonly used in rodent studies. Before the experiments, they had ad libitum access to food and water and handled for several days. The experiments took place during the light phase. All animal care and behavioral tests were conducted in agreement with the Austrian (BGBl nr. 501/1988, idF BGBl I No. 162/2005) and European (Directive 86/609/EEC of 24 November 1986, European Community) legislation on animal experimentation and covered by the license M58/002220/2011/9.



Stereotactic Surgery

All mice were between 10 and 12 weeks for surgery. Mice were deeply anesthetized with isoflurane (IsoFlo®, Abbot Laboratories, North Chicago, IL, USA; induction, 2.3%; maintenance, 1.5–2%; airflow, 180 ml/min) and placed in a stereotactic frame (David Kopf Instruments, Tujunga, CA, USA). Gentamicin ointment (Refobacin® 3 mg/g, Merck, Darmstadt, Germany) was used to protect the animals' eyes, and their body temperature was maintained at 36°C with a heating pad controlled by a rectal thermometer (DC temperature controller FHC, Bowdoin, ME, USA). After injecting 0.1 ml of Lidocaine (Xylanaest 1%, Gebro Pharma, Fieberbrunn, Austria) under the skin as analgesia, the skull was exposed and perforated with a stereotactic drill at the desired coordinates relative to Bregma (Franklin and Paxinos, 2007). For post-operative care, mice were supplied with 250-mg/l Carprofen (Rimadyl, Pfizer, New York, NY, USA) and 300-mg/l Enrofloxacine (Baytril, KVP pharma, Kiel, Germany) in drinking water for 7 days.

For the inactivation experiment, two guide cannulas (5-mm length, 24 GA, C316GS-4/SPC, Plastics One, Roanoke, VA, USA) were implanted bilaterally 1 mm above the dBNST (AP + 0.26, ML ± 1.8, DV – 3.4) under a 15° angle toward the midline in the coronal plane to avoid damaging the lateral ventricle. All implants were fixed to the skull with dental cement (SuperBond C&B kit, Prestige Dental Products, Bradford, UK).

For optogenetic experiments, mice were injected bilaterally into the dBNST (AP + 0.26, ML ± 0.9, DV – 4.) with GFP (AAV5.hsyn.eGFP.WPRE.hGH, Penn Vector Core, Philadelphia, PA, USA, titer 1.15E + 13 GC/ml, 10–20 nl) or ChR2 [AAV2/5.hsyn.hChR2 (H134R).eYFP.WPRE, Penn Vector Core, titer 1.30 E + 13 GC/ml, 10–20 nl]. A Micro4 Micro Syringe Pump controller (World Precision Instruments, Sarasota, FL, USA) was used to regulate injection volumes with a rate of 5–10 nl/min. After the injection was completed, the glass needle was left in place for supplemental 5–10 min to guarantee complete injection and diffusion of the virus. The mice were then implanted with optic fiber(s) above either PVH or the l/vl PAG. One optic fiber (Doric lenses, Quebec, Canada, 400 μm, 0.53 NA) per mouse was implanted 0.5 mm above the PVH (AP – 0.5, ML 0, DV – 4.5). Placing a single fiber at the midline ensured bilateral illumination of PVH neurons, which accumulated close to the midline on both sides of the 3rd ventricle. Two optic fibers (Doric lenses, 200 μm, 0.53 NA) per mouse were implanted 0.5 mm above the l/vl PAG (AP – 4.75, ML ± 0.98, DV – 2.25) under a 10° angle toward the midline in the coronal plane to allow enough space between the two fibers, which were implanted relatively close to the midline.

For the calcium imaging experiments, mice were injected unilaterally into the left or right dBNST with an AAV carrying a Ca2+ indicator (AAV1.Syn.GCaMP6f.WPRE.SV40, Penn Vector Core, CS1107, titer 4.27E + 12 GC/ml, 80 nl, 20 nl/min). For calcium recording in dBNST-projecting neurons to PVH or PAG, another cohort of mice was injected unilaterally with a retrograde canine-adenovirus expressing Cre-recombinase into the PVH or the l/vlPAG (CAV2.Cre, Montpellier Vector Platform, France, titer 5.50E + 12 GC/ml, dilution 1:6 in PBS, 60 nl, 10 nl/min) and with an AAV carrying a Cre-dependent Ca2+ indicator into the dBNST (AAV1.hsyn.DIO.GCaMP6f.WPRE, Penn Vector Core, AV-1-PV2819, 1.00 E + 13 GC/ml, 80 nl, 20 nl/min). To ensure localization and visualization of the CAV2.Cre injection during histology, CTB-Alexa Fluor 555 (Invitrogen, Carlsbad, CA, USA) was also injected with the virus (one-part CTB for one-part CAV2.Cre). At least 4 weeks after injection, a microendoscope (Inscopix, Palo Alto, CA, USA, lens probe Part ID: 1050-002182, 0.5-mm diameter, 6.1-mm length) was implanted above the dBNST. After a 1-week recovery period, a baseplate was cemented onto the skull (Inscopix microscope baseplate, Part ID: 1050-002192) and covered (Inscopix microscope objective lens cover, Part ID: 1050-002194).



Combined Pavlovian Reward and Fear Conditioning

The combined Pavlovian reward and fear conditioning paradigm (Kargl et al., 2020) occurred in four identical experimental chambers (16.5-cm wide × 16.5-cm deep × 30.5-cm high, H10-11M-TC, Coulbourn Instruments, Allentown, PA, USA) encased in a sound-attenuating shell. Above the chamber, a custom-made house light provided illumination (around 10 lux), an infrared spotlight (Kemo Electronic, Geestland, Germany) improved mice detection, a speaker (Audiocomm, Vienna, Austria) provided sounds designed using Audacity software (http://www.audacityteam.org) with a maximal sampling frequency of 192 kHz and played from a Terratec sound card (Alsdorf, Germany), and a video camera (Basler, Ahrensburg, Germany) monitored the animal's behavior. Port training, reward conditioning, and test sessions utilized the original experiment chambers combined with a grid floor (H10-11M-TC-NSF, Coulbourn Instruments), cleaned with 70% ethanol before each mouse, with the house light turned on and with access to a port located in the center of the right wall. In the port, delivery of the solution was controlled by opening an electronic valve (003-0096-900, Parker Hannifin, Cleveland, OH, USA) from a syringe located outside the chamber until a drink tube in the port. Photocell sensors mounted at the entry of the port (RS components, Corby, UK) and on either side of the drink tube (H24-01 M, Coulbourn Instruments) measured port visits and licking/drinking via beam breaks of the animal's head and tongue, respectively. Fear conditioning occurred in a custom-made triangular cartridge inserted to the experiment chambers, combined with a stainless-steel shock floor (H10-11M-TC-SF, Coulbourn Instruments), cleaned with lemon-scented diluted cleaning solution before each mouse, with the house light turned off and no access to the port. The day before the start of the experiments, body weight was measured, and water deprivation prompted mice to seek liquid reward. Throughout the duration of the training, mice were weighed before each session and were given water after training to maintain 82–90% of their free drinking weight. The mice were trained, and then during a 50-min port training session to collect a drop of sucrose (~5 μL, 5% wt/vol) randomly delivered 36 times on a 100 ± 30 s interstimulus interval. Only after successful port training, the mice underwent eight sessions of reward conditioning where, after a baseline of 1 min, reward-CS presentation (white noise, 50-ms pips for 10 s at 0.9 Hz, 75 dB) was immediately followed by sucrose delivery. Each session lasted 50 min and consisted of 24 trials with a randomized intertrial interval (ITI) of 110 ± 20 s. The day after the last session of reward conditioning, the mice were submitted to a fear-conditioning session, where after a baseline of 2 min, fear-CS presentation (3 kHz tone, 2-s pips for 10 s at 0.4 Hz, 75 dB) was immediately followed by a footshock (1 s, 0.5 mA) delivered to the floor via an external shocker (H13–15, Coulbourn Instruments). The session lasted 10.5 min and consisted of 5 trials with a randomized ITI of 100 ± 30 s. The next day(s), the mice were tested for the expression of the correct behavioral response during the presentation of fear-CS and reward-CS in the absence of shock or sucrose delivery. After a baseline of 1 min, the mice received 4 presentations of fear-CS and reward-CS with a randomized ITI of 60 ± 10 s within the same session. For the inactivation experiment, the test first consisted of 4 presentations of reward-CS, and then four presentations of fear-CS. Reward-CS were presented before the fear-CS to avoid any fearful states during the reward-CS trials. For optogenetic experiments, reward-CS and fear-CS presentations were associated with laser illumination during the test. One week later, a second test was repeated after retraining to reward conditioning to confirm the results of the first test (results during reward-CS trials showed in Figure 5 represent the average of the two tests). Due to a probable ceiling effect when using a high footshock intensity, the mice were retrained 2 weeks later to fear conditioning with a lower footshock intensity (0.1 mA) and tested the day after with fear-CS presentations, coupled with a laser. For calcium experiment, reward-CS and fear-CS were presented pseudo-randomly. The experimental procedures and recordings of visits and licks were performed with custom MATLAB programs (R2015b, MathWorks, Natick, MA, USA). Reward-seeking behavior was scored as the rate of port visits during the CSs compared to a baseline period (10-s periods before the CSs). Freezing behavior, defined as a lack of all movement, except respiratory-related movements (Fanselow, 1980) was scored on recorded videos (20 frames/s) with Ethovision XT 12 (Noldus Information Technology, Wageningen, the Netherlands) offline (0.5-s minimum time immobile, <2.5% pixel change).



BNST Inactivation

The mice were handled and habituated to intracerebral injection procedures for several days prior to the behavioral experiment. On the day of testing, the animals were brought to the infusion room and received intra-dBNST bilateral infusions (100 nl per side) of artificial cerebrospinal fluid (aCSF, Harvard Apparatus, Holliston, MA, USA) or the GABAA receptor agonist muscimol (1 mg/ml, M1523, Sigma, St Louis, MO, USA). Infusions were performed using internal cannulas (6-mm length, 31GA, C316IS/SPC, Plastics One) inserted into the guide cannulas. The internal cannulas were attached with polyethylene catheter tubing to 1-μl Hamilton syringes (Reno, NV, USA), which were controlled by an infusion pump (Pump 11, Elite, Harvard Apparatus). The syringes were fixed in a constant rate infusion pump (100 nl/min). The cannulas were left in place for an additional 3 min before removing them to guarantee drug diffusion away from the injection site. Behavioral testing started 15 min after infusion.



CTB Tracing

Dorsal BNST neurons projecting to the PVH and PAG were retrogradely labeled using cholera toxin subunit B (CTB) conjugated with a different fluorophore. All the mice were between 10 and 12 weeks at the time of surgery, following previously described procedures. Each mouse received bilateral CTB injections into the PVH and l/vlPAG. To label the projections, 10 nl (per injection) CTB-Alexa Fluor 488 (Invitrogen) was injected into the PVH, and 10 nl (per injection) CTB-Alexa Fluor 647 (Invitrogen) was injected into the l/vlPAG. For both regions, an injection speed of 5 nl/min was used. One week later, the mice were deeply anesthetized with a mixture of 10 mg/ml ketamine (Ketasol, OGRIS Pharma, Wels, Austria) and 0.8 mg/ml medetomidine hydrochloride (Domitor, ORION Pharma, Espoo, Finland) in 1 × PBS. They were then intracardially perfused with heparin solution (Sigma-Aldrich, 10 U/ml Heparin/PBS), followed by cold 4% PFA. Brains were immediately removed, post-fixed overnight in 4% PFA at 4°C, and transferred to 1 × PBS. The brains were cut into 60-μm thick coronal slices at a vibratome. Sections were rinsed in 1 × PBST (0.1% Triton X-100 in 1 × PBS), incubated for 2 h at room temperature with DAPI (Invitrogen D3571, 1:1,000) and mounted onto microscopy slides with Fluorescence Mounting Medium (Dako, S302380, Vienna, Austria). Images of CTB labeling in the dBNST were acquired with a confocal microscope (LSM 700, Zeiss, Göttingen, Germany). A region of interest (ROI) was defined and cropped following the anatomical landmarks of the dBNST (Ju and Swanson, 1989; Franklin and Paxinos, 2007). Labeled and colocalized CTB cells were counted manually in this ROI using FIJI (ImageJ software, National Institutes of Health, USA). DAPI-positive nuclei were counted using Definiens Developer XD software (Definiens, Carlsbad, CA, USA). Images of CTB injections in PVH and l/vlPAG were acquired using a Mirax slide scanner (Zeiss).



Optogenetic Manipulation

The mice were handled and habituated to attach the optic fiber cables (Doric lenses, Quebec, Canada) to the fiber implants for several days prior to behavioral experiments. ChR2 activation was performed with 473 nm or a 457-nm laser, delivering 5-ms pulses with a frequency of 20 Hz, at an intensity of 8–10 mW at the fiber tip, measured with a power meter (PM100D, Thorlabs, Newton, NJ, USA). The laser was triggered by custom MATLAB scripts (R2015b, MathWorks) during test sessions throughout CSs presentations only. From a total of 37 mice, 6 animals did not complete the behavioral task because of sickness developed after surgery or loss of their optic fiber(s). Moreover, 5 animals were excluded from the analysis due to incorrect viral expression and/or fiber(s) placement.



Calcium Imaging

Several days prior to the experiments, the mice were habituated to the microscope-mounting process using a dummy microscope. On recording days, the microscope (Inscopix) was attached to the baseplate before the start of the behavioral experiment. Acquisition of Ca2+ signals was conducted using the nVista HD System v2.0.32 (In vivo Rodent Brain Imaging System, Inscopix) at 20 fps. During each session of the behavioral protocol and for each CS trial, Ca2+ recording started 15 s before the CS onset and finished 15 s after the CS offset. Data were analyzed with Mosaic v1.2.0 software (Inscopix). The videos were concatenated per session, down-sampled 2 × 2 (time × space), motion corrected, and the Ca2+ signal was calculated as the relative change of fluorescence over the entire recording session [ΔF/F0 = (Ft-F0)/F0]. The individual neurons and their Ca2+ traces were extracted by applying PCA-ICA analysis. Spatial filters obtained by PCA-ICA were manually selected to avoid duplicates or false units in further analysis. Ca2+ traces were then low-pass filtered at 0.5 Hz, and Ca2+ events were automatically detected with an event threshold >5 s.d. and τoff >0.5 s. Exported events were further analyzed with Neuroexplorer software v5.114 (Plexon, Dallas, TX, USA). Neuronal events were exported as peri-event time histogram (PETH, 0.5-s bin) and z-scored per recording session. Only data within −8 to 18 s relative to the CS onset were considered and were binned at 1 s. Average z-scores were aligned with CS or the behavior onset (freezing epochs were filtered at 1 s; visits and licks were filtered at 5 s). Responders dBNST cells were defined as showing a positive response (trial-averaged neuronal responses above a z-score of 1.65) within the first 4 s (1-s bin) of the fear-CS, reward-CS, or the behavior onset.



Histological Analysis

All the mice in the inactivation experiment received, after completion of the behavioral procedure, intra-dBNST bilateral infusions (100 nl per side) of muscimol conjugated with a fluorophore (BODIPY-TMR-X muscimol conjugate, M23400, Invitrogen, 5 mM in aCSF). The mice were rapidly decapitated 45 min later, and their brains were immediately placed in 4% paraformaldehyde (PFA) in 1 × PBS (pH 7.4) for fixation at 4°C overnight. The brains were then stored in 1 × PBS and cut on a vibratome into 60-μm coronal sections. The sections were mounted on slides and observed at Zeiss fluorescence stereomicroscope for verifying the location of the Muscimol-BODIPY intracerebral infusion.

The mice in the optogenetic and calcium experiments were killed after completing the behavioral procedure, and their brains were processed for histological analysis as described above. After vibratome sectioning, the sections were counterstained with DAPI and mounted on slides. Images were acquired using a confocal microscope and a Mirax slide scanner.



Statistics

Statistical analyses were performed using GraphPad Prism software (Version 8, La Jolla, CA, USA). ANOVAs were used with 1 or 2 dependent factors, repeated or non-repeated, followed by post-hoc analyses as needed (a two-stage step-up method of Benjamini, Krieger, and Yekutieli or Fisher's LSD test). The chi-squared test was used to compare cell numbers among the CTB-projecting neurons. Two-tailed paired or unpaired t-tests were used to evaluate the statistical differences between two groups. Differences between groups were considered statistically significant at a value of p < 0.05.




RESULTS


dBNST Neurons Are Necessary for the Expression of Fear and Reward-Related Behaviors

We adapted a combined Pavlovian reward and fear-conditioning paradigm (Shabel and Janak, 2009; Kargl et al., 2020) to exploit the advantages to differentiate fear and reward-related processes within the same defined circuit. The mice first learned a Pavlovian reward phase of the conditioning task (Figure 1A), in which an auditory-conditioned stimulus (Reward-CS) was paired with a reward, sucrose delivery inside a port. After successful learning, as assayed by increased port visits during Reward-CS (Supplementary Figure 1A), the mice learned the Pavlovian fear-conditioning phase, during which a different auditory cue (Fear-CS) was paired with an electric footshock (Supplementary Figure 1B). During the test phase, the mice were re-exposed to both the Reward-CS and Fear-CS, and we assessed the expression of correct affective response, i.e., freezing during Fear-CS and port visits during Reward-CS. Using this protocol, we probed if inactivating dBNST neurons would prevent the expression of those Pavlovian responses. So, we had infused muscimol bilaterally into dBNST 15 min before the testing (Figure 1B and Supplementary Figure 2A). This inactivation partially decreased fear responses during the Fear-CS and completely abolished reward-seeking behavior during the Reward-CS (Figure 1C), without provoking any change in mobility duration during the baseline (Supplementary Figure 2B), therefore preserving general exploratory behavior. We conclude that the BNST contributes to Pavlovian fear (Duvarci et al., 2009; Haufler et al., 2013; De Bundel et al., 2016; Bjorni et al., 2020) and reward-seeking behaviors (Shaham et al., 2003). However, the relatively small effect observed in freezing most likely reflects either redundancy in the circuitry involved in Pavlovian freezing (i.e., the amygdala) and/or ceiling effects in the experimental paradigm by overtraining with high-shock intensities.


[image: Figure 1]
FIGURE 1. dBNST neurons are necessary for expressing fear and reward-related behaviors. (A) Experimental procedure. During reward conditioning (8 sessions), a reward-CS was paired with the delivery of a sucrose drop at the port of the cage. After successful learning, same animals underwent fear conditioning, which paired a different sound (fear-CS) with a footshock. During the test session, mice were re-exposed to the reward-CS and the fear-CS. We measured reward-seeking and fear behaviors. (B) A representative scheme of intra-dBNST infusion. About 15 min before the test, the mice had received an intra-dBNST infusion of aCSF or muscimol. After task completion, all the mice received an intra-dBNST infusion of muscimol-BODIPY for histological control, as depicted in the epifluorescent picture. (C) Left: dBNST inactivation before testing (Muscimol group, n = 12; compared to a CSF group, n = 12) abolished the expression of reward-seeking behavior (visits) during reward-CS re-exposure [two-way RM ANOVA: period (baseline vs. CS), F(1, 22) = 16.34, P = 0.0005; group, F(1, 22) = 10.75, P = 0.0034; interaction, F(1, 22) = 8.786, P = 0.0072]. Right: Muscimol partially decreased freezing levels during fear-CS re-exposure [two-way RM ANOVA: period, F(1, 22) = 366.9, p < 0.0001; group, F(1, 22) = 1.365, P = 0.2553; interaction, F(1, 22) = 15.98, P = 0.0006]. Data presented as mean + SEM. A post-hoc two-stage step-up method of Benjamini, Krieger, and Yekutieli: CS vs. baseline ****p < 0.0001; Muscimol vs. a CSF group ##p < 0.01 and ####p < 0.0001.




dBNST Neurons Encode Fear and Reward

We next performed deep brain calcium imaging in the freely moving mice to explore dBNST neuronal dynamics during Pavlovian fear and reward conditioning (Figure 2A). The mice were injected with GCaMP6f in the dBNST and implanted with a microendoscope above this structure (Supplementary Figure 3A). We recorded dBNST neuronal activity in the mice at different stages of the combined Pavlovian fear and reward conditioning during CSs and USs presentation (conditioning) or CSs alone (test) (Figure 2A). We identified between 65 and 80 neurons per session from 5 animals and extracted Ca2+ (calcium) events from their Ca2+ traces as a rise in Ca2+ signal > 5 s.d. (Supplementary Figure 3A, right, Supplementary Figure 4). We computed an event z-score and aligned it with the CS onset. Comparing the first and last sessions of reward conditioning, dBNST neuronal population showed a strong increase in Ca2+ events after reward delivery (Figure 2B, left). Further analysis detected cells responding to either the CS, US, and/or behavior onset based on a trial-averaged z-score difference of 1.65. This activity pattern indicated that individual neurons encoded the Reward-CS, the reward US, and/or the appetitive-conditioned behavior (visit and/or lick) (Figure 2B, right). During the fear-conditioning phase, the same population of dBNST neurons strongly increased its responding to the shock US (Figure 2C, left), with individual neurons responding to either the Fear-CS and/or the shock US (Figure 2C, right). During the test, a heterogeneous response profile emerged. Cells responded with the behavioral responses or selectively to either the Fear-CS or the Reward-CS (Figure 2D, left). CS-responder neurons showed an increase in activity during the first 4 s of CS presentation (Figure 2D, right). Thus, we uncovered differential response patterns in the dBNST that features valence-specific cells for either fear (CS) or reward (visit behavior). Of note, fear is encoded at the level of the CS, reward at the level of visits, as both events immediately precede and potentially bias the behavioral response (freezing, lick).
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FIGURE 2. dBNST neurons encode fear and reward. (A) Left, schematic of dBNST injection and targeting for GCaMP imaging. Right, schematic of behavioral procedure combined with GCaMP imaging. (B) Left, PETH of population responses during the first (RC1) and last (RC8) sessions of reward conditioning. Middle, dBNST neurons increased their activity at maximum of the post-CS period (13–14 s) after reward delivery compared to the baseline (−8 to −1 s) at both RC1 and RC8 [two-way RM ANOVA: period, F(1, 142) = 11.26, P = 0.0010; session, F(1, 142) = 0.2222, P = 0.6381; interaction, F(1, 142) = 0.1945, P = 0.6599]. Right, percentage of neurons responding to task stimuli and behaviors during RC1 (n = 72) and RC8 (n = 74; from 5 animals). (C) Left, PETH of population responses during fear conditioning. Middle, dBNST neurons increased their activity at maximum during the post-CS period (11–12 s) after shock compared to the baseline [two-tailed paired t-test: t(62) = 3.524, P = 0.0008]. Right, percentage of neurons responding to task stimuli and behaviors (n = 65). (D) Left, PETH of population responses during the test and corresponding percentage of neurons responding to task stimuli and behaviors (n = 80). Right, PETH of CS-responders (R-CS: n = 13; F-CS: n = 15) and corresponding histogram summarizing average z-score during at maximum of the CS period (0–4 s) compared to the baseline (−8 to −1 s) [two-way RM ANOVA: period, F(1, 26) = 72.65, p < 0.0001; CS, F(1, 26) = 0.2094, P = 0.6510; interaction, F(1, 26) = 0.3276, P = 0.5720]. Data presented as mean + SEM. Fisher's LSD post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. R-CS, reward-CS; F-CS, fear-CS.




dBNST-PVH and dBNST-PAG Circuits Differentially Encode Fear and Reward

Overall, our data demonstrate that dBNST encodes both fear and reward states with specific neuronal populations differentially tuned to valence and feature (CS, behavior) of affective processing. We next examined whether these different response types map to different dBNST output channels. There are several candidate downstream regions, which are known to regulate affective responding, in particular, fear responses via PAG or stress, energy homeostasis, and feeding via PVH (LeDoux, 2000; Williams et al., 2001; Herman et al., 2003; Xu et al., 2019). Thus, we hypothesized that dBNST neurons projecting to PVH and those projecting to PAG subserved distinct functional responses. So, we injected the same animals with cholera toxin subunit B (CTB) conjugated with different fluorophores into the PVH and the lateral/ventrolateral PAG [l/vlPAG, key subregion gating freezing behavior (Tovote et al., 2016)] and counted back-labeled projecting neurons in the dBNST (Figures 3A,B). Approximately, 4% of dBNST cells projected to PVH and 2% of dBNST cells to l/vlPAG. Most projections did not co-localize (Figures 3C,D), raising the possibility that these outputs represent different functional channels. These results also indicate that we can label and explore each circuit independently using this segregation.
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FIGURE 3. Segregated dBNST neurons project to PVH or PAG. (A) Schematic of the procedure. CTB-488 and CTB-647 were injected in the same mice in the PVH and l/vlPAG, respectively. A number of CTB retrogradely labeled neurons were measured in the dBNST. (B) Representative pictures of CTB-488 and CTB-647 injected in the PVH and l/vlPAG, respectively. (C) A representative picture of CTB-labeled neurons from PVH and l/vlPAG found in the dBNST. Most did not colocalize (see inset). Ac, anterior commissure. (D) CTB injected in PVH or l/vlPAG independently labeled a similar percentage of cells in the dBNST [n = 4 animals; two-tailed paired t-test: t(3) = 1.891, P = 0.1550]. Number of co-labeled neurons (PVH + PAG, 0.01%) was lower than expected (0.08%) using a chi-square test (χ2 = 8.980, P = 0.0296) performed on the total number of cells counted from 4 animals (numbers in the parentheses in the graph; total number of CTB–/DAPI+ = 14,603). Data presented as mean + SEM.


Given the segregation of dBNST projections to PVH and PAG, we next queried the functional relevance of this anatomical difference. We speculated that these pathways encoded different phases of fear and reward Pavlovian learning. The mice were injected with a canine virus (CAV) expressing Cre in the PVH or l/vlPAG and with an AAV expressing Cre-dependent GCaMP6f in the dBNST (Figure 4A). Using this approach, we could record specific dBNST projectors to PVH or l/vlPAG, respectively (Supplementary Figures 3B,C). Comparing the first and last sessions of reward conditioning, we observed a strong increase in Ca2+ events a few seconds after reward delivery in dBNST-PVH neurons (Figure 4B), but not dBNST-PAG neurons, similar to the overall dBNST population (Figure 2B). Interestingly, z-scores and raw traces in neuronal activity (Supplementary Figure 5) showed a peak in dBNST-PVH neurons Ca2+ events aligned within a few seconds of a port visit (Figure 4C) and the lick onset (Figure 4D). During fear conditioning, both dBNST-PVH and dBNST-PAG populations reacted strongly to the shock US (Figure 4E), suggesting that both pathways encode natural negative stimuli. This pattern was even more pronounced during the test phase. Here, dBNST-PAG neurons responded more strongly to fear (CS trials) compared to reward (CS trial; Figure 4F). However, the maximal dBNST-PVH neuron Ca2+ events were aligned with reward (visit onset), but not fear (freezing; Figure 4G). Collectively, these response patterns revealed a dissociation between the activity of those circuits in the encoding aspects of fear and rewarding (see also Supplementary Figure 6). Based on these results, we conclude that dBNST-PVH neurons are tuned to process reward states, whereas dBNST-PAG neurons are tuned to process fear. In addition, the dBNST-PAG circuit encodes the Pavlovian CS, while the dBNST-PVH encodes the conditioned reward-seeking behavior.


[image: Figure 4]
FIGURE 4. BNST-PVH and BNST-PAG pathways differentially encode fear and reward. (A) Schematic of injections and targeting for GCaMP imaging in BNST-PVH (left) or -PAG (right) projecting neurons. (B) Left, PETH of population responses during the first (RC1) and last (RC8) sessions of reward conditioning in BNST-PVH (RC1: n = 13; RC8: n = 10; from 3 animals) and BNST-PAG (RC1: n = 9; RC8: n = 7; from 3 animals) groups. Right, BNST-PVH neurons increased their activity at maximum of the post-CS period (13–14 s) after reward delivery compared to the baseline (−8 to −1 s) at both RC1 and RC8 [two-way RM ANOVA: period, F(1, 21) = 7.736, P = 0.0112; session, F(1, 21) = 1.159, P = 0.2940; interaction, F(1, 21) = 0.1607, P = 0.6925], but not BNST-PAG neurons [two-way RM ANOVA: period, F(1, 14) = 2.067, P = 0.1725; session, F(1, 14) = 1.784, P = 0.2030; interaction, F(1, 14) = 4.408, P = 0.0544]. (C) Left, PETH of population responses aligned with the visit onset. Right, BNST-PVH neurons increased their activity to maximum after the visit onset (0–3 s) compared to the baseline (−3 to −1 s) [two-way RM ANOVA: period, F(1, 21) = 5.771, P = 0.0256; session, F(1, 21) = 0.3022; P = 0.5883; interaction, F(1, 21) = 1.245, P = 0.2772] but not BNST-PAG neurons [two-way RM ANOVA: period, F(1, 14) = 0.04002, P = 0.8443, session, F(1, 14) = 1.819, P = 0.1989; interaction, F(1, 14) = 2.263, P = 0.1548]. (D) Left, PETH of population responses aligned with the lick onset. Right, BNST-PVH neurons increased their activity at the maximum period after the lick onset (0–2 s) compared to the baseline (−3 to −1 s) [two-way RM ANOVA: period, F(1, 21) = 16.75, P = 0.0005; session, F(1, 21) = 0.1231, P = 0.7292; interaction, F(1, 21) = 1.440, P = 0.2436] but not BNST-PAG neurons [two-way RM ANOVA: period, F(1, 14) = 1.503, P = 0.2404; session, F(1, 14) = 2.209, P = 0.1593; interaction, F(1, 14) = 2.006, P = 0.1786]. (E) Left, PETH of population responses during fear conditioning in BNST-PVH (n = 12) and BNST-PAG (n = 5) groups. Right, both BNST-PVH and BNST-PAG groups increased their activity at maximum of the post-CS period (11–12 s) after shock compared to the baseline [two-way RM ANOVA: period, F(1, 15) = 9.159, P = 0.0085; group, F(1, 15) = 1.088, P = 0.3135; interaction, F(1, 15) = 2.475, P = 0.1365]. (F) Left, PETH of population responses during test. Right, BNST-PAG neurons increased their activity during F-CS trials (n = 7) compared to R-CS (n = 6) [two-way RM ANOVA: CS, F(1, 11) = 6.885, P = 0.0237; period, F(1, 11) = 0.5879, P = 0.4594; interaction, F(1, 11) = 1.727, P = 0.2156] but not BNST-PVH neurons (F-CS: n = 17; R-CS: n = 12) [two-way RM ANOVA: CS, F(1, 27) = 0.02511, P = 0.8753; period, F(1, 27) = 0.6768, P = 0.4179; interaction, F(1, 27) = 0.1849, P = 0.6706]. (G) Left, PETH of population responses aligned with the behavior onset. Right, BNST-PVH neurons increased their activity to maximum after the visit onset (0–2 s; n = 14) compared to the baseline (−3 to −1 s) and the freezing onset (n = 17) [two-way RM ANOVA: period, F(1, 29) = 4.150, P = 0.0509; behavior, F(1, 29) = 0.9202, P = 0.3453; interaction, F(1, 29) = 7.172, P = 0.0121] but not BNST-PAG neurons (visit: n = 6; freezing: n = 7) [two-way RM ANOVA: period, F(1, 11) = 3.304, P = 0.0964; behavior, F(1, 11) = 1.604, P = 0.2315; interaction, F(1, 11) = 1.268, P = 0.2841]. Data presented as mean + SEM. Fisher's LSD post-hoc test, */#p < 0.05 and **p < 0.01.




dBNST-PVH and dBNST-PAG Circuits Differentially Gate Fear and Reward Responses

As dBNST-PVH and dBNST-PAG activity is biased for reward or fear, respectively, we wondered how these circuits then control affective responding. So, we probed whether optogenetic activation of those circuits modulated reward and fear behavioral responses. We implanted optic fibers above PVH or l/vlPAG and bilaterally injected the mice with an AAV construct either carrying GFP or ChR2 into the dBNST for subsequent optogenetic activation (Figures 5B,D and Supplementary Figure 7). We utilized our Pavlovian reward and fear conditioning and applied optogenetic stimulation throughout Reward-CS and Fear-CS re-exposure during the test phase (Figure 5A). Optogenetic activation of dBNST-PVH increased the port visit rate during the Reward-CS in the ChR2 group (Figure 5C, left). The same manipulation in the dBNST-l/vlPAG circuit did not change the rate of this reward-seeking behavior (Figure 5E, left). In both experiments, optogenetic manipulation did not change the time spent visiting the port (Supplementary Figure 8). For fear conditioning, we used two different settings. The typical setting with 0.5 mAUS intensity, as in our previous experiments (Figures 1, 2, 4), did not significantly change during stimulation of either the dBNST-PVH circuit (Figure 5C, right) or the dBNST-l/vlPAG circuit (Figure 5E, right). We suspect a ceiling effect may explain these results.
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FIGURE 5. BNST-PVH and BNST-PAG circuits differently gate fear and reward responses. (A) Experimental procedure. The mice underwent the combined reward and fear-conditioning protocol. During the test, the laser was activated during the 10-s duration of Reward-CS and Fear-CS presentations. About 2 weeks later, the mice were reconditioned to the Fear-CS using a weak US (0.1 mA) and tested the next day with Fear-CS presentations, coupled with laser activation. (B) Schematic of the BNST-PVH targeting strategy for optogenetic manipulations. Briefly, an AAV construct carrying a GFP or ChR2 was bilaterally injected in dBNST. One optic fiber was placed above the PVH for further optogenetic activation of dBNST-PVH projections. (C) Behavioral results of test sessions. Left, during Reward-CS, the mice of the BNST-PVH ChR2 group (n = 6) increased their visits compared to the GFP control group (n = 7) [two-way RM ANOVA: group, F(1, 11) = 5.512, P = 0.0386; period, F(1, 11) = 23.89, P = 0.0005; interaction, F(1, 11) = 6.730, P = 0.0249]. Right, during Fear-CS, all the mice froze more during the sound compared to the baseline in every condition [Strong US, two-way RM ANOVA: period, F(1, 11) = 131.5, p < 0.0001; group, F(1, 11) = 1.882, P = 0.1975; interaction, F(1, 11) = 1.409, P = 0.2603; Weak US, two-way RM ANOVA: period, F(1, 11) = 66.07, p < 0.0001; group, F(1, 11) = 2.577, P = 0.1367; interaction, F(1, 11) = 3.505, P = 0.0880]. (D) Schematic of BNST-PAG targeting strategy, as described above, except that two optic fibers were placed above the l/vlPAG with a 10° angle. (E) Left, during Reward-CS, the mice in the BNST-PAG ChR2 group (n = 8) and the GFP control group (n = 5) increased their visits during the sound [two-way RM ANOVA: period, F(1, 11) = 8.804, P = 0.0128; group, F(1, 11) = 0.3228, P = 0.5813; interaction, F(1, 11) = 0.3855, P = 0.5473]. Right, during Fear-CS, analyses restricted to each US situation revealed that the BNST-PAG ChR2 group froze less than the control GFP group in the weak US condition [Strong US, two-way RM ANOVA: period, F(1, 11) = 143.3, p < 0.0001; group, F(1, 11) = 0.9169, P = 0.3589; interaction, F(1, 11) = 1.335, P = 0.2724; Weak US, two-way RM ANOVA: period, F(1, 11) = 65.96, p < 0.0001, group, F(1, 11) = 1.689, P = 0.2203; interaction, F(1, 11) = 9.621, P = 0.0101]. Data presented as mean + SEM. A post-hoc two-stage step-up method of Benjamini, Krieger, and Yekutieli: CS vs. baseline **p < 0.01, ***p < 0.001, and ****p < 0.0001; ChR2 vs. GFP group ##p < 0.01.


We, therefore, reconditioned the mice 2 weeks later to the Fear-CS using a low-intensity setting (weak US, 0.1 mA) and tested them again the next day. This modified procedure unmasked a partial decrease in freezing behavior during optogenetic activation of the dBNST-l/vlPAG circuit (Figure 5E, right), which did not reach significance by activating the dBNST-PVH circuit (Figure 5C, right). These data reveal that activating dBNST-PVH and dBNST-l/vlPAG circuits can preferentially modulate either reward or fear states, respectively, which aligns with their inherent activity tuning preference (Figure 4). However, this seemingly occurs by increasing reward and decreasing fear responding, which produces a positively valenced net effect. Overall, dBNST is required to induce fear and reward responses (Figure 1). Thus, dBNST-PVH/PAG circuits subserve distinct functional and modulatory roles. These roles are independent of overall dBNST inactivation effects and function, underlining the complex functional organization of limbic nuclei.




DISCUSSION

The same brain region can encode opposite affective states (Calder et al., 2001; Lammel et al., 2014; Namburi et al., 2016). Here, we show that dBNST neurons that project to specific brain outputs differentially encode specific affective features of Pavlovian fear and reward conditioning. Ultimately, these distinct circuits bias a behavioral outcome toward overall positive-valenced behavioral expressions (Supplementary Figure 9).

Inactivating dBNST neurons partially reduced Pavlovian fear responses and fully abolished reward-seeking behavior. Our data advance the proposal that the BNST plays a general role in Pavlovian fear (Duvarci et al., 2009; Haufler et al., 2013; De Bundel et al., 2016; Bjorni et al., 2020) and in reward (Jennings et al., 2013a; Kim et al., 2013; Giardino et al., 2018; Girven et al., 2020). We identified here that dBNST circuitry is a key node to process both Pavlovian fear and reward responses. We exploited a combined Pavlovian task to assess both fear and reward processing in the same animal (Shabel and Janak, 2009; Kargl et al., 2020). In this task, mice learned sequentially a reward conditioning task, a fear conditioning task, following testing to both Reward-CS and Fear-CS in the reward context. Although this type of settings could bias responding toward appetitive valence per se, we note that strong fear responding appeared in control groups expressed in high levels (Figures 1, 5). Thus, our findings further support the role of BNST in phasic Pavlovian fear (Duvarci et al., 2009; Haufler et al., 2013; De Bundel et al., 2016; Bjorni et al., 2020). Whereas, previous studies showed a specific role for the BNST in sustained fear but not in phasic fear to a single CS (Davis et al., 2010), recent studies have uncovered a role for the BNST in discriminative phasic fear when another CS (CS-, not associated with the shock) is present during training (Duvarci et al., 2009; De Bundel et al., 2016). Our data reinforce the hypothesis of a role of BNST in discriminative fear, here in a condition of a discriminative fear-reward learning. The fact that dBNST inactivation only partially reduces fear responses is in line with the view that the BNST functions as a secondary site for Pavlovian fear states in conjunction with the amygdala (Poulos et al., 2010), the key brain structure for fear learning (LeDoux, 2000; Tovote et al., 2015). In parallel, our Pavlovian paradigm had a key advantage to assess the role of BNST in reward processing. Typically, BNST functions were examined using drug-related behaviors (Erb et al., 2001; Shaham et al., 2003), feeding (Jennings et al., 2013b; Giardino et al., 2018), or optogenetically induced conditioned place preference or intracranial self-stimulation (Jennings et al., 2013a; Kim et al., 2013; Giardino et al., 2018; Girven et al., 2020), but very few studies directly explored conditioned behaviors using natural rewards. Harnessing the advantages of our Pavlovian task, we could establish that the dBNST is critical to expressing conditioned reward-seeking behaviors. As food or operant conditioning (Dumont et al., 2005) can increase synaptic plasticity in the vBNST, our findings highlight the importance of the BNST in reward-seeking behaviors. Our findings position the BNST as a key processing node in reward circuitry with the VTA, the amygdala, the nucleus accumbens among others (Everitt et al., 1999).

Using Ca2+ imaging, we observed broad excitation of BNST neurons (independent of their projections) in response to natural positive and negative USs (shock and sucrose), which extends findings of increased BNST Ca2+ signals in response to positive and negative odor stimuli (Giardino et al., 2018). We identified at the local level two submodules that have independent modulatory functions. Specifically, we found that dBNST neurons, particularly those that project to the PVH, are strongly activated by reward behaviors (visits and/or licks) following reward US or during Reward-CS re-exposure. We propose that PVH-projecting dBNST neurons encode conditioned reward behaviors, as two types of conditioned responses required the CS (visit) or the US (lick) (Holland, 1977). This projection could also encode specific reward state features when it is present and consumed during reward-conditioning sessions. Consistent with our hypothesis that the dBNST-PVH pathway modulates reward-seeking behaviors, we observed that, activating this circuit by optogenetics, the mice sought more the reward by visiting more the port. Although the PVH is well-known to be the starting point of the hypothalamic-pituitary-adrenal (HPA) axis and is essential for orchestrating stress responses (Herman et al., 2003), this structure is also involved in food consumption (Leibowitz et al., 1981), and reinforced food-seeking (Atasoy et al., 2012). We demonstrate the functional relevance of the direct projection between BNST and PVH in Pavlovian reward learning. Since the mice increased their visits in absence of food with PVH-projecting BNST neuron activation, we propose this behavior can underlie compulsive reward-seeking behavior, which is the key feature of drug addiction and eating disorders (Everitt and Robbins, 2005; American Psychiatric Association, 2013). Similar compulsive reward-seeking behaviors are controlled by the neural circuit between the central amygdala and the BNST (Kim et al., 2018) or by hypothalamic Agrp neurons whose one of the main projection sites is the PVH (Dietrich et al., 2015). Calcium imaging experiments by others showed that corticotrophin-releasing hormone (CRH) PVH neurons are activated by negative stimuli, inhibited by positive stimuli, produce conditioned place aversion, and contribute to reward-induced stress modulation, probably through GABAergic innervation from BNST (Kim et al., 2019; Yuan et al., 2019). Thus, we propose that an inhibitory pathway between BNST and PVH biases the emotional experience toward a positive valence.

Our results further suggest that dBNST neurons projecting to PAG encode and modulate negative features of the emotional experience (CS and behavior) but lead to an overall behavioral change that reflects a decreased negative valence. Indeed, our results show that Fear-CS activates PAG-projecting dBNST neurons. However, optogenetic activation of this projection decreases freezing behaviors. This finding implies that BNST-projecting neurons to PAG encode Fear-CS, as modulating freezing is consistent with the role of PAG, especially the l/vlPAG, in freezing control (Tovote et al., 2016). Conversely, in our hands, l/vlPAG-projecting dBNST neurons appear to have a lesser role in encoding or controlling reward learning. However, a recent study has uncovered the role of GABAergic vlPAG neurons and their dBNST inputs in regulating feeding (Hao et al., 2019). Those discrepancies may be explained by a more complex function and cognitive processes in discriminatory Pavlovian conditioning [vs. basic feeding (Hao et al., 2019)]. Further investigations are needed to elucidate the whole picture of dBNST, PVH, and l/vlPAG circuitries in regulating fear and reward. We note that, although the tracing experiment revealed segregated and rather specific dBNST projections to PVH and PAG, it is possible that some collateral projections terminate in other brain areas (e.g., ventral BNST, amygdala, and many others), which could contribute, in part, to the observed optogenetic effects (albeit that coactivation of such projections can be assumed to be rather limited).

Taken together, neural activity in the dBNST encodes both fear and reward states. However, the Ca2+ activity profiles dissociated different features of the Pavlovian paradigm: dBNST neurons projecting to the PVH are activated with the expression of Pavlovian reward conditioned behaviors (visits and licks), whereas dBNST neurons projecting to the l/vlPAG are excited by the Pavlovian Fear-CS. We demonstrate a dichotomy between valence (fear vs. reward) and Pavlovian features (stimulus vs. behavior). Identifying neural correlates of opposing emotions often utilizes discriminating between positive vs. negative valence (Lammel et al., 2014; Namburi et al., 2016), or active vs. passive behaviors (Tovote et al., 2015). Here, our data advance another dichotomy in discriminating the neural encoding of opposing fear vs. reward emotional states: Pavlovian stimulus vs. behavior. While BNST circuitry represents both fear (BNST-PAG circuit) and reward signals (BNST-PVH circuit), they promote an overall positive response bias in both domains (Supplementary Figure 9). A similar dichotomy in roles can exist in anteroventral BNST circuits with either PVH or PAG to modulate HPA axis activation or behavioral immobility responses in behavioral tests measuring stress (Johnson et al., 2016). Thus, our findings suggest that BNST neurons have much broader roles in regulating various aspects of negative and positive emotional experiences.

Collectively, we found that BNST circuitry contributes to encoding opposite Pavlovian elements of learning (fear CS vs. reward behaviors), which bias the emotional experience and modulate behavioral outcomes toward positive valence, either by attenuating negative fear states or by intensifying positive reward-related states (Supplementary Figure 9). This bias to the same positive valence supported by distinct neuronal populations advances our knowledge of studying opposing emotions, in contrast to switching between positive and negative valences (Paton et al., 2006; Shabel and Janak, 2009; Cohen et al., 2012; Lammel et al., 2012; Beyeler et al., 2016; Kim et al., 2016). This positive response bias in fear and reward supports the hypothesis of reward-induced coping strategies to manage stress (Kim et al., 2019; Yuan et al., 2019). Our data highlight BNST circuitry as key networks that may underlie positive valence bias in normal and pathological conditions. Thus, we propose that the dBNST-PAG/PVH network controls reward-seeking under risk. This response strategy could support the emergence of compulsive reward-seeking behaviors while attenuating the effects of negative stimuli, affects, or consequences. Overall, we speculate that overactive dBNST-PAG/PVH circuitry may drive maladaptive stress-induced behaviors like in drug-seeking or eating disorders (Everitt and Robbins, 2005; American Psychiatric Association, 2013).
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