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Abstract 34 

The basolateral amygdala (BLA) is obligatory for fear learning. This learning is linked 35 

to BLA excitatory projection neurons whose activity is regulated by complex networks of 36 

inhibitory interneurons, dominated by parvalbumin (PV) expressing GABAergic neurons. The 37 

roles of these GABAergic interneurons in learning to fear and learning not to fear, their 38 

activity profiles across the course of fear learning, and whether or how these change across 39 

the course of learning each remain poorly understood. Here we used PV cell-type specific 40 

recording and manipulation approaches in male transgenic PV-Cre rats during Pavlovian 41 

fear conditioning to address these issues. We show that activity of BLA PV neurons during 42 

the moments of aversive reinforcement controls fear learning about aversive events but their 43 

activity during moments of non-reinforcement does not control fear extinction learning. 44 

Furthermore, we show expectation-modulation of BLA PV neurons during fear learning, with 45 

greater activity to unexpected than expected aversive unconditioned stimuli (USs). This 46 

expectation-modulation was due specifically to BLA PV neuron sensitivity to aversive 47 

prediction error. Finally, we show that BLA PV neuron function in fear learning is conserved 48 

across these variations in prediction error. We suggest that aversive prediction-error 49 

modulation of PV neurons could enable BLA fear learning circuits to retain selectivity for 50 

specific sensory features of aversive USs despite variations in the strength of US inputs, 51 

thereby permitting the rapid updating of fear associations when these sensory features 52 

change. 53 

Significance Statement 54 

The capacity to learn about sources of danger in the environment is essential for 55 

survival. This learning depends on complex microcircuitries of inhibitory interneurons in the 56 

basolateral amygdala. Here we show that parvalbumin positive GABAergic interneurons in 57 

the rat basolateral amygdala are important for fear learning during moments of danger, but 58 

not for extinction learning during moments of safety, and that the activity of these neurons is 59 

modulated by expectation of danger. This may enable fear learning circuits to retain 60 
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selectivity for specific aversive events across variations in expectation, permitting the rapid 61 

updating of learning when aversive events change. 62 

  63 
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Animals, including humans, rapidly learn about danger via Pavlovian fear 64 

conditioning to instruct defensive responses appropriate to the level of threat posed 65 

(Fanselow, 1998; Fanselow and Poulos, 2005; Li and McNally, 2013; Wright et al., 2019; 66 

Yau and McNally, 2018a; Yau and McNally, 2018b). The amygdala is essential to this 67 

learning. The amygdala mediates learning about how a conditioned stimulus (CS) predicts 68 

an aversive unconditioned stimulus (US) and it generates appropriate defensive responses 69 

to fear CSs (Maren and Quirk, 2004). Within amygdala, glutamatergic neurons of the 70 

basolateral amygdala (BLA), are especially important (Sah et al., 2003). These neurons are 71 

strongly recruited by aversive USs and their activity during the moments of reinforcement is 72 

obligatory for fear learning (Namburi et al., 2015; Sengupta et al., 2018). The US-evoked 73 

activity of these neurons changes across the course of fear learning, reporting the difference 74 

between the US expected and the US actually received (i.e the aversive prediction error) 75 

(Herry and Johansen, 2014; Johansen et al., 2010; McNally et al., 2011; Ozawa and 76 

Johansen, 2018; Ozawa et al., 2017). 77 

The BLA is comprised of complex, intrinsic microcircuitries of inhibitory interneurons. 78 

These are distinct families of GABAergic neurons defined by expression of a variety of 79 

markers (e.g., parvalbumin, somatostatin, cholecystokinin, and vasoactive-intestinal peptide 80 

(McDonald, 1992; McDonald and Betette, 2001; Sah et al., 2003). These interneurons 81 

dynamically gate BLA projection neuron activity, synaptic plasticity, and fear learning 82 

(Krabbe et al., 2018; Krabbe et al., 2019; Letzkus et al., 2015; Lucas et al., 2016; Polepalli et 83 

al., 2020; Polepalli et al., 2010; Wolff et al., 2014; Woodruff and Sah, 2007a, b). Parvalbumin 84 

(PV) interneurons are the most common BLA interneuron subtype (McDonald, 1992; 85 

McDonald and Betette, 2001; Sah et al., 2003). They form multiple BLA microcircuits, 86 

including PV neuron  projection neuron, projection neuron  PV neuron, and PV neuron 87 

 interneuron networks (Wolff et al., 2014; Woodruff and Sah, 2007b). Although well 88 

implicated in fear learning (Lucas et al., 2016; Wolff et al., 2014), several key questions 89 

about BLA PV neuron contributions to Pavlovian fear learning remain unanswered. The 90 

activity of PV neurons during fear learning remains uncertain. For example, studies in mice 91 
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using single-unit recordings show that PV neurons are inhibited by a footshock US to 92 

disinhibit BLA projection neurons and presumably allow fear association formation (Wolff et 93 

al., 2014). Consistent with this, silencing PV neurons during the US augments whereas 94 

activating them reduces fear learning (Wolff et al., 2014).  By contrast, calcium imaging 95 

studies in mice show that many PV neurons are excited, not inhibited, by a footshock US 96 

(Krabbe et al., 2019). This is consistent with findings that footshock causes rapid inhibitory 97 

synaptic input to restrict action potential generation and firing of BLA projection 98 

neurons (Windels et al., 2010). Moreover, whether and how the activity of BLA PV neurons 99 

changes across the course of conditioning as animals learn about the CS – US relation, as 100 

has been shown for both BLA projection neurons (Johansen et al., 2010) and VIP 101 

GABAergic interneurons (Krabbe et al., 2019), is not known. Finally, the role PV 102 

interneurons in learning about omission of the US during fear extinction is unknown, despite 103 

a well-established role in retrieval of established extinction memories (Davis et al., 2017; 104 

Trouche et al., 2013).  105 

Here we used the PV-Cre rat (Wright et al., 2021) to address these questions. We 106 

studied the roles of BLA PV neurons in fear and extinction learning. First, we asked whether 107 

key findings from the PV-Cre mouse could be extended to a different species using a 108 

different measure of fear learning. Then, we asked whether a role for PV neurons extended 109 

to learning about US omission during fear extinction learning. Next, we asked how the US-110 

evoked activity of BLA PV neurons changes across fear learning and whether any such 111 

changes could be linked to aversive prediction error. Finally, we studied the role that these 112 

dynamic activity changes play in fear learning across variations in prediction error.   113 

Materials and Methods 114 

Subjects 115 

Male PV-Cre (LE-Tg(Pvalb-iCre)2Ottc) heterozygous rats (Optogenetics and 116 

Transgenic Technology Core, National Institute on Drug Abuse [NIDA], National Institutes of 117 

Health, MD, USA) obtained from the NIDA IRP Transgenic Rat Project (Wright et al., 2021) 118 

via the Rat Resource and Research Center (RRRC# 00773, Missouri, USA) and bred at the 119 
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Animal Resources Centre (Perth, Australia). They were housed in groups of 2 to 4 in a 120 

colony room maintained on a 12:12 light dark cycle (lights on 7:00). Rats were maintained 121 

on 15g of standard lab chow per day with free access to water. Experiments were approved 122 

by the UNSW Animal Care and Ethics Committee and performed in accordance with the 123 

Animal Research Act 1985 (NSW), under the guidelines of the National Health and Medical 124 

Research Council Code for the Care and Use of Animals for Scientific Purposes in Australia 125 

(2013). 126 

 127 

Apparatus 128 

Behavioral testing was conducted in Med-Associates chambers [24 cm (length) x 30 cm 129 

(width) x 21 cm height)] enclosed in ventilated, sound-attenuating cabinets [59.5 cm (length) 130 

x 59 cm (width) x 48cm (height)]. The left sidewall was fitted with a magazine dish where 131 

grain pellets (Bio-Serv, USA) were delivered when a lever located 4 cm to the right of the 132 

magazine was pressed. A 3 W houselight was mounted on top of the right wall provided 133 

illumination in the chamber throughout every session.  An LED light mounted to the roof of 134 

the sound-attenuating cabinet was used to deliver a flashing visual CS. A speaker attached 135 

to the right-side wall of the chamber was used to deliver auditory CSs. A metal grid was 136 

fitted to the floor of the chamber to deliver the scrambled footshock US. For optogenetic 137 

experiments, an LED driver with an integrated rotary joint (Doric Instruments) was 138 

suspended above the center of the operant chamber.  139 

 140 

Surgeries and viral vectors 141 

Rats were anaesthetized via 1.3ml/kg ketamine (Ketamil, Ilium) (100 mg/ml) and 0.3 142 

mg/kg xylazine (Xylazil, Ilium) (20 mg/ml.) They received s.c carprofen (Rimadyl, Zoetis) and 143 

0.5% bupivacaine under the incision site. A 5 µl, 30-gauge conical tipped microinfusion 144 

syringe (SGE Analytical Science) was used to infuse 0.75 µl of AAV vectors into BLA (A-P -145 

3.00; M-L ± 5.00; D-V -8.15 in mm from bregma) (Paxinos & Watson, 2007) at a rate of 0.25 146 

µl/minute (UMP3 with SYS4 Micro-controller, World Precision Instruments) and the syringe 147 
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was left in place for an additional 7 minutes. At each craniotomy, a fiber optic, ceramic 148 

cannula (Thorlabs) was lowered into the BLA (A-P -3.00; M-L ± 5.10; D-V -8.00) (Paxinos & 149 

Watson, 2007) and secured in place by dental cement anchored to the screws and the skull. 150 

The incision was sutured and i.p. antibiotic (Duplocillin, Intervet) applied. Rats were 151 

monitored until the end of the experiment.  152 

The Cre-dependent AAV vectors used were: AAV5-ef1-DIO-eYFP (3.3x1012 GC/ml) 153 

(pAAV-Ef1a-DIO EYFP was a gift from Karl Deisseroth (Addgene viral prep # 27056-AAV5; 154 

http://n2t.net/addgene:27056; RRID:Addgene_27056); AAV5- ef1α-DIO-hChR2(H134R)-155 

eYFP (5.5x1012 GC/ml) (pAAV-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA 156 

was a gift from Karl Deisseroth (Addgene viral prep # 20298-AAV5; 157 

http://n2t.net/addgene:20298; RRID:Addgene_20298); AAV5- ef1α-DIO-eNpHR3.0-eYFP 158 

(1.1x1013 GC/ml) (pAAV-Ef1a-DIO eNpHR 3.0-EYFP was a gift from Karl Deisseroth 159 

(Addgene viral prep # 26966-AAV5; http://n2t.net/addgene:26966; RRID:Addgene_26966); 160 

AAV9-Syn-FLEX-gCaMP7s (1.2x1013 GC/ml) (pGP-AAV-syn-FLEX-jGCaMP7s-WPRE was a 161 

gift from Douglas Kim & GENIE Project (Addgene viral prep # 104491-AAV9; 162 

http://n2t.net/addgene:104491; RRID:Addgene104491). 163 

 164 

Procedure 165 

Anatomy 166 

PV-Cre rats with Cre-dependent AAV vectors in the BLA (eNpHR3.0: n = 5; eYFP; n 167 

=3) were transcardially perfused with saline containing 1% sodium nitrate and heparin (5000 168 

IU/ml) and paraformaldehyde (4%), pH 7.4. Brains were extracted, postfixed (1hr) and 169 

cryoprotected in 20% sucrose (48 h). Brains were frozen, and 40 µm BLA sections were 170 

sliced and collected on a cryostat (CM 1950, Leica) and stored in a 0.1 M PB saline solution 171 

containing 0.1% sodium azide at 4°C. Two color immunofluorescence was used to reveal PV 172 

as well as enhanced yellow fluorescent protein (eYFP) immunoreactivity (IR). Free-floating 173 

tissue was washed in PB, pH 7.4, blocked (2 h, 5% NGS in PBTX), and placed in 1:1500 174 

chicken anti-GFP (Thermo Fisher Scientific Cat# A10262, RRID:AB_2534023) and 1:1000 175 
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mouse anti-PV (Sigma-Aldrich Cat# P3088, RRID:AB_477329), diluted in a solution of PBTX 176 

and 2% NGS at room temperature for 24 h. Sections were washed in PB for 20 min and then 177 

incubated in 1:1000 Alexa-488 goat anti chicken (Molecular Probes Cat# A-11039, 178 

RRID:AB_142924) and 1:750 Alexa-594 goat anti-mouse (Molecular Probes Cat# A-11032, 179 

RRID:AB_2534091) diluted in PBTX and 2% NGS at room temperature for 2 h. Sections 180 

were washed for 30 min in PB, mounted, and cover slipped with Permafluor (Thermofisher 181 

Scientific, MA, USA). The BLA of each rat was delineated according to Paxinos and Watson 182 

(2007) and across two sections, neurons positive for PV-IR and eYFP-IR assessed via 183 

Olympus BX53 upright microscope (Olympus, Shinjuku, Tokyo, Japan) and CellSens 184 

(Olympus) software and counted using Photoshop (Adobe). 185 

 186 

Electrophysiology  187 

Slice preparation  188 

Coronal brain slices (350 µm) were prepared from PV-Cre+ rats that received either 189 

AAV5-ef1α-DIO-eNpHR3.0-EYFP or AAV5- ef1α-DIO-hChR2(H134R)-eYFP to BLA.  Rats 190 

were deeply anaesthetized with isoflurane (5%), decapitated and the brain removed and 191 

placed in ice-cold cutting ACSF (95 mM NaCl, 2.5 mM KCl, 30 mM NaHCO3, 1.2 mM 192 

NaH2PO4, 20 mM HEPES, 25 mM glucose, 5 mM ascorbate, 2 mM thiourea, 3 mM sodium 193 

pyruvate, 0.5 mM CaCl2, and 10 mM MgSO4). The brain was trimmed, sliced using a 194 

vibratome (model VT1200, Leica, Wetzlar, Germany), then incubated for 10-15 min at 30°C 195 

in the recovery ACSF (95 mM NMDG , 2.5 mM KCl, 30 mM NaHCO3, 1.2 mM NaH2PO4, 20 196 

mM HEPES, 25 mM glucose, 5 mM ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 0.5 197 

mM CaCl2, and 10 mM MgSO4), before being transferred a Braincubator (Payo Scientific, 198 

Sydney, Australia) and held at 18°C in holding-ACSF (identical to Cutting ACSF, but with 2 199 

mM CaCl2, and 2 mM MgSO4).  All solutions were pH adjusted to 7.3-7.4 with HCl or NaOH 200 

and gassed with carbogen (95% O2 - 5% CO2). 201 

 202 

 203 
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Whole-cell patch clamp recordings 204 

Slices were transferred to a recording chamber and continuously perfused with 205 

standard ACSF (30°C) containing (in mM): NaCl, 124; KCl, 3; NaHCO3, 26; NaH2PO4, 1.2; 206 

glucose, 10; CaCl2, 2.5; and MgCl2, 1.3. Targeted whole-cell patch-clamp recordings were 207 

made from eYFP-positive BLA neurons using a microscope (Zeiss Axio Examiner D1) 208 

equipped with 20x water immersion objective (1.0 NA), LED fluorescence illumination 209 

system (pE-2, CoolLED) and an EMCCD camera (iXon+, Andor Technology). Patch pipettes 210 

(3 – 5 MΩ) were filled with an internal solution containing 130 mM potassium gluconate, 0 211 

mM KCl, 10 mM HEPES, 4 mM Mg2-ATP, 0.3 mM Na3-GTP, 0.3 mM EGTA, and 10 mM 212 

phosphocreatine disodium salt (pH 7.3 with KOH, 280 - 290 mOsm). Electrophysiological 213 

recordings were amplified using a Multiclamp amplifier (700B, Molecular Devices, California, 214 

USA), filtered at 6-10 kHz, and digitized at 20 kHz with a National Instruments multifunction 215 

I/O device (PCI-6221). Recordings were controlled and analyzed offline using Axograph 216 

(Axograph, Sydney, Australia). Liquid junction potentials were uncompensated.   217 

Series resistance and membrane resistance were calculated using in built routines in 218 

Axograph. To determine the passive membrane, AP waveform and neuronal firing pattern, 219 

neurons were maintained at -65 mV using and a series of 600 ms current injections (-100 to 220 

300 pA, 25 pA steps) was applied. The AP threshold was defined as the potential at which 221 

the AP velocity exceeded 10 mV / ms. The AP amplitude, half-width and fast 222 

afterhyperpolarization (fAHP) were calculated relative to threshold. eNpHR3.0 was 223 

stimulated using orange light (GYR LED bandpass filtered 605/50 nm) delivered through the 224 

objective. ChR2 was stimulated using blue light (470 nm LED). To determine the effect of 225 

photoinhibition on the AP firing frequency, neurons were induced to fire via depolarizing 226 

current injection, or trains (5 ms 10 Hz) of depolarizing current injections; the (amplitude of 227 

current pulse was set to 10 pA above the minimum current required to evoke an AP). When 228 

possible, protocols were repeated 5-10 times and the results averaged. Data were excluded 229 

if the series resistance was > 20 MΩ or more than 150 pA was required to maintain the 230 

neuron at –65 mV.   231 
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Behavior 232 

Baseline lever press training 233 

All behavioral experiments used conditioned suppression as fear measure (Sengupta 234 

et al., 2016; Sengupta et al., 2018; Yau and McNally, 2015). Conditioned suppression has a 235 

non-zero baseline because rats lever press for a pellet reward at a constant rate and so can 236 

reveal decreases and increases in fear; there are high levels of baseline activity during 237 

training and testing sessions; it is equally sensitive to visual and auditory CSs despite these 238 

CSs eliciting different amounts of freezing (Bevins and Ayres, 1991); and assessment is fully 239 

automated. All experiments began with lever pressing training. On Day 1, rats received 240 

magazine training with lever presses rewarded on fixed ratio 1 [ FR1] schedule in addition to 241 

free pellet rewards on a fixed interval (FI) 300 s schedule. Magazine training terminated at 242 

60 min, or when the rat reached 100 lever presses. On Day 2, rats received FR1 lever press 243 

training. On Day 3, lever pressing was maintained on a variable interval (VI) 30 s schedule. 244 

From Day 4 until the end of the experiment, rats were maintained on a VI60 s. All sessions 245 

lasted 60 min unless otherwise noted. On Day 9 – 10, rats received CS pre-exposure. There 246 

were 4 presentations of each 60 s CS, with an ITI between 400 – 720 s.  All rats were 247 

tethered to dummy patch cables on Day 7 – 9. 248 

 249 

Fear acquisition 250 

PV-Cre rats expressing eNpHR3.0 (n = 8) or eYFP (n = 8) underwent fear 251 

conditioning on Day 11 – 14. Prior to each session, rats were tethered to patch cables 252 

outputting at least 10mW of 625 nm light. Presentation of a 60 s auditory stimulus (85dB, 253 

1Hz clicker) co-terminated with a 0.5s, 0.5mA footshock US. Delivery of 625 nm light (1.5 s) 254 

flanked presentation of the US, beginning 0.5 s before shock onset and terminating 0.5 s 255 

after shock onset. There were 4 pairings per session, with a random intertrial interval (ITI) 256 

between 500 – 900 s. On Day 15 rats were tested for fear response to the CS. The CS was 257 

presented four times on a random ITI between 500 – 900 s.  For inter-trial interval inhibition, 258 
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eNpHR3.0 (n = 7) or eYFP (n = 8) groups underwent fear conditioning as described above. 259 

Photoinhibition (1.5 s) occurred randomly during each ITI.  260 

To determine the effects of ChR2 excitation, PV-Cre rats expressing ChR2 (n = 7) or 261 

YFP (n = 8). All rats underwent fear conditioning to a 60 s auditory stimulus (85dB, 1Hz 262 

clicker) paired with a 0.5 s, 0.6mA footshock US on Day 11 – 13. The timing of 263 

photostimulation (1.5s) flanked the US as described above, but delivery was pulsed at 25Hz 264 

with 50% duty cycle (20 ms on, 20 ms off). Rats were tested for their fear response to the 265 

CS on Day 14. The CS was presented 4 times on an ITI between 500 – 900s.  266 

 267 

Fear Extinction 268 

PV-Cre rats expressing eNpHR3.0 (n = 9) or eYFP (n = 7) underwent fear 269 

conditioning to a 60 s tone CS (85dB, 2800Hz) on Days 11 - 13, with presentations co-270 

terminating with a 0.5 s, 0.6mA footshock. There were 4 pairings per day with an ITI of 500 – 271 

900 s. Rats were tethered to dummy cables on Day 11. Fear to the tone was then 272 

extinguished across four days with 4 presentations per day and an ITI of 500 – 900 s. Rats 273 

were tethered to patch cables prior to each extinction session, and received continuous 274 

delivery of 625 nm light for 5 seconds at the time of US omission, beginning 0.5s prior to 275 

tone offset, and extending for an extra 4.5 s.  276 

 277 

BLA PV responses to signalled versus unsignalled footshocks 278 

PV-Cre rats expressing gCaMP7s (n = 7) underwent fear conditioning on Day 11 – 279 

14. During training (Days 11 – 13), rats received 4 presentations of a 60 s auditory CS (85dB 280 

10Hz clicker) paired with a 0.5s, 0.6mA footshock during a 60 min session with an ITI 281 

between 600 – 720 s. On Test (Day 14), rats received 4 CS-US pairings during an extended 282 

70 min session. In the last 10 mins, rats were presented with 2 unsignalled shocks (760s 283 

and 1200s after last CS-US trial). Rats were tethered to patch cables prior to each session 284 

on Day 11, 12 and 14 for gCaMP recordings. 285 
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Recordings were made using Fiber Photometry Systems from Doric Lenses and 286 

Tucker Davis Technologies (RZ5P, Synapse). 465 nm (Ca2+ - dependent signal) and 405 287 

nm (isosbestic control signal) emitted from LEDs controlled via dual channel programmable 288 

LED drivers (were channelled into 0.39 NA, Ø400μm core multimode pre-bleached patch 289 

cables. Light intensity at the tip of the patch was maintained at 10-30µW across sessions. 290 

GCaMP7 and isosbestic fluorescence were relayed via patch cables, amplified, and 291 

measured by Doric Fluorescence Detectors. Synapse software controlled and modulated 292 

excitation lights (465nm: 209Hz; 405nm: 331Hz), as well as de-modulated and low-pass 293 

filtered (3Hz) transduced fluorescence signals in real-time via the RZ5P. RZ5P/Synapse also 294 

received Med-PC signals to record behavioral events in real time. 295 

 296 

Fiber Photometry during blocking of Pavlovian fear 297 

PV-Cre+ rats expressing gCaMP7s were divided into two behavioral groups – Block 298 

(n = 10) and Control (n = 9). All rats were pre-exposed to CSA (1Hz flashing LED) and CSB 299 

(85dB, 10Hz clicker) on Days 9 -10. Each cue was presented 4 times in a randomised order, 300 

with an ITI between 400 – 600 s. Block groups received Stage I training on Days 11 – 13. 301 

Presentation of 60 s CSA co-terminated with a 0.5 s, 0.6mA footshock. There were 4 302 

presentations each day with an ITI between 600 – 720 s. The Control group received VI60 303 

lever press training instead. Rats received additional patch cable habituation by being 304 

tethered to dummy cables on the first day of Stage I (Day 10). All rats received Stage II 305 

training on Day 14 and 15. Recordings were made during Stage II. Prior to each session, 306 

rats were tethered to patch cables. In Stage II, CSA was simultaneously presented with CSB 307 

and this 60 s compound cue was co-terminated with a 0.5 s, 0.6mA footshock. There were 4 308 

presentations each day with an ITI between 600 – 720 s. On Day 16, rats were tested for 309 

their fear response to CSB. CSB was presented four times, with an ITI of 900 s in a 70 min 310 

session. 311 

 312 

 313 
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Blocking of Pavlovian fear 314 

PV Cre rats expressing eNpHR3.0 (n = 15) or eYFP (n = 15) were divided into two 315 

behavioral groups – Block (eYFP n = 7, eNpHR3.0 n = 8) and Control (eYFP n = 8; 316 

eNpHR3.0 n = 7). All rats were pre-exposed to CSA (1Hz flashing LED) and CSB (85dB, 317 

10Hz clicker) on Days 9 -10. Each cue was presented 4 times in a randomised order, with 318 

an ITI between 400 – 600 s.  Block groups received Stage I training on Day 10 – 13 319 

involving presentation of CSA co-terminating with a 0.5 s, 0.6mA footshock. There were 4 320 

presentations each day with an ITI between 600 – 720 s. The Control group received VI60 321 

lever press training instead. Rats were tethered to dummy patch cables on the first day of 322 

Stage I (Day 10). All rats received Stage II training on Days 14 and 15. Prior to each 323 

session, rats were tethered to patch cables that outputted at least 10mW of 625 nm light. In 324 

Stage II, CSA was simultaneously presented with CSB and this compound cue co-325 

terminated with a 0.5 s, 0.6mA footshock. There were 4 presentations each day with an ITI 326 

between 600 – 720 s. Photoinhibition was 1.5 s in duration, beginning 0.5 s prior to shock 327 

onset and terminating 0.5 s after shock offset, On Day 16, rats were tethered to dummy 328 

patch cables prior to a test session. CSB was presented with an ITI of 900 s in a 70 min 329 

session. 330 

 331 

Histology 332 

Localization of ChR2, eNpHR3.0, gCaMP7 or eYFP expression was verified using 333 

diaminobenzidine (DAB) immunohistochemistry. Free-floating brain tissue was washed in 334 

PB, pH 7.4 and rinsed in alcohol (50%), alcohol containing hydrogen peroxide (3%) and 335 

normal donkey serum (NDS; 5%) in PB, pH 7.4, for 30 min each. Sections were then 336 

incubated in rabbit anti-GFP (1:2000; Life Technologies) diluted in PBTX containing 2% 337 

NDS. for 24 h at room temperature. After washing off unbound primary antibody, sections 338 

were incubated overnight (at room temperature) in biotinylated donkey anti-rabbit IgG 339 

(1:5000; Jackson ImmunoResearch; Cat#711-065-152; RRID:AB_2540016) diluted in 2% 340 

NDS PBTX. After washing off unbound secondary antibody, sections were incubated for 2 h 341 
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(at room temperature) in ABC reagent (Vector Elite Kit 6µ l/ml avidin and 6µl/ml biotin; 342 

Vector Laboratories). Brown GFP-IR cells were revealed using a DAB reaction, with 343 

peroxide being generated by glucose oxidase. In this DAB reaction, sections were washed in 344 

PB, pH 7.4, followed by 0.1 M acetate buffer, pH 6.0, and then incubated for 15 min in a 0.1 345 

M acetate buffer, pH 6.0, solution containing 0.025% DAB, 0.04% ammonium chloride, and 346 

0.02% D-glucose. The peroxidase reaction was started by adding 0.1µl/ml glucose oxidase 347 

and stopped using acetate buffer, pH 6.0. Brain sections were then washed in PB, pH 7.4, 348 

and mounted onto gelatin-treated slides, dehydrated, cleared with histolene, and cover 349 

slipped with Entellan (Proscitech, Kirwin, Australia). ChR2, eNpHR3.0, gCaMP7 and eYFP 350 

expression sites and cannula placements were determined under a microscope and plotted 351 

onto Illustrator (Adobe) templates using boundaries defined by Paxinos and Watson 352 

(Paxinos and Watson, 2007). Rats with unilateral expression/cannula placements or 353 

expression/cannula placements outside the boundaries of the BLA were excluded from data 354 

analysis. 355 

 356 

Experimental design and Statistical Analyses 357 

Suppression ratios were calculated as SR = a/(a+b) (Annau and Kamin, 1961), 358 

where a is the number of lever presses during the CS and b is the number of lever presses 359 

the minute prior to the CS (the pre-CS period). An SR of 0.5 indicates no suppression (equal 360 

number of lever presses during the CS and pre-CS period) whereas an SR of 0 indicates 361 

complete suppression, or asymptotic fear. These data and electrophysiology data were 362 

analysed via repeated measures ANOVA.  363 

Fiber photometry signals were extracted and down sampled (15.89Hz) prior to further 364 

signal processing. The isosbestic signal was regressed onto the Ca2+-dependent signal to 365 

create a fitted isosbestic signal, and a fractional fluorescence signal ΔF/F was calculated via 366 

subtracting fitted 405 nm signal from 465 nm channels and then further dividing by the fitted 367 

405 nm signal. High-pass 90 s) and low-pass filtering (3Hz) was conducted. ΔF/F signals 368 

around US onset were isolated and aggregated; 5 seconds before each event was used as 369 
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baseline and the 7 s following each event was defined as the event transient. A 370 

bootstrapping confidence interval (CI) procedure (95% CI, 1000 bootstraps) was used to 371 

determine significant event-related transients within this window (Jean-Richard-dit-Bressel et 372 

al., 2020). A distribution of bootstrapped ΔF/F means was generated by randomly 373 

resampling from trial ΔF/F waveforms, with replacement, for the same number of trials. A 374 

confidence interval was obtained per timepoint using the 2.5 and 97.5 percentiles of the 375 

bootstrap distribution, which was then expanded by a factor of sqrt(n/(n-1)) to adjust for 376 

narrowness bias. Significant transients were defined as periods whose 95% CI did not 377 

contain 0 (baseline) for at least 0.5 secs. Areas under the curve for event transients were 378 

calculated by approximating the integral (trapezoidal method) of the isolated normalized 379 

ΔF/F curves. We analysed AUCs defined by subject means and by trial means via repeated 380 

measures ANOVA. 381 

 382 

Results 383 

AAV expression is specific to BLA PV neurons 384 

We used immunohistochemistry to validate cell-type specificity of AAV expression. 385 

PV-Cre rats received BLA infusions of Cre-dependent eNpHR3.0-eYFP (n = 5) or Cre-386 

dependent eYFP (n = 3) and two-colour immunofluoresence was used to process BLA 387 

sections for eYFP, PV, and eYFP + PV immunoreactivity (-IR) (Figure 1A-C). There was  388 

---Figure 1 about here---- 389 

robust and selective expression of these AAVs in BLA PV neurons, with some 390 

encroachment of the AAV into adjacent cortex. There was an average of 116.8 (SEM = 12.4) 391 

PV-IR neurons and 54.5 (SEM = 12.2) eYFP-IR neurons per animal with an average of 45% 392 

(SEM = 7) of BLA PV-IR neurons transduced. The majority (mean = 98%, SEM = 1) of 393 

eYFP-IR neurons also expressed PV-IR (mean dual-labelled neurons per animal= 53, SEM 394 

= 11.8) (Figure 1D). This confirms the utility of the PV-Cre rat to target BLA PV neurons. 395 

 396 

 397 
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Electrophysiological characterization of BLA PV neurons 398 

Next, whole-cell patch-clamp recordings were made from eNpHR3.0-eYFP and 399 

ChR2-eYFP expressing BLA neurons from PV-Cre rats (Figure 2A,B).  These neurons had 400 

membrane resistance (211 ± 15 MΩ), membrane time constant (18 ± 3 ms), brief APs (0.51  401 

---Figure 2 about here---- 402 

± 0.04 ms) and prominent fast after hyperpolarizations (fAHPs) (16.0 ± 1.4 mV), with some 403 

firing action potentials in high frequency bursts with variable interburst intervals (‘stuttering’). 404 

These properties are consistent with the known properties of PV neurons (Rainnie et al., 405 

2006; Woodruff and Sah, 2007b).  Photoinhibition of eNpHR3.0-eYFP neurons evoked a 406 

rapid hyperpolarization persisting for the duration of the light and reliably suppressing PV 407 

neuron firing (Figure 2C,D).  ChR2-eYFP expressing neurons were photostimulated (470 408 

nm) with a sustained 1.5 s light pulse or a 25 Hz train of 20 ms light pulses for 1.5s (Figure 409 

2E).  Both protocols reliably evoked AP near the onset of the light pulse, but the 25 Hz train 410 

was better to sustain firing throughout the 1.5 s stimulation period (Two-way repeated 411 

measures ANOVA: time F(9, 45) = 5.472, p < 0.0001; light type F(1, 5) = 2.831, p = 0.1533; 412 

interaction F(9, 45) = 2.261, p = 0.0348; follow-up Sidak comparison p = 0.002) (Figure 2E, 413 

2G)   414 

We then recorded from putative BLA projection neurons to assess the effect of PV 415 

neuron stimulation on BLA projection neuron firing (Figure 2F, G).  These eYFP-negative 416 

neurons had a lower membrane resistance (116 ± 28 MΩ vs. 211 ± 15 MΩ; t = 3.0, p 417 

=0.009), broader APs (half-width 1.11 ± 0.06 ms vs 0.51 ± 0.04 ms; t = 7.792, p < 0.0001), 418 

and smaller fAHPs (half-width 6.7 ± 1.8 mV vs 16.0 ± 1.4 mV; t = 3.355, p = 0.0043), than 419 

the eYFP-positive PV neurons and their properties were consistent with BLA projection 420 

neurons (Sah et al., 2003).  ChR2 stimulation of PV neurons with 470 nm light was sufficient 421 

to elicit IPSCs in projection neurons (data not shown) and to inhibit their firing (Figure 2F, 422 

G).  We did not observe a difference in the effectiveness of continuous versus pulsed ChR2 423 

stimulation in this inhibition of BLA projection neuronal firing (Two-way repeated measures 424 
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ANOVA: time F(15, 45) = 4.464,  p < 0.0001, light type F(2, 6) = 3.488, p = 0.0989; 425 

interaction F(30, 90) = 2.939, p = 0.0001).   426 

 427 

 BLA PV neuron activity at US delivery constrains fear learning 428 

BLA PV interneurons exert strong perisomatic inhibition over BLA principal neurons. 429 

In mice, this inhibition constrains fear learning. Specifically, optogenetic inhibition of PV 430 

neurons during the shock US augments, whereas optogenetic excitation during the shock 431 

US impairs, Pavlovian fear learning as measured by freezing (Wolff et al., 2014). We first 432 

asked whether this role of PV neurons can translate across different species as well as 433 

across different fear responses by using these same manipulations on Pavlovian fear 434 

learning in rats using conditioned suppression as the measure of fear. However, in contrast 435 

to past work which relied only on direct comparisons between ChR2 and eNpHR3.0 groups 436 

(Wolff et al., 2014), we included non-opsin expressing controls for each opsin.  First, PV-Cre 437 

rats received AAVs encoding Cre-dependent eNpHR3.0 (n = 8) or eYFP (n = 8) and fiber 438 

optic cannulae bilaterally into the BLA (Figure 3A,B). To establish a steady baseline of lever 439 

pressing for conditioned suppression, rats were initially trained to lever press for grain pellets 440 

for 10 days and then pre-exposed to an auditory CS for 2 days. They then received auditory 441 

fear conditioning via pairings of the auditory CS with a 0.5 mA footshock US. We 442 

photoinhibited BLA PV neurons only during US delivery via 625 nm light. 443 

Rats acquired fear to the tone across training (linear trend across day: F(1,14) = 444 

101.891, p < 0.001) with no difference between groups (no main effect of group: F(1,14) = 445 

1.463, p = 0.246; no group x day interaction: F(1,14) = 0.003, p = 0.960).  446 

---Figure 3 about here---- 447 

When tested for long-term fear memory 24 hrs later, eNpHR3.0 group showed more fear to 448 

the CS compared to YFP control (main effect of group: F(1,14) = 9.206, p = 0.009), 449 

suggesting photoinhibition augmented fear learning (Figure 3E). This augmentation of fear 450 

learning was specific to photoinhibition at the time of the shock US, because we conducted a 451 

separate control experiment where 625 nm light delivery was offset so that rats (eYFP = 8, 452 
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eNpHR3.0 n = 7) received delivery of 625 nm light during the inter-trial interval rather than 453 

during the shock US (Figure 3C). There was no effect of this inter-trial interval 454 

photoinhibition on fear learning (F(1,13) = 1.27 p = 0.280) or long-term fear memory on test 455 

(F(1,13) = 0.79, p = 0.390) (Figure 3F).  456 

Next, we tested the effect of BLA PV photoexcitation at the time of the shock US. 457 

Rats with ChR2 (n = 7) or YFP (n = 8) expressed in BLA PV neurons underwent 3 days of 458 

fear conditioning with an auditory CS paired with a 0.6 mA footshock (Figure 3D, G). We 459 

used a higher US intensity to increase fear learning in controls and hence optimise detection 460 

of any impaired fear learning in ChR2 rats. Rats acquired fear to the CS (linear trend across 461 

day F(1,13) = 113.769, p < 0.001). Photostimulation at the time of shock US impaired overall 462 

fear response to the CS across training (main effect of group: F(1,13) = 6.654, p = 0.023) 463 

(Figure 3G). Furthermore, this fear impairment was preserved when fear to the CS was 464 

tested 24 hrs later (main effect of group: F(1,13) = 9.206, p = 0.009). Taken together, these 465 

findings show bidirectional effects of BLA PV neuron manipulations on fear learning in rats. 466 

BLA PV photoinhibition augments whereas photoexcitation impairs fear learning.  467 

 468 

BLA PV neuron activity at US omission is not necessary for fear extinction learning 469 

Having shown a role for BLA PV neurons at the time of shock US delivery in learning 470 

to fear, we next asked whether PV neurons are important at the time of shock omission for 471 

learning not to fear. Fear extinction learning remodels PV perisomatic inhibitory synapses 472 

around BLA fear neurons (Davis et al., 2017; Trouche et al., 2013) and recruitment of these 473 

BLA PV neurons suppresses fear responding and activity in BLA fear neuronal ensembles 474 

during extinction retrieval (Davis et al., 2017; Ozawa et al., 2020). The activity of BLA PV 475 

neurons at the time of shock US omission is therefore an obvious candidate for instructing 476 

extinction learning, but whether PV neurons serve this role during US omission is unknown. 477 

To study the role of BLA PV neurons in learning about shock omission during fear 478 

extinction, PV-Cre rats received application of AAVs encoding Cre-dependent eNpHR3.0 (n 479 

= 9) or eYFP (n = 7) to the BLA. They underwent auditory fear conditioning then extinction 480 
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training (Figure 3H). BLA PV neurons were photoinhibited at the time of omission of the 481 

expected footshock US during extinction training. Across fear conditioning (data not shown), 482 

rats acquired fear to the auditory CS (linear trend across day, F(1,14) = 75.51, p < 0.001) 483 

with no differences between groups (no effect of group, F(1,14) = 1.45, p =0.248; or group x 484 

day interaction: F (1,14) = 2.80, p = 0.116) and they also extinguished this fear across 485 

extinction training (main effect of day: F (1,14) = 31.97, p < 0.001). Photoinhibition of BLA 486 

PV neurons at the time of shock omission had no effect on fear extinction learning (no main 487 

effect of group: F(1,14) = 0.025, p = 0.877; no group x day interaction: F(1,14) = 3.502, p = 488 

0.082).  489 

Photoinhibition occurred at the offset of each CS, so the first CS presentation each 490 

day serves as a probe to assess extinction retention. We analysed responding to the first CS 491 

of each extinction session (Figure 3H inset) and found no differences between groups (no 492 

effect of group, F(1,14) = 0.020, p = 0.890; or group x day interaction: F(1, 14) = 0.065, p = 493 

0.802) despite decreased fear across days (linear trend across day, F(1, 14) = 14.47, p < 494 

002). We also found no differences between groups on any of the four extinction days 495 

(largest F on Day 2: F(1, 14) = 0.309, p = 0.587) further confirming that extinction was not 496 

influenced by photoinhibition. So, in contrast to their role in fear learning at the time of US 497 

delivery, the activity of BLA PV neurons at the time of shock omission is not necessary for 498 

fear extinction learning. 499 

 500 

Expectation modulation of BLA PV neuron activity  501 

BLA PV activity inhibits principal neurons and constrains fear learning and this role is 502 

observed across different measures of fear in both mice and rats. However, whether activity 503 

of PV neurons changes across the course of fear learning and whether it varies with shock 504 

expectancy is unknown. Here we asked whether the US-evoked activity of BLA PV neurons 505 

is modulated by expectation.  To do this, we used fiber photometry (Gunaydin et al., 2014) to 506 

measure Ca2+ transients in BLA PV neurons across fear conditioning and then on test during 507 

expected (i.e. signalled) vs unexpected (i.e. unsignalled) footshocks.  508 
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We expressed Cre-dependent gCaMP7s and fiber optic cannulae in the BLA of PV-509 

Cre rats (n = 7) (Figure 4A) and subjected them to three days of auditory fear conditioning  510 

---Figure 4 about here---- 511 

prior to a fourth day of fear conditioning which also served as a test day. We recorded Ca2+ 512 

transients to the footshock US on the first day of training and on test. Rats acquired fear to 513 

the auditory CS across training and test because conditioned suppression decreased across 514 

the 4 days (F(1, 7) = 83.151, p < 0.001). PV neurons were excited by shock but this shock-515 

induced PV activity decreased across training (AUC Day 1 v Day 4: t (6) = 2.23,  p = 0.045) 516 

(Figure 4B). At test, rats received their usual CS – US pairings (signalled) and also two 517 

additional unsignalled footshock USs. This allowed us to compare, within the same subjects 518 

in the same session, BLA PV neuron activity to expected and unexpected footshock USs. 519 

The periods when the 95% confidence interval for the population mean ΔF/F did not contain 520 

0%, as well as the AUCs for these waveforms are shown in Figure 4C-D. There was 521 

significantly greater PV activity to the unexpected than expected footshock US (95% 522 

confidence interval for signalled v unsignalled does not include 0% [yellow bars Figure 4C]; 523 

AUC t (7) = 3.114, p = 0.021, Figure 4D). This shows the expectation modulation of US-524 

evoked PV BLA interneuron activity during fear learning, with greater responses to 525 

unexpected than expected footshocks. 526 

 527 

BLA PV neurons are modulated by aversive prediction error 528 

Simple Pavlovian fear conditioning designs, like those just used, can provide 529 

evidence that BLA PV activity is modulated by expectation. However, they cannot assess 530 

whether these variations in BLA PV activity actually relate to variations in the effectiveness 531 

of the US as a reinforcer for learning, i.e. aversive prediction error. That is, just because 532 

there were greater PV Ca2+ transients to the unexpected than expected shock US on test 533 

does not mean that different amounts of fear were instructed by the unexpected than 534 

expected shock US. This is because measurement of fear in simple fear conditioning using a 535 
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single CS confounds the accumulated fear to the CS from previous conditioning trials with 536 

the change in learning produced by the current trial.  537 

 To ask whether BLA PV neurons are modulated by aversive prediction error, we 538 

measured Ca2+ transients in BLA PV neurons during an associative blocking task which 539 

allows variations in PV neuron activity to be assessed under conditions that yield different 540 

amounts of fear learning (Kamin, 1968; McNally and Westbrook, 2006). PV-Cre rats 541 

received AAV encoding Cre-dependent gCaMP7s and fiber optic cannulae into the BLA  542 

---Figure 5 about here---- 543 

(Figure 5A, B). There was exclusive expression of gCaMP7s in PV neurons (Figure 5B) 544 

and 28% of PV-IR neurons expressed gCaMP7. The associative blocking procedure uses a 545 

two-stage fear conditioning approach to isolate and assess prediction error. During Stage I, 546 

rats in the Block group received fear conditioning of an auditory CS, CSA. Rats in the 547 

Control group did not receive this training. This Stage I training establishes fear of CSA in 548 

group Block. Then, in Stage II, both groups received fear conditioning of a compound 549 

auditory (CSA) and visual (CSB) CS (CSAB). The Block group should not learn to fear CSB 550 

in Stage II because they have already learned that CSA signals shock, hence the shock US 551 

is expected in Stage II (i.e. prediction error is low). In contrast, the control group should learn 552 

to fear CSB during Stage II because the shock US is unexpected in Stage II (i.e. prediction 553 

error is high).  554 

Precisely this pattern of results was observed (Figure 5C). Group Block (n = 10) 555 

learned to fear CSA in Stage I (F(1,9) = 41.00, p < 0.001). Group Block also showed more 556 

fear to CSAB than Group Control (n = 9) in Stage II (main effect of group: F (1,17) = 41.56, p 557 

< 0.001), but Group Control did learn to fear CSAB in Stage II (main effect of day: F (1,17) = 558 

25.56, p < 0.001; and group x day interaction: F(1,17) = 28.32, p < 0.001). Critically, on test, 559 

Group Control were more afraid of CSB than Group Block (F(1,17) = 18.67, p < 0.001). This 560 

shows the associative blocking of fear learning: the same aversive footshock US supported 561 

different amounts of fear learning, depending on whether it was expected or unexpected.  562 
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The average gCaMP7s waveforms to the USs, the periods when the 95% confidence 563 

interval for the population mean ΔF/F did not contain 0%, as well as the AUCs for these 564 

waveforms are shown in Figure 5D-F. BLA PV neurons showed significant Ca2+ transients at 565 

US onset during Stage II fear conditioning (Figure 5D). Critically, these transients were 566 

greater in Group Control when the US was unexpected and fear learning occurred than in 567 

Group Block when the US was expected and fear learning was blocked. We measured area 568 

under the ΔF/F curve and found that US-evoked Ca2+ transients decreased across Stage II 569 

(main effect of day: trials, F(1, 62) = 5.197, p <0.026; subjects, F(1, 16) = 6.835, p < 0.019) 570 

and this decrease was greatest in group Control (day x group interaction: trials, F(1, 62) = 571 

4.165, p < 0.046; subjects, F(1,16) = 6.616, p < 0.020) (Figure 5D-F). This shows diminution 572 

of US-evoked activity for group Control. Indeed, Group Control had significantly greater US-573 

evoked transients than group Block on Day 1 (trials: F (1, 69) = 7.74, p = 0.007; subjects, F 574 

(1, 17) = 4.75, p = 0.04) but not Day 2 (trials, F (1, 66) = 0.32, p = 0.75; subjects, F (1, 16) = 575 

0.21, p = 0.65) (Figure 5E [Trials], F [Subjects]).  576 

These results show that the differences we observed in US-evoked transients to 577 

expected versus unexpected USs in simple fear learning can be extended to a blocking 578 

procedure and show that prediction error drives variations in US processing by PV neurons 579 

during Pavlovian fear conditioning. This conclusion may have been strengthened via use of 580 

a control that received Stage I training with a third CS paired with shock rather than simple 581 

lever press training. This would better control for any non-associative effects (e.g., 582 

habituation) affecting BLA PV responses to the shock in Stage II of blocking. However, 583 

consistent with our previous experiment, PV neurons were strongly excited by an 584 

unexpected US (high prediction error) and these responses decreased as the US became 585 

expected (low prediction error). Crucially, this experiment shows that this modulation by 586 

prediction error is directly related to the effectiveness of the US as a reinforcer.  587 

 588 

 589 

 590 
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BLA PV neurons constrain fear learning across variations in prediction error 591 

 Having demonstrated that aversive prediction error modulates BLA PV neurons, we 592 

next asked how BLA PV neurons control fear learning across these variations in prediction 593 

error. To do this, we photoinhibited BLA PV neurons at the time of the expected shock 594 

US during Stage II of the associative blocking procedure. PV-Cre rats received AAV 595 

encoding Cre-dependent eNpHR3.0 (n = 15) or eYFP (n = 15) and fiber optic cannulae into 596 

the BLA (Figure 6A, B). They then received the two-stage associative blocking procedure. 597 

BLA PV neurons were silenced during US delivery in Stage II. There were 4 groups: 598 

eNpHR3.0-Block; eYFP-Block; eNpHR3.0-Control; eYFP-Control. 599 

As expected, the Block groups acquired fear to CSA in Stage I (main effect of day: 600 

F(1,13) = 274.60, p < 0.001) (Figure 6C). There was no manipulation during Stage I and the 601 

Block-eYFP and Block-eNpHR3.0 groups did not differ during this stage (no main effect of 602 

group: F(1,13) = 0.069, p = 0.797; no group x day interaction: F(1,13) = 0.034, p = 0.857). 603 

During Stage II, the Block groups showed high levels of fear to CSAB whereas the Control 604 

groups learned to fear CSAB (main effect of group: F(1,26) = 90.41, p < 0.05; main effect of 605 

day: F(1,26) = 49.94, p < 0.001; group x day interaction: F(1,26) = 43.23, p < 0.001) (Figure 606 

6C). There was no effect of photoinhibition of BLA PV neurons during Stage II. At test, the 607 

Block groups showed less fear compared to Control groups (main effect group: F(1, 26) = 608 

65.42, p < .0001) – again demonstrating successful blocking and the role of prediction error 609 

in constraining fear association formation. Importantly, silencing BLA PV neurons during the  610 

---Figure 6 about here---- 611 

expected shock in Stage II reduced this blocking (group x virus interaction (F 1,26) = 8.51, p 612 

< 0.007; eNpHR3.0-Block vs eYFP-Block F(1,13) = 9.06, p = 0.01) (Figure 6C). PV neuron 613 

inhibition did not augment learning in the control group in this experiment (eNpHR3.0-614 

Control vs eYFP-Control F(1,13) = 1.25, p = 0.285), in contrast to our earlier experiment. 615 

This is unsurprising. The experimental parameters, including the amount of training, US 616 

intensity, use of a compound CS, and conditions of testing were optimised to detect 617 

associative blocking not augmentation of de novo fear learning.  618 
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Discussion 619 

Here we used the PV-Cre rat (Wright et al., 2021) to study the role of BLA PV 620 

neurons in Pavlovian fear conditioning and aversive prediction errors. We first confirmed the 621 

validity of the PV-Cre rat. Cre-dependent AAVs robustly expressed in BLA neurons with high 622 

levels of selectivity to PV neurons. Although it is worth noting that less than half of the BLA 623 

PV neurons we identified expressed the AAV constructs. This relatively low expression was 624 

observed across two different AAVs, so does not appear to be specific to choice of AAV, but 625 

whether it is unique to the PV-Cre rat or whether it also observed in the PV-Cre mouse is 626 

unknown. We confirmed the electrophysiological properties of these PV neurons as well as 627 

their ability to inhibit action potential firing in BLA projection neurons. Together, these 628 

findings confirm the utility of the PV-Cre rat for studying BLA PV neuron functions. 629 

 630 

Amygdala PV neurons have different roles in learning fear and extinction 631 

PV neurons show heterogenous responses to noxious stimuli (Bienvenu et al., 2012). 632 

In fear conditioning, single-unit recordings show that some PV neurons can be inhibited by a 633 

footshock US to disinhibit BLA projection neurons allowing fear association formation (Wolff 634 

et al., 2014). By contrast, in calcium imaging studies, many PV neurons are excited by 635 

footshock (Krabbe et al., 2019) and this is consistent with findings that footshock causes 636 

rapid inhibitory synaptic input to restrict action potential generation and firing frequency of 637 

BLA projection neurons (Windels et al., 2010).  Here we show that, at the population level, 638 

rat BLA PV neurons are robustly activated by the shock US, that in vitro excitation of these 639 

neurons inhibits BLA projection neurons, and that silencing PV neurons during shock USs 640 

impairs fear learning whereas exciting PV neurons augments fear learning. Although fibre 641 

photometry did not allow us to resolve the activity of individual BLA PV neurons, our findings 642 

from photoinhibition and photoexcitation show a key role for shock-US evoked PV neuron 643 

activity in constraining fear learning.   644 

In contrast to these effects on fear learning, BLA PV inhibition at the time of shock 645 

US omission had no effect on fear extinction learning. Fear extinction learning proceeded 646 
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normally despite inhibition of BLA PV neurons at the time of the absent but expected US. 647 

This was surprising because BLA PV neurons are important for fear extinction. For example, 648 

fear extinction remodels mouse BLA PV networks to cause increased perisomatic inhibition 649 

onto BLA fear neurons during extinction retrieval (Davis et al., 2017; Trouche et al., 2013). 650 

Specifically, PV neurons permit extinction retrieval by balancing two competing local field 651 

potential oscillations, one of which (3-6Hz) is associated with CS-evoked conditioned 652 

freezing (Davis et al., 2017). Our findings suggest that despite this role in fear extinction 653 

expression, fear extinction learning itself does not depend on BLA PV activity at the time of 654 

US omission. This raises the interesting possibility that the role for BLA PV neurons in fear 655 

extinction is linked to changes in CS processing. 656 

The basis for this dissociation in how BLA PV neurons regulate fear and extinction 657 

learning is unclear. One possibility is that different populations of PV neurons or different 658 

local inhibitory microcircuits are important. PV neurons have diverse firing properties and 659 

form multiple networks in the BLA, including PV neuron  projection neuron, projection 660 

neuron  PV neuron,  and PV neuron  other interneuron networks (Woodruff and Sah, 661 

2007b). There are also differences in fear conditioning-related plasticity between PV 662 

neurons located across the amygdala (Lucas et al., 2016).  This considerable diversity in 663 

how PV neurons contribute to the intrinsic circuitry of the BLA, and in their plasticity, could 664 

underpin these different roles in learning about aversive shock USs and their absence 665 

(Morrison et al., 2016).  666 

 667 

Variations in US evoked activity in PV neurons  668 
 669 

BLA PV neurons were strongly excited by an unexpected US and these responses 670 

decreased as the US became expected. This change in sensitivity to the US was not due to 671 

US habituation because PV activity could be rescued by presentations of an unsignalled US. 672 

Instead, this expectation-modulation of PV activity was directly related to variations in fear 673 

prediction error, with stronger excitation to a US that supported fear learning (high prediction 674 

error) than to the same US that did not (low prediction error). It is also worth noting that 675 
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these changes were observed by averaging PV activity across seconds following event 676 

onset. Coupled with the slow kinetic profile of gCaMP7s (Dana et al., 2019), our measure 677 

prioritised signal sensitivity over temporal specificity. 678 

 Although clearly demonstrating modulation by prediction error, our findings 679 

argue against the possibility that BLA PV neurons compute this error. If PV neurons 680 

computed a prediction-error signal to gate US activity of BLA projection neurons, then PV 681 

neurons should show the greatest excitation at the time of the expected shock US when 682 

projection neurons require the greatest inhibition. Indeed, GABA neurons that regulate 683 

reward prediction error signalling in VTA dopamine neurons show precisely this activity 684 

profile. During appetitive conditioning, VTA dopamine neurons are recruited by surprising or 685 

unexpected rewards but not by expected rewards (Schultz, 2006; Schultz et al., 1997). VTA 686 

GABA neurons show a profile of ramping activity at CS onset, peaking at the moments of US 687 

delivery to inhibit both US-evoked responses in VTA dopamine neurons and reward learning 688 

(Cohen et al., 2012; Eshel et al., 2015). We did not observe this. Instead, we found the 689 

opposite. US-evoked activity in PV neurons was greatest for an unexpected shock US and 690 

decreased as prediction error decreased. This same profile of prediction-error related 691 

changes has been reported in rat single unit recordings of slow (putative projection) and fast 692 

(putative interneurons) firing BLA neurons (Johansen et al., 2010), in mouse single-unit 693 

recordings of identified VIP interneurons (Krabbe et al., 2019), and in mouse BLA (McHugh 694 

et al., 2014) as well as human amygdala fMRI BOLD signals (Eippert et al., 2012; Michely et 695 

al., 2020). It appears to be a common feature of distinct BLA cell-types despite these cell 696 

types having distinct roles in fear learning (Krabbe et al., 2019; Letzkus et al., 2015; Tovote 697 

et al., 2015).   698 

One interesting feature of these results was that BLA PV neuron function in fear 699 

learning was preserved across these changes in US sensitivity.  If PV inhibition scales with 700 

incoming excitatory input, strong PV inhibition in response to strong excitatory input from an 701 

unexpected shock could serve to limit fear learning. On the other hand, weak PV inhibition in 702 

response to weak excitatory input from an expected shock may permit the updating of fear 703 
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associations in the face of any new additional information such as changes to features of the 704 

US (Betts et al., 1996).  Fear learning depends on the aversive valence of the footshock US 705 

but it also depends on the specific sensory features of the US such as its duration and 706 

precise location which are critical for ensuring that defensive behavior is appropriately 707 

directed to protect the organism (Brandon et al., 1994).  The BLA is essential to learning 708 

about these specific sensory features (Balleine and Killcross, 2006). Variations in these 709 

sensory features (i.e. identity prediction errors) allow learning about changes in US identity 710 

which is dissociable from learning about its aversive value (Betts et al., 1996; Bradfield and 711 

McNally, 2008).  Thus, PV neurons could act to maintain selectivity of BLA learning circuits 712 

to the precise sensory features of the US despite variations in the overall strength of US 713 

inputs during conditioning circuits (Ferguson and Cardin, 2020), thereby allowing updating of 714 

fear associations when these features change. However, this awaits further investigation.  715 

 716 

Conclusions   717 

Here we used the PV-Cre rat (Wright et al., 2021) to study the role of BLA PV 718 

neurons in Pavlovian fear conditioning and aversive prediction errors. We show that BLA PV 719 

neurons control learning about aversive events but not learning about their omission. 720 

Furthermore, we show changes in sensitivity of BLA PV neurons to the US across 721 

conditioning so that US-evoked activity of BLA PV neurons is modulated by US expectation, 722 

and specifically by aversive prediction error. We suggest that this enables BLA fear learning 723 

circuits to retain selectivity for specific US sensory features across variations in US 724 

expectation, permitting the rapid updating of fear associations when these features change.  725 
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Figure Legends 920 
 921 
Figure 1.  PV neuron specific transgene expression.  PV-Cre rats received BLA infusions 922 
of Cre-dependent eNpHR3.0-eYFP (n = 5) or Cre-dependent eYFP (n =3). A, Expression of 923 
eNpHR3.0-eYFP in BLA PV neurons. B, Higher magnification image showing dual labelled 924 
eNpHR3.0-eYFP/PV neurons. Dual labelled neurons shown with white arrows, single PV-925 
labelled neurons with black arrows C, Higher magnification image showing dual labelled 926 
eYFP/PV neurons (white arrows) and single PV-labelled neurons with black arrows. Scale 927 
bars = 200 m.  D, Nearly half of BLA PV neurons expressed eYFP and the majority of 928 
eYFP neurons were co-labelled with PV.  929 
 930 
Figure 2. Light-evoked responses of eNpHR3.0 and ChR2 PV BLA neurons. A, Gradient 931 
contrast image (left) and green fluorescent image of PV neuron (right). B, Voltage response 932 
to current injections. C, Example of light-evoked suppression of PV neuronal firing. D, Mean 933 
(± SEM; n = 6) PV neuron firing frequency in presence and absence of light stimulation.  934 
Shaded areas indicate timing of light presentation.  E, Example of light-evoked excitation of 935 
PV neuronal firing. F, Example of inhibition of BLA projection neuron (PN) firing by light-936 
evoked excitation of PV neuron. G, Mean PV (n = 6) and PN (± SEM; n = 4) firing frequency 937 
in presence and absence of light stimulation. 25 Hz PV stimulation was better able to sustain 938 
PV neuron firing but there was no difference between these stimulation types in PN neuron 939 
inhibition. * p < .05. 940 
 941 
Figure 3. Bi-directional modulation of fear learning by optogenetic manipulation of 942 
BLA PV neurons.  A, PV-Cre rats received infusions of Cre-dependent eNpHR3.0, eYFP, 943 
or ChR2 into BLA and application of fiber optic cannulae into the BLA. B – D, Location of 944 
fibre tips in BLA and eNpHR3.0 or ChR2 expression for each rat. Viral spread shown is 945 
specific to expression within the BLA and does not show occasional spread into adjacent 946 
regions.  E, BLA PV photoinhibition during shock US augmented fear learning (eYFP n = 8, 947 
eNpHR3.0 n = 8). F, BLA PV photoinhibtion during the inter-trial interval had no effect (eYFP 948 
n = 8, eNpHR3.0 n = 7). G, ChR2 (n = 7) photoexcitation during the shock US impaired fear 949 
learning compared to control (eYFP n = 8). H, BLA PV photoinhibtion during shock omission 950 
(eYFP n = 7, eNpHR3.0 n = 9) had no effect on fear extinction. Inset shows responding to 951 
the first CS of each extinction session * p < 05. 952 
 953 
Figure 4. Expectation modulation of BLA PV neurons. A, PV-Cre rats (n = 7) received 954 
AAV encoding Cre-dependent gCaMP7s and fiber optic cannulae into the BLA. Viral spread 955 
shown is specific to expression within the BLA and does not show occasional spread into 956 
adjacent regions. B, Subject-based, signalled US-evoked transients on Day 1 and 4 (Test). 957 
Bars above transients show periods significantly different to 0% ΔF/F each day (p < .05). C, 958 
Subject-based US-evoked transients on test for unsignalled and signalled footshock. 959 
Coloured bars above transients show periods significantly different to 0% ΔF/F (p < .05) for 960 
each condition and yellow bar shows periods of significance between conditions. D, Subject-961 
based AUC ΔF/F 0 – 7s after US onset. *p < .05. 962 
 963 
Figure 5. Prediction error modulation of BLA PV neurons. A – B, PV-Cre rats (n = 19) 964 
received AAV encoding Cre-dependent gCaMP7s and fiber optic cannulae into the BLA. 965 
Location of fibre tips in BLA and gCaMP expression for each rat. Viral spread shown is 966 
specific to expression within the BLA and does not show occasional spread into adjacent 967 
regions.Two-colour immunofluorescence showed gCaMP7s expression in PV neurons (n = 968 
2). C, Blocking of associative fear learning. Group Block (n = 10) showed more fear to CSAB 969 
than Group Control (n = 9) in Stage II but Group Control learned to fear CSAB in Stage II. 970 
Group Control were more afraid of CSB on test than Group Block. D, Fibre photometry 971 
showing US-evoked transients in BLA PV neurons during Stage II of associative blocking for 972 
groups Control and Block. Coloured bars above transients show periods significantly 973 
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different to 0% ΔF/F (p < 0 .05). E, Subject-based ΔF/F 0 – 7s after US onset. F, Trial-based 974 
ΔF/F 0 – 7s after US onset. * p < .05. 975 
Figure 6. BLA PV neurons constrain association formation under variations in 976 
prediction error. A – B, PV-Cre rats received BLA infusions of Cre-dependent eNpHR3.0 or 977 
eYFP and fiber optic cannulae into the BLA. Viral spread shown is specific to expression 978 
within the BLA and does not show occasional spread into adjacent regions. C, eNpHR3.0-979 
Block (n = 8) and eYFP-Block (n = 7) both learned fear to CSA in Stage I and eYFP-Control 980 
(n = 8) learned to fear CSAB during Stage II.  Blocking was demonstrated at test. BLA 981 
photoinhibition during the Stage II shock US reduced blocking and restored fear learning to 982 
CSB in group eNpHR3.0-Block. * p < .05. 983 
 984 














