
Copyright © 2021 the authors

Research Articles: Systems/Circuits

Hippocampal inputs in the prelimbic cortex
curb fear after extinction

https://doi.org/10.1523/JNEUROSCI.0764-20.2021

Cite as: J. Neurosci 2021; 10.1523/JNEUROSCI.0764-20.2021

Received: 2 April 2020
Revised: 23 July 2021
Accepted: 29 July 2021

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

1 

Hippocampal inputs in the prelimbic cortex curb fear after extinction 1 

 2 

Weronika Szadzinska, Konrad Danielewski, Kacper Kondrakiewicz, Karolina Andraka, 3 

Evgeni Nikolaev, Marta Mikosz, Ewelina Knapska 4 

 5 

 6 

Neurobiology of Emotions Laboratory, Nencki-EMBL Partnership for Neural Plasticity and 7 

Brain Disorders – BRAINCITY, Nencki Institute of Experimental Biology of Polish 8 

Academy of Sciences, Pasteur 3, 02-093 Warsaw, Poland 9 

 10 

Address correspondence to Ewelina Knapska, Nencki-EMBL Partnership for Neural Plasticity 11 

and Brain Disorders – BRAINCITY, Nencki Institute of Experimental Biology of Polish 12 

Academy of Sciences, Pasteur 3, 02-093 Warsaw, Poland 13 

 14 

email: e.knapska@nencki.edu.pl 15 

 16 

 17 

  18 



 

2 

ABSTRACT 19 

In contrast to easily formed fear memories, fear extinction requires prolonged training. 20 

The prelimbic cortex (PL), which integrates signals from brain structures involved in fear 21 

conditioning and extinction such as the ventral hippocampus (vHIP) and the basolateral 22 

amygdala (BL), is necessary for fear memory retrieval. Little is known, however, about how 23 

the vHIP and BL inputs to the PL regulate the display of fear after fear extinction. Using 24 

functional anatomy tracing in male rats, we found two distinct subpopulations of neurons in 25 

the PL activated by either the successful extinction or the relapse of fear. During the retrieval 26 

of fear extinction memory, the dominant input to active neurons in the PL was from the vHIP, 27 

whereas the retrieval of fear memory, irrespective of the age of a memory and testing context, 28 

was associated with greater BL input. Optogenetic stimulation of the vHIP-PL pathway after 29 

one session of fear extinction increased conditioned fear, while stimulation of the vHIP inputs 30 

after several sessions of extinction decreased the conditioned fear response. This latter effect 31 

was, however, transient, as stimulation of this pathway 28 days after extinction increased 32 

conditioned fear response again. The results show that repeated fear extinction training 33 

gradually changes vHIP-PL connectivity making fear suppression possible, whereas in the 34 

absence of fear suppression from the vHIP, signals from the BL can play a dominant role, 35 

resulting in high levels of fear.  36 

  37 

keywords: fear memory, fear extinction, ventral hippocampus, prelimbic cortex, prefrontal 38 

cortex, basolateral amygdala 39 

 40 
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STATEMENT OF SIGNIFICANCE 42 

Behavioral therapies of fear are based on extinction learning.  As extinction memories 43 

fade over time, such therapies produce only temporary suppression of fear, which constitutes 44 

a clinical and societal challenge. In our study, we provide a framework for understating the 45 

underlying mechanism by which extinction of fear memories fade, by demonstrating the 46 

existence of two subpopulations of neurons in the prelimbic cortex, associated with low and 47 

high levels of fear. Insufficient extinction and exposure to the context in which fear memory 48 

was formed promoted “high fear” neuronal activity in the prelimbic cortex, leading to fear 49 

retrieval. Extensive extinction training, on the other hand, boosted “low fear” neuronal 50 

activity and, as a result, extinction memory retrieval. This effect was, however, transient and 51 

disappeared with time.  52 
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INTRODUCTION 53 

Having flexibility to adjust emotional responses to a changing environment is a critical 54 

component of normal behavior. In the absence of an imminent threat, when fear is no longer 55 

adaptive, its expression can be suppressed by extinction, i.e., the repeated presentation of a 56 

stimulus associated with fear (conditioned stimulus, CS) in the absence of an aversive event 57 

(Maren, 2011). It is thought that extinction is a form of new learning and therefore leads to 58 

competition between fear and extinction memories (Konorski, 1948; Bouton 1993; Bouton 59 

2004; Rescorla 2001). In contrast to fear memory, which can be formed instantly (Öhman, 60 

1975) and is easily retrieved throughout the entire lifetime of an animal (Gale et al., 2004), 61 

formation of fear extinction memory requires a significant number of trials and its retrieval 62 

becomes more difficult with the passage of time.  63 

Human and animal studies implicated the medial prefrontal cortex in regulation of fear 64 

based on previously learned information. In particular, its dorsal part, the prelimbic cortex 65 

(PL), has been associated with retrieval of fear memory (Burgos-Robles et al., 2009; Giustino 66 

and Maren, 2015; Sierra-Mercado et al., 2011). The PL receives inputs from the basolateral 67 

amygdala (BL), a brain region storing memories of both fear and fear extinction (Fanselow 68 

and LeDoux, 1999) and the ventral hippocampus (vHIP), a structure critical for the contextual 69 

gating of fear responses (Barad et al., 2006; Hoover and Vertes, 2007; Ji and Maren, 2007). It 70 

has been shown that after fear extinction, the BL promotes fear signaling in the PL (Sotres-71 

Bayon et al., 2012; Senn et al., 2014). Similarly, activation of the vHIP-PL pathway has been 72 

associated with retrieval of fear memory (Orsini et al., 2011; Jin and Maren, 2015; Wang et 73 

al., 2016; Kim and Cho, 2017) and increased anxiety (Adhikari et al., 2010; Padilla-Coreano 74 

et al., 2016; Parfitt et al., 2017). On the other hand, some reports have also indicated that the 75 

vHIP-PL pathway can reduce fear (Sotres-Bayon et al, 2012; Vasquez et al., 2019), however 76 

the exact role of this pathway in expression and extinction of conditioned fear is not known. 77 
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Little is also known about how the PL integrates information from the BL and vHIP after 78 

extinction occurred. 79 

Here we study the role of the BL and vHIPP signals in the PL in rats tested for recent 80 

and remote fear extinction memory using immunohistochemistry, functional connectivity 81 

tracing, and optogenetics. CS presentation outside the extinction context results in the 82 

recovery of the previously conditioned fear response (fear renewal). Because extinguished 83 

fear is context-dependent, we systematically compared patterns of activation and connectivity 84 

in both the extinction and conditioning contexts. Irrespective of the age of a fear extinction 85 

memory and the testing context, in animals with high levels of fear, the activated neurons 86 

within the PL were innervated mainly by the BL. In contrast, low levels of fear were 87 

associated with activation of neurons that receive dominant projections from the vHIP. Since 88 

the vHIP input to the PL has been previously shown to both increase freezing and reduce fear 89 

(Kim and Cho, 2017), we tested the effects of optogenetic stimulation of the vHIP-PL 90 

pathway. We observed that after one session of fear extinction, vHIP-PL activation leads to an 91 

increased display of fear. However, after several sessions of extinction, the effect is opposite. 92 

These results show that extensive fear extinction training gradually rebuilds vHIP-PL 93 

connectivity, making fear suppression possible. This effect is, however, transient and 94 

disappears with time. 95 

 96 

MATERIALS AND METHODS 97 

Animals 98 

In all experiments, male Long-Evans, Wistars, or PSD-95:Venus transgenic rats (220-99 

400 grams at the beginning of the experiment) bred in the Nencki Institute Animal House 100 

were used. Animals were housed individually in transparent plastic cages placed on standard 101 

stainless steel racks. Rats had access to water and food ad libitum and were kept under a 102 
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12/12 light-dark cycle. Behavioral experiments were performed during the light phase. All 103 

procedures were followed in accordance with the Polish Act on Animal Welfare, after 104 

obtaining specific permission from the first Warsaw Ethical Committee on Animal Research. 105 

 106 

PSD-95:Venus transgenic rats  107 

 PSD-95:Venus transgenic rats were used for visualization of synapses in activated 108 

neurons. The construct allows the dendrites and synapses of activated neurons to be visualized 109 

with fluorescent tags by encoding PSD-95 (a major component of postsynaptic densities), an 110 

Arc UTR, dendrite localizing sequences, a c-fos promoter (which makes the expression 111 

dependent on neuronal activation), and Venus reporter protein. The reporter protein is placed 112 

under the control of a shortened c-fos sequence (encoding only the first four amino acids of c-113 

Fos) and therefore lacks the nuclear localization signal. Such an approach preserves promoter 114 

inducibility, allowing for the visualization of neuronal morphology (for details see Knapska et 115 

al, 2012). 116 

 117 

Surgical Procedures 118 

Functional anatomy tracing 119 

Six or seven days before behavioral training, rats received bilateral intracranial 120 

injections of the anterograde axonal transport tracers tetrame-thylrhodamine (FluoroRuby, 121 

FR) and PHA-L Alexa Fluor 647 conjugate (Invitrogen; Molecular Probes) into the BL and 122 

vHIP. The sides of the injection and the type of the tracer were counterbalanced between the 123 

brain structures. All surgical instruments were sterilized before surgery. Rats were 124 

anesthetized with isoflurane (Aerane). Ocular lubricant was used to moisten the eyes and the 125 

scalp was shaved. After being placed into the stereotaxic apparatus (David Kopf Instruments), 126 

the scalp was disinfected with 70% (vol/vol) alcohol, incised, and retracted. Two small burr 127 
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holes were drilled to allow a Hamilton syringe needle (1 μL) to be lowered into the desired 128 

part of the brain. The coordinates used were as follows: BL [anteroposterior (AP), -2.2; 129 

mediolateral (ML), ±4.8; dorsoventral (DV), −8.6], vHIP [AP, −5.3; ML, ±5.5; DV, −7.0], FR 130 

[10% (wt/vol) solution in distilled water] and PHA-L [2.5% (wt/vol) solution in 0.1 M sodium 131 

PBS, pH 7.4] were delivered into the BL and vHIP with the use of a Hamilton syringe 132 

(MicroSyringe Pump; World Precision Instruments; 0.5 μL total volume; 25 nL/min for 20 133 

min; the needle remained in place for another 20 min to allow for the diffusion of the tracer). 134 

After the injection, the incision was sutured and treated with an antibiotic ointment, and the 135 

animals were administered an analgesic (Tolfedine; 4 mg/kg; s.c.). To avoid dehydration, the 136 

animals were given 1 mL of warm 0.95% NaCl/100 g of body weight by s.c. injection. The 137 

rats were kept on a heating pad until they recovered from anesthesia before returning to their 138 

home cages. The animals were allowed 6–7 d of postoperative recovery. 139 

 140 

Virus injections and optic fibers implantations 141 

The adeno-associated viral vector used [rAAV5 CaMKIIα-hChR2 (H134R)-EYFP] 142 

was purchased from Addgene. Viral titers were 5.24 × 1011 particles/ml. Fourteen days before 143 

the behavioral training, the experimental and control rats received bilateral intracranial 144 

injections of the virus [experimental: rAAV5 CaMKIIα-hChR2 (H134R)-EYFP, control: 145 

rAAV5 CaMKIIα (H134R)-EYFP] into the vHIP. Rats were anesthetized with isoflurane 146 

(Aerane) and an analgesic was administered (Butomidor 1 mg/kg; s.c.). Ocular lubricant was 147 

used to moisten the eyes, the scalp was shaved, and 2% lidocaine gel was applied. After being 148 

placed into the stereotaxic apparatus (Stoelting), the scalp was disinfected with 70% (vol/vol) 149 

alcohol, incised, and retracted. Two small burr holes were drilled to allow for a Nanofil 35GA 150 

beveled needle (World Precision Instruments, mod. NF35BV-2) to be lowered into the desired 151 

part of the brain and another two holes were drilled over the PL to allow optic fiber 152 
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application. The coordinates used were as follows: PL [anteroposterior (AP) +3.2; 153 

mediolateral (ML) ±0.6; dorsoventral (DV) −2.2], vHIP [(AP) −5.3; (ML) ±5.5; (DV) −7.0]. 154 

An additional 3 small holes were drilled and 3 skull screws were placed to secure a cement 155 

cap. The virus was delivered using a Nanofil syringe and infusion pump (MicroSyringe 156 

Pump; World Precision Instruments; volume 250nl; speed 100nl/min; for 5 min; the needle 157 

remained in place for another 5 min to allow for the virus diffusion). After injection, the optic 158 

fiber cannulas were mounted (Thor Labs fibers 0.22NA, 100 μm core mod. UM22-100; 159 

placed in Ceramic Ferrules mod. CFLC128-10; connected to self-made threaded covers with 160 

Data Optics Hysol epoxy glue no. 0151). Optic fibers were inserted bilaterally into the PL at 161 

an angle of 20° to prevent stimulation of the infralimbic cortex. Then, the exposed skull was 162 

coated with dental cement. All the animals were administered an analgesic/anti-inflammatory 163 

(Tolfedine; 4 mg/kg; s.c.) and antibiotic (Baytril; 2.5 mg/kg; s.c.). To avoid dehydration, the 164 

animals were given 1 mL of warm 0.9% NaCl/100 g of body weight by s.c. injection. The rats 165 

were kept on a heating pad until they recovered from anesthesia before returning to their 166 

home cages.  167 

 168 

Behavioral Apparatus 169 

Modular conditioning chambers (VFC-008 Standard fear conditioning chamber or 170 

ENV-008 Standard modular test chamber; Med Associates) were used for all phases of the 171 

experiment. The floor of the chamber was equipped with stainless-steel rods wired to a shock 172 

source and a solid-state grid scrambler (Med Associates) for footshock (US) delivery. 173 

Stainless-steel pans were placed underneath the grid floor before the animals were placed 174 

inside the box. The chambers were lit with house lights. A speaker mounted in one of the 175 

chamber walls was used for the delivery of the acoustic conditioned stimuli (CS). Sensory 176 

stimuli were adjusted within these chambers to generate two distinct contexts (A and B). For 177 
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context A, a house light mounted in the ceiling of the cage was illuminated and the room 178 

lights remained on. The chambers were cleaned with a 1% ammonium hydroxide solution and 179 

stainless-steel pans containing a thin film of the same solution were placed underneath the 180 

grid floors. This was done before the rats were placed inside to provide a distinct odor. 181 

Ventilation fans supplied background noise (65 dB). For context B, all room and chamber 182 

house lights were turned off as were the ventilation fans while the computer screen provided 183 

illumination. White Plexiglas floors were placed on the grid of each chamber, and chambers 184 

were cleaned with a 1% acetic acid solution. Stainless-steel pans containing a thin film of this 185 

solution were placed underneath the floors before the rats were placed inside. In the ENV-008 186 

Standard modular test chamber, animal behavior was recorded with an IP camera (Alexim, 187 

model AXP CUBE P2P S) equipped with a fish eye objective and placed in front of the 188 

transparent front door of the chamber. Video was then digitized by a computer system. 189 

Freezing was defined as the cessation of all movement, except what was required for 190 

respiration, for at least 1 s. The freezing recognition software converted the cumulative time 191 

spent freezing into a percentage score. For the experiments performed in VFC-008 Standard 192 

fear conditioning chambers, freezing was analyzed with the software delivered by 193 

MedAssociates (c-Fos mapping and functional anatomy tracing experiments), whereas 194 

freezing recorded in the ENV-008 Standard modular test chamber (optogenetic experiments) 195 

was analyzed with Beha Active software (http://www.pmbogusz.net/). 196 

 197 

Behavioral Training and Testing 198 

c-Fos mapping  199 

Rats were submitted to three phases of training: fear conditioning, extinction, and 200 

retrieval testing. For fear conditioning, rats were placed in the conditioning chambers in 201 

context A. The rats received five tone (10 s; 80 dB; 2 kHz)-footshock (1 s; 1 mA) trials (70s 202 
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intertrial interval - ITI) beginning 3 min after being placed in the chambers. Sixty seconds 203 

after the final shock, the rats were returned to their home cages. 24 hours after the 204 

conditioning session, rats were subjected to fear extinction, which consisted of the 205 

conditioned tone in a novel context [B]. Rats received 45 CS presentations (10 s; 80 dB; 2 206 

kHz; 70-s ITI) 2 min after placement in the context. Testing took place 1 or 28 days after the 207 

extinction training in context A or B. 208 

 209 

Functional anatomy tracing  210 

Rats were subjected to fear conditioning and extinction sessions as described above. 211 

Testing took place 5 or 28 days after the extinction session, either in context A or B. Five 212 

days is the time period required for the expression of the PSD-95:Venus fusion protein to go 213 

back to the basal level following induction by fear conditioning and extinction (cf. Knapska et 214 

al., 2012). 215 

 216 

Optogenetic experiments  217 

The first set of experiments (Fig.3). Rats were subjected to the fear conditioning and 218 

extinction sessions as described above. The first group was submitted to fear conditioning and 219 

one extinction session, and the second group to fear conditioning and two extinction sessions. 220 

Testing consisted of 21 CS presentations that started 2 min after the placement of rats in the 221 

chambers, one day after the last extinction session. In the three consecutive blocks, the first 222 

two CSs (10 s; 80 dB; 2 kHz; 60 s ITI) were not paired with any stimulation while the 223 

following five CSs were paired with optogenetic stimulation (473 nm, 10 mW, 5 ms pulses, 224 

20 Hz). The light stimulation began 10 s prior to the CS presentation. In addition, a control 225 

group was included in each of the experiments: rats injected with the control virus not 226 
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containing channelorhodopsin. Fear level was assessed during the extinction and testing 227 

sessions by measuring time spent freezing during the CS presentation. 228 

The second set of experiments (Fig.4). Rats were subjected to the fear conditioning 229 

and extinction sessions as described above. The first group was submitted to fear conditioning 230 

session and tested without fear extinction on two subsequent days (in context B and context 231 

A, respectively). Then, on the next day, the animals were subjected to the extinction session. 232 

The second group was subjected to fear conditioning, two sessions of fear extinction (on two 233 

consecutive days), testing on two subsequent days (in context B and context A, respectively), 234 

and the third session of extinction (with stimulation). Then, the rats were tested again after 28 235 

days in context B and context A (on two subsequent days). Testing consisted of 10 CS (10 s; 236 

80 dB; 2 kHz; 60 s ITI) presentations - first 5 without laser stimulation and the following 5 237 

with laser stimulation synchronized with the CS onset (473 nm, 10 mW, 5 ms pulses, 20 Hz). 238 

The extinction session with stimulation consisted of 45 CS presentations in alternating pattern 239 

of  5CS blocks without and with stimulation. The control group was included in each of the 240 

experiments: rats injected with the control virus not containing channelorhodopsin. Fear level 241 

was assessed during the extinction and testing sessions by measuring time spent freezing 242 

during the CS presentation. When the level of freezing was very low time spent in ‘relaxed 243 

posture’ was measured. Relaxed posture has been previously described as: ‘animal resting on 244 

their legs in ball-shaped like posture with tailed laid around their body and head mostly 245 

position vertically’ (Tang, 2001). The video recordings were analyzed by the observer blind 246 

to experimental condition who assess freezing and relaxed posture when the CSs were 247 

presented. 248 

 249 

Optogenetic stimulation 250 
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A laser with a wavelength of 473 nm and maximum output of 100 mW (Omicron-251 

Laserage) was used. The light was delivered through a rotary joint (Doric Lenses) to two optic 252 

fibers (Thorlabs – core 200 μm, NA 0.37, 2m in length) and from there to thread-attached 253 

self-made optic fiber cannulas. The typical laser power at the cannula tip was 10 mW. The 254 

laser onset was triggered by TTL output from the conditioning chamber (Med Associates). 255 

The laser pulsation (5ms pulse duration, 20Hz) was controlled by an Arduino board. The laser 256 

power output was measured using a commercial power meter (Thorlabs model PM200 with 257 

S121C sensor). 258 

 259 

c-Fos immunohistochemistry 260 

Rats were anesthetized with an overdose of sodium pentobarbital and perfused 261 

intracardially with ice-cold phosphate-buffered saline (PBS, pH 7.4) followed by 4% 262 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and stored in 263 

the same fixative for 24 h at 4°C, and subsequently immersed in 30% sucrose at 4°C. The 264 

brains were then slowly and gradually frozen and sectioned at 40 μm on a cryostat. The 265 

coronal brain sections containing the BL, vHIP, and PL were collected. The 266 

immunohistochemical staining was performed on free-floating sections. The sections were 267 

washed three times in PBS (pH 7.4), incubated for 10 min in 0.03% H2O2 in PBS, washed 268 

twice in PBS, and incubated with a polyclonal antibody (anti-c-for, 1:1000; Santa Cruz 269 

Biotechnology no. sc-52), in PBS and normal goat serum (3%; Vector) for 48 h at 4°C. The 270 

sections were then washed three times in PBS with 0.3% Triton X-100 (Sigma), incubated 271 

with goat anti-rabbit biotinylated secondary antibody (1:500; Vector) in PBS/Triton and 272 

normal goat serum (3%) for 2 h at room temperature, washed three times in PBS/Triton, 273 

incubated with avidin–biotin complex (1:1000 in PBS/Triton; Vector ABC kit) for 1 h at 274 

room temperature, and washed three times in PBS. The immunostaining reaction was 275 
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developed using the oxidase-diaminobenzidine-nickel method. The sections were incubated in 276 

distilled water with diaminobenzidine (DAB; Sigma), 0.5 M nickel chloride, and peroxidase 277 

(Sigma) for 5 min. The staining reaction was stopped by three washes with PBS. The reaction 278 

resulted in a dark-brown stain within the nuclei of c-Fos immunoreactive neurons. The 279 

sections were mounted on slides, air dried, dehydrated in ethanol solutions and xylene, and 280 

cover slipped with Permount (Fisher Chemicals). 281 

 282 

c-Fos+GAD67 immunohistochemistry 283 

The immunohistochemical staining was performed on free-floating sections. The 284 

sections were washed three times in phosphate-buffered saline (PBS, pH 7.4), incubated for 285 

10 min in 0.03% H2O2 in PBS, washed once in PBS, incubated for 1 hour in 10% NGS with 286 

PBS and incubated with a polyclonal antibody (anti-c-Fos, 1:1000; Santa Cruz Biotechnology 287 

no. sc-52 and anti-GAD67, 1:4000, Temecula Cal., MAB5460) in PBS for 96 h at 4°C. 288 

Sections were then washed three times in PBS with 0.3% Triton X-100 (Sigma), incubated 289 

with goat anti-rabbit biotinylated secondary antibody (1:1000; Vector) in PBS for 2 h at room 290 

temperature, washed three times in PBS/Triton, incubated with avidin–biotin complex 291 

(1:1000 in PBS; Vector, ABC kit) for 1 h at room temperature, and washed three times in 292 

PBS. The immunostaining reaction was developed using the oxidase-diaminobenzidine-nickel 293 

method. The sections were incubated in distilled water with diaminobenzidine (DAB; Sigma), 294 

0.5 M nickel chloride, and peroxidase (Sigma) for 5 min. The staining reaction was stopped 295 

by three washes with PBS. The sections were incubated in PBS overnight. The following day, 296 

sections were incubated for 2 hours with secondary goat anti-mouse antibody (1:1000, 297 

Vector) in PBS, washed three times in PBS/Triton, incubated with avidin–biotin complex 298 

(1:500 in PBS; Vector, ABC kit) for 1 h at room temperature, and afterwards washed three 299 

times with PBS. Subsequent sections were stained using VIP purple kit (Vector, SK-4600). 300 
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The reaction was stopped after 1-2 min by three washes in PBS.  The reaction resulted in a 301 

black stain within the nuclei of c-Fos immunoreactive neurons and purple stain in cell bodies 302 

of GAD67 positive cells. The sections were mounted on slides, air-dried, dehydrated in 303 

xylene, and cover slipped with Entellan (Merck Millipore). 304 

 305 

Fluorescent immunostaining for GFP 306 

The immunofluorescent staining was performed on free-floating sections. The sections 307 

were washed with PBS with 0.2% Triton X-100 (PBST), blocked with 5% (vol/vol) normal 308 

donkey serum in PBST, and incubated overnight at 4°C with anti-GFP rabbit antibody 309 

(Invitrogen) diluted with 1% normal donkey serum (NDS) in PBST. The next day, sections 310 

were rinsed with PBST before 1-h incubation at room temperature with a secondary antibody 311 

conjugated to Alexa Fluor 488 (1:500; Invitrogen). After several washes, the sections were 312 

mounted onto glass slides, air-dried, overlaid with Vectashield Mounting Medium, and 313 

covered with a glass coverslip. 314 

 315 

Image Capture and Analysis.  316 

The measure of c-Fos immunopositivity was expressed as density, determined in the 317 

following manner: for each brain section, the number of c-Fos immunopositive nuclei in areas 318 

of interest was counted and divided by the area occupied by the structure (in millimeters 319 

squared). Image analysis was done with the aid of Nikon Eclipse Ni-U microscope and an 320 

image analysis computer program (Image J) on two sections per animal brain. Boundaries of 321 

each structure were defined with the use of the Paxinos atlas (Paxinos and Watson, 2007). 322 

The dorsal and ventral borders of the PL were defined by the shape of the corpus callosum, 323 

which served as a guideline for choosing the appropriate, corresponding atlas plate. For the 324 
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BL, the shape of the amygdala itself was used as a guideline, while for the vHIP, the shape of 325 

the hippocampus indicated the exact boundaries of the structure.   326 

The triple-labeling results were analyzed with the aid of confocal laser-scanning 327 

microscopy. The confocal system consisted of an Inverted Leica SP5 DMI6000 microscope, 328 

equipped with an Ar laser producing light at 488 nm, a HeNe laser for 568 nm, and a HeNe 329 

laser for 647 nm light. Two objectives (40×) were used to scan the samples. A series of 330 

continuous optical sections at 1 μm intervals along the z-axis of the tissue section were 331 

scanned for all three fluorescent signals. The signal obtained for each fluorophore on one 332 

series of optical sections was stored separately as a series of 1024 × 1024 pixel images. The 333 

images were then processed with Imaris 6.3.1 software (Bitplane). PHA-L- and FR-labeled 334 

images were separately combined with Venus-stained cell bodies and proximal dendrites to 335 

analyze for the presence of close appositions between PHA-L- or FR-stained terminals and 336 

Venus-positive neurons in the PL. For the location of the PL for the confocal imaging, the 337 

shape of the corpus callosum was used as an indicator of the plate from the Paxinos atlas 338 

(Paxinos and Watson, 2007). This was used to calculate the distance, measured in μm, from 339 

the highest point of the slice above the PL to its actual dorsal boundary. 340 

Afferent terminals on Venus-positive neurons were analyzed in two scan images taken 341 

bilaterally for the vHIP/BL-injected rats under a 40× objective within the PL (2.20 to 3.70 342 

mm from bregma). The potential contacts between PHA-L- and FR-labeled fibers and the 343 

Venus-positive neurons were estimated as numbers of voxels for axonal varicosities located in 344 

close proximity to Venus-positive neurons. Then, the ratios of vHIP/BL projections 345 

(measured in voxels) were calculated for single Venus-positive neurons within the PL and 346 

represented as the percentage of neurons with certain BL/vHIP input ratio onto the active cells 347 

in the PL. The overall projections from the vHIP and BL to the PL were analyzed for the 348 
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same images as projections to the activated neurons. The ratio of vHIP/BL (measured in 349 

voxels) was then calculated.  350 

 351 

Histology 352 

Animals were deeply anesthetized with an overdose of sodium pentobarbital (100 353 

mg/kg) and perfused intracardially with 0.01 M PBS (200 ml) and 4% PFA 354 

(paraformaldehyde in PBS, 300 ml). Brains were stored for 24h in PFA, then for 3 days in 355 

30% sucrose and sectioned with a freezing microtome into 40 μm slices. YFP expression in 356 

injection sites and fiber optic placement was checked for each animal. 357 

 358 

Electrophysiological recordings 359 

Electrophysiological signal was recorded with Neuropixels 1.0 probe, inserted into the mPFC 360 

of an urethane-anaesthetized rat. Simultaneously the vHIP was stimulated with a bipolar 361 

electrode (stainless steel, 2 x 126μm) every 10 sec (single pulse, 0.1ms, 0.1mA). After spike 362 

sorting (Kilosort2 and Phy2) responses of each neuron to the stimulation were tested using 363 

ZETA method (Montijn et al., 2020). The Matlab functions provided by the authors of the 364 

method (https://github.com/JorritMontijn/ZETA) allowed to test: a) which neurons responded 365 

in a 2-100msec time window to the stimulation - with either increase or decrease in firing 366 

rate, p < 0.001 and b) what was the average latency (Zeta) of the response for each neuron. 367 

 368 

Statistical analyses 369 

Statistical analyses of raw data were performed with GraphPad Prism6 or Statistica 7.0 370 

software. The time animals spent freezing during the CS was transformed into the percentage 371 

values. The datasets that did not meet the criteria for parametric analyses (tested with the  372 

Shapiro-Wilk normality test) were subjected to non-parametric testing with the Mann-373 
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Whitney test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test. The 374 

parametric analyses were performed with repeated-measures ANOVAs followed by Fisher’s 375 

LSD or Newman-Keuls tests for multiple comparisons. For the optogenetic stimulation 376 

experiments, two factors were compared using mixed two-way ANOVA with repeated 377 

measures: the experimental vs control group and light stimulation vs no-light stimulation. The 378 

Kolmogorov–Smirnov two-sample test was performed to compare differences between the 379 

rate of afferent projections from the BL and vHIP onto activated neurons in the PL for all 380 

experimental groups.  Cumulative frequency distributions for each group were made with the 381 

same ten intervals (0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.0 and, 1.2-1.4, 1.4-1.6, 1.6-1.8, 1.8-382 

2.0, and 2.0 >) used for each distribution.  The number of cells used for the cumulative 383 

frequency distributions comparison: Extinction group - 149, Fear renewal 1 group - 122, 384 

Spontaneous recovery group - 148, Fear renewal 28 group - 113. The test focused on the 385 

largest of the observed deviations. The following numbers of outliers were removed: 4 386 

outliers with freezing levels indicating different emotional state than the rest of the 387 

experimental group. The criterion for statistical significance was a probability level of p<0.05.  388 

 389 

RESULTS 390 

We mapped neuronal activation in the vHIP and BL in rats tested for a recent and 391 

remote fear extinction memory (1 day and 28 days after the extinction session, respectively, 392 

tested in a extinction [B] or conditioning [A] context: Extinction 1, Fear Renewal 1, 393 

Spontaneous Recovery, Fear Renewal 28 groups). As the control groups we used animals 394 

which were not subjected to fear conditioning but except for footshocks were exposed to the 395 

same contexts and stimuli as the experimental groups (No Conditioning 1 and No 396 

Conditioning 28 groups; Fig. 1). We found that retrieval of the recent extinction memory in 397 

the extinction context led to a low level of fear and increased activation of the vHIP [Fig. 398 
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1B,C; analysis of the level of freezing: Kruskal-Wallis test (H = 33.13, p < 0.0001) followed 399 

by Dunn’s test: Extinction 1 vs Fear renewal 1: p < 0.05, No Conditioning 1 vs Fear renewal 400 

1:  p < 0.001; analysis of c-Fos expression in vHIP: one-way ANOVA: F(5,40) = 4.44,  p = 401 

0.0026) followed by Fisher’s LSD test: Extinction 1 vs. Fear renewal 1: p = 0.002, Extinction 402 

1 vs No Conditioning 1: p = 0.0026]. 403 

Exposure to the same experimental conditions four weeks after extinction resulted in 404 

spontaneous recovery of fear, which manifested as a significant increase in the freezing level 405 

and no increase in vHIP activation [analysis of the level of freezing: Kruskal-Wallis test (H = 406 

33.13, p < 0.0001) followed by Dunn’s test: Spontaneous recovery 28 vs No Conditioning 28: 407 

p < 0.01]. The number of activated neurons in the vHIP was negatively correlated with the 408 

level of fear [Fig. 1D; Pearson correlation coefficient R = -0.45, p < 0.05). In contrast, the BL 409 

was activated in animals with both low and high fear levels (Fig. 1E) [one-way ANOVA: 410 

F(5,41) = 3.32, p = 0.0131, followed by Fisher’s LSD test: Extinction 1 vs. No Conditioning 411 

1: p = 0.0288, Spontaneous recovery 28 vs. No Conditioning 28: p = 0.0122]. There was also 412 

a trend toward an increase in Fear renewal 1 vs No Conditioning 1: p = 0.059, and Fear 413 

renewal 28 vs. No Conditioning 28: p = 0.0508 comparisons. However, since the activation 414 

mapping method we used (c-Fos expression) labels both excitatory projection neurons and 415 

inhibitory interneurons, it is not clear which type of the BL neurons was involved. To 416 

investigate what type of neurons was activated by retrieval of fear and extinction memories, 417 

we analyzed co-localization of c-Fos and GAD67, a marker of inhibitory neurons, in activated 418 

cells (Fig. 1F, G). This analysis showed that fewer inhibitory neurons in the BL were 419 

activated in fear-provoking conditions (in Fear Renawal 1, Spontaneous Recovery and Fear 420 

Renewal 28 groups) than in the low fear conditions (No Conditioning 1, No Conditioning 28 421 

and Extinction 1 groups)  [one-way ANOVA: F(5,44) = 34.66, p < 0.0001 followed by 422 

Fisher’s LSD test: No Conditioning 1 vs. Extinction 1: p < 0.0001, Extinction 1 vs. Fear 423 
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Renewal 1: p < 0.0001, No Conditioning 1 vs Fear Renewal 1: p < 0.0001; No Conditioning 424 

28 vs. Spontaneous recovery 28: p < 0.0001, No Conditioning 28 vs. Fear Renewal 28: p < 425 

0.0001]. As the number of activated (c-Fos-positive) cells in the BL in the Extinction 1, Fear 426 

Renewal 1, Spontaneous Recovery and Fear Renewal 28 groups was similar, this suggests 427 

that high level of fear recruits more BL projection neurons. Next, we compared neuronal 428 

activation of the PL in all tested groups (Fig. 1H). Consistent with our previous results 429 

(Knapska and Maren, 2009), increased activation of the PL was observed only in rats exposed 430 

to the conditioning context, irrespective of the age of the fear extinction memory [one-way 431 

ANOVA: F(5,41) = 3.35, p = 0.0125 followed by Fisher’s LSD test: Fear renewal 1 vs No 432 

Conditioning  1: p < 0.01, Fear renewal 28 vs No Conditioning 28: p < 0.01]. 433 

To further characterize neurons in the PL activated by the retrieval of extinction 434 

memory, spontaneous recovery of fear, and fear renewal, we traced the functional projections 435 

from the vHIP and BL to the PL (Fig. 2A-D). We used transgenic rats expressing a PSD-436 

95:Venus fusion protein under the control of a c-fos promoter injected with anterograde 437 

tracers into the vHIP and the BL (cf. Knapska et al., 2012). We found two distinct 438 

subpopulations of neurons within the PL that were activated by low and high levels of fear, 439 

which can be distinguished by their projections from the vHIP and BL. For the cells in the PL 440 

whose activity was correlated with low freezing, inputs were coming mainly from the vHIP. 441 

For neurons whose activity was correlated with elevated freezing, during both spontaneous 442 

recovery of fear and fear renewal, we observed preferential innervation by the BL [analysis of 443 

the level of freezing: Kruskal-Wallis test: H = 11.6, p = 0.001 followed by Dunn’s test: 444 

Extinction 5 vs Spontaneous recovery 28: p < 0.05, Extinction 5 vs Fear renewal 28 p < 0.05; 445 

comparison of percentage of BL vs vHIP projections: Kolmogorov-Smirnov test: Extinction 5 446 

vs Fear Renewal 5: D = 0.58, p < 0.0001; Extinction 5 vs Fear renewal 28: D = 0.69, p < 447 

0.0001; Extinction 5 vs Spontaneous recovery 28: D = 0.58, p < 0.0001, Spontaneous 448 
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recovery 28 vs Fear renewal 28: D = 0.17, p = 0.046]. The overall number of anatomical 449 

projections did not differ between groups, confirming the behavioral stimulation specificity 450 

[Fig. 2E; Kruskal-Wallis test for BL projections to PL: H = 1.14, p = 0.7961, for vHIP 451 

projections to PL: H = 4.43, p = 0.2268]. Since the overall number of neurons activated in the 452 

PL by the retrieval of extinction memory and spontaneous recovery of fear was similar (Fig. 453 

2F), different ratios of cells receiving dominant projections from the vHIP or BL suggest that 454 

BL-innervated cells are activated instead of vHIP-innervated neurons during fear memory 455 

retrieval. 456 

To test the role of the projections from the vHIP to the PL in retrieval of fear and fear 457 

extinction memory we examined the behavioral effects of their optogenetic stimulation. Rats 458 

injected with the CaMKIIα-hChR2 virus in the vHIP were implanted with optic fibers in the 459 

PL and received light stimulation (Fig. 3). The control group consisted of rats injected with 460 

the control virus not containing channelorhodopsin. The rats were subjected to either one or 461 

two extinction sessions and tested in extinction context [B]. Additionally, the rats with two 462 

extinction sessions were subsequently tested in conditioning context [A]. The protocol of 463 

stimulation consisted of three blocks of 2 CSs with light off and 5 CSs with light on, which 464 

allowed for within-subject comparisons of the activation effects (Fig. 3A, B). Since the effects 465 

of the optogenetic stimulation were visible only in the first block of stimuli, we further 466 

analyzed data only for this block (including the following CSs: OFF1-OFF2-ON1-ON2-ON3-467 

ON4-ON5-OFF3-OFF4). Activation of the vHIP-PL projections increased the level of fear in 468 

the extinction context [B] when tested shortly after the first extinction session (on the 5th day 469 

of the experiment) as compared to the control group [Fig 3C, two-way ANOVA with repeated 470 

measures, group effect: F(1,9) = 9.35, p = 0.0114]. In contrast to stimulation after one 471 

extinction session, stimulation of vHIP inputs after two extinction sessions conducted over the 472 

course of two days did not result in an increase of freezing level in context B [two-way 473 
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ANOVA with repeated measures, group effect: F(1,10) = 0.40, p = 0.5427]. Subsequent 474 

testing in context A revealed slightly decreased freezing in the experimental group [two-way 475 

ANOVA with repeated measures, group effect: F(1,10) = 4.97, p = 0.0499]. 476 

Next, to compare changes in freezing to the initial freezing level recorded during the 477 

first two OFF periods, we subtracted the averaged freezing to OFF1-OFF2 from the freezing 478 

averaged across CS1-CS5 ON or OFF3-OFF4 stimuli (Fig. 3D). The stimulation of the 479 

vHipp-PL pathway after one session of fear extinction had different effects than stimulation 480 

after two sessions of extinction. After one extinction session freezing was increased in the ON 481 

periods, while after two extinction sessions there was no change in freezing in context B and a 482 

decrease in freezing in context A in the ON periods. No change in the OFF periods was 483 

observed [two-way ANOVA with repeated measures, group effect: F(2,14) = 8.74, p = 484 

0.0034; followed by Newman-Keuls multiple comparisons test: one session vs. two sessions, 485 

context B in ON periods: p < 0.05; one session vs. two sessions, context A in ON periods: p < 486 

0.01]. 487 

To further test the role of the vHIP-PL projections in the retrieval of fear and fear 488 

extinction memory we examined the behavioral effects of their optogenetic stimulation using 489 

different experimental design. Rats were injected with the CaMKIIα-hChR2 virus in the vHIP 490 

and implanted with optic fibers in the PL as before but the protocol of light stimulation 491 

consisted of 5 CSs with light off and 5 CSs with light on (Fig. 4A, B), subsequently. The 492 

control group consisted of rats injected with the control virus not containing 493 

channelorhodopsin. Firstly, we tested the level of freezing in rats which were not subjected to 494 

fear extinction. There was no significant change in the freezing level during the optogenetic 495 

stimulation neither in context B (Fig. 4C) nor in context A (data not shown). Since the level 496 

of freezing was very high, which makes it difficult to observe an increase in freezing, we 497 

performed an additional test in context B. We did not stimulate the vHIP-PL pathway during 498 
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this session to check for the effects of the previous stimulation on initial freezing level and 499 

extinction rate. The freezing response in both the experimental and control groups gradually 500 

decreased, which shows that fear extinction had already begun (Fig. 4C). Importantly, 501 

however, in line with our previous results, at the beginning of the session we observed higher 502 

freezing levels in rats, in which we previously stimulated the vHIP-PL pathway [two-way 503 

ANOVA with repeated measures, group x CS effect: F(19, 209) = 1.91, p = 0.015]. The 504 

extinction rate was similar in both groups, the rats previously stimulated had even slightly 505 

lower level of freezing at the end of the extinction session, which shows that the vHIP-PL 506 

stimulation on the previous day did not impede fear extinction. 507 

In another group of rats we tested the effects of stimulation of the vHIP-PL pathway 508 

after two sessions of extinction (Fig. 4D, E). During the test (in extinction context B) we 509 

observed very low level of freezing, thus we focused on another behavioral measure, the 510 

relaxed posture, which has been previously used to assess the progress of fear extinction 511 

(Tang (2001), for the definition of relaxed posture please see Materials and Methods, Fig. 512 

4E). We observed that, when the vHIP-PL pathway was stimulated the rats expressed more of 513 

the relaxed posture behavior than the animals from the control group [two-way ANOVA with 514 

repeated measures, group x CS effect: F (9,81) = 4.604, p < 0.0001]. There was no significant 515 

difference between the groups when the vHIP-PL pathway was stimulated in context A (data 516 

not shown). Then we tested the effects of the vHIP-PL pathway stimulation (in blocks of 517 

5CSs with light on) during the extinction session, again focusing on the relaxed posture 518 

behavior because the level of freezing was very low (Fig. 4E). As in the previous tests, 519 

stimulation of the vHIP-PL pathway led to increased relaxed posture behavior, which 520 

persisted even in the OFF periods [two-way ANOVA with repeated measures, group x CS 521 

effect: F (44, 396) = 1.65, p = 0.0074]. To test whether the effects of the vHIP-PL stimulation 522 

after extinction lasts for a longer time we tested the same animals after 28 days (Fig. 4E). 523 
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Testing in context B revealed increased freezing levels when the vHIP-PL pathway was 524 

stimulated [two-way ANOVA with repeated measures, group effect: F (1,9) = 5.97, p = 525 

0.0371)]. There were no differences between the groups when the vHIP-PL pathway was 526 

stimulated in context A. These results show that the fear-reducing effects of the vHIP-PL 527 

pathway stimulation did not persist over time. 528 

Since the data suggested slowly developing, modulatory effects of the vHIP-PL 529 

pathway, we recorded responses of the cortical neurons to the electrical vHIP stimulation to 530 

verify this hypothesis (Fig. 5). The results confirmed the relatively high response latencies of 531 

neurons whose activity was regulated by the stimulation (Fig. 5C). 532 

 533 

DISCUSSION 534 

In this study, we found two distinct subpopulations of neurons within the PL that are 535 

activated by either the retrieval of extinction memory or spontaneous recovery and context-536 

dependent renewal of conditioned fear. They can be distinguished by the projections they 537 

receive from the vHIP and BL. The neuronal circuit in the PL whose activity is correlated 538 

with retrieval of extinction memory receives input mainly from the vHIP (‘low fear’ circuit), 539 

whereas the neurons whose activity is correlated with elevated freezing during spontaneous 540 

recovery and fear renewal are preferentially innervated by the BL (‘high fear’ circuit). The 541 

functional mapping findings are supported by the results of the optogenetic stimulation of the 542 

vHIP inputs to the PL. They show that, with the sufficient amount of fear extinction, 543 

stimulation of the vHIP-PL pathway can decrease the conditioned fear response. Further, they 544 

show that fear suppression develops gradually as extinction training progresses, suggesting 545 

increasing participation of the inhibitory vHIP inputs when fear extinction memory is being 546 

consolidated. In the absence of this fear suppressing input, signals from the BL can play a 547 

dominant role, resulting in high levels of fear. 548 
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We observed that the ‘high fear’ neuronal circuit in the PL receives dominant 549 

projections from the BL. This agrees well with previous reports, which showed that the BL-550 

PL pathway plays an important role in conditioned freezing (Herry et al., 2008; Sotres-Bayon 551 

et al., 2012; Senn et al., 2014; Kim at al., 2016) and the model proposed by Pendyam et al., 552 

(2015), in which the activity in the BL-PL pathway is associated with retrieval of conditioned 553 

fear response. Our results are also in accordance with those of Klavir et al. (2017), who 554 

showed the importance of the BL inputs to the PL in forming and maintenance of cued fear 555 

associations. Importantly, we observed activation of this pathway irrespective of the age of 556 

fear memory and testing context, i.e., both in fear renewal groups tested 1 and 28 days after 557 

fear conditioning in the conditioning context and in the spontaneous recovery group tested 28 558 

days after conditioning in the extinction context. 559 

 We found that, in contrast to the BL-PL pathway, the vHIP-PL projections were 560 

activated when rats showed low levels of fear. This result is at odds with earlier reports 561 

showing involvement of the vHIP-PL pathway in conditioned fear renewal (Orsini et al., 562 

2011; Jin and Maren, 2015; Wang et al., 2016; Kim and Cho, 2017) and in anxiety (Adhikari, 563 

2009; Ciocchi et al., 2015; Padilla-Coreano et al., 2016) rather than in suppression of fear. 564 

However, Sotres-Bayon et al. (2012) observed that the vHIP inactivation decreased activity of 565 

interneurons in the PL and increased PL responses to the conditioned tone in extinguished, 566 

but not in conditioned rats, suggesting that the vHIP inputs to the PL can gate fear expression 567 

after extinction. Moreover, the recently published report shows that both in mice and humans, 568 

the vHIP-PL pathway is involved in conditioned inhibition of threat by safety signals (Meyer 569 

et al., 2019). In line, it has been recently shown that projections from the superficial layer of 570 

vHIP, which terminate on inhibitory interneurons in the PL promote exploration, while 571 

projections from the deep layers of vHIP terminating on the pyramidal cells and fast-spiking 572 

interneurons promote avoidance (Sanchez-Bellot and MacAskill, 2019). It seems plausible 573 
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that prolonged extinction training we used strengthened the projections promoting 574 

exploration, while in animals not subjected to fear extinction or subjected to the short 575 

extinction protocol we observed the effects of stimulation of the projections promoting 576 

defensive responses. This would suggest that the vHIP to PL projections gate fear renewal, 577 

spontaneous recovery and extinction memory via different neuronal subpopulations (please 578 

cf. Fig. 6). Taken together, the discrepancies in the literature on the role of the vHIP-PL 579 

pathway in fear memory and extinction memory retrieval may stem from the amount of 580 

extinction training, a factor that has not been systematically tested before. Here we found that 581 

only well-consolidated extinction memory allows for decreasing of conditioned fear through 582 

the stimulation of the vHIP-PL pathway and that over time the same stimulation boosts 583 

spontaneous recovery of fear. On the other hand, the lack of extinction or insufficient 584 

extinction leads to increased freezing when the vHIP-PL pathway is stimulated. Additionally, 585 

we observed delayed behavioral change to the laser simulation. Since the  vHIP to PL 586 

pathway is not the only pathway that contributes to the modulation of fear expression (the 587 

other pathways are, e.g., BL – PL and PL – infralimbic cortex), this effect can result from 588 

synergy between activation of different pathways, which are gradually recruited. 589 

We hypothesize that by activating the vHIP-PL pathway after prolonged extinction we 590 

accelerated the relaxed posture display by modulating PL activity, which effectively 591 

decreased response to conditioned tone due to consolidated memory of extinction and lower 592 

BL activation (Gale, 2004). Furthermore, it has been shown that neurons projecting from the 593 

vHIP to both the BL and PL are involved in contextual fear renewal (Jin and Maren, 2015; 594 

Kim and Cho, 2017). This is in line with previous reports showing that fear renewal is 595 

mediated by vHIP-BL projections (Herry et al., 2008; Knapska et al., 2012, Jin and Maren, 596 

2015, Lesting et al., 2011) and supports the hypothesis concerning anatomically diverse 597 

populations of neurons in the vHIP up-regulating and down-regulating fear responses. The 598 
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hypothesis is also supported by the recent results of Sánchez-Bellot and MacAskill (2019), 599 

who identified calbindin-positive neurons in the superficial layers of the vHIP projecting onto 600 

interneurons in the PL and deep-layer vHIP neurons projecting onto pyramidal neurons and 601 

surrounding interneurons. 602 

Our optogenetic results suggest that the inhibitory part of the vHIP-PL pathway is a 603 

modulatory connection, which needs more training to be formed and if not behaviorally 604 

maintained weakens over time to the point that extinction memory is no longer effectively 605 

retrieved and fear re-emerges. This hypothesis is consistent with the observation that synaptic 606 

efficacy in the vHIP-PL pathway is not stable after the extinction training, it is increased 607 

when a memory is 1-day-old, but not 7 days after the initial extinction (Hugues and Garcia, 608 

2007). Previous findings suggest that the vHIP-PL pathway has relatively high latency of 609 

~20msec (Ishikawa and Nakamura, 2003) with long hyperpolarization induced by 610 

glutamatergic input onto GABAergic interneurons (Thierry et al., 2000), which suggests the 611 

slowly developing, modulatory effects of the pathway. Our results confirm long response 612 

latencies of the cortical neurons after vHIP stimulation.  613 

Changes in physical or temporal context have been suggested to account for fear 614 

renewal and spontaneous recovery (Pavlov, 1927; Bouton, 1993, 2002; Rescorla, 2004; Quirk, 615 

2002). However, the neural mechanisms underlying these two forms of recovery of 616 

extinguished fear are not well understood. The involvement of the specific brain circuits was 617 

studied mainly during the initial processing of fear extinction memory and its contextual 618 

modulation. Here, we generated functional maps of the neural circuits involved in the 619 

contextual retrieval of recent and remote fear memory after extinction, and systematically 620 

compared the patterns of activation and connectivity of the PL, vHIP, and BL. The results 621 

show that the activation of the BL input to the PL is a common mechanism for both fear 622 
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renewal and spontaneous recovery of fear. Interestingly, activation of the vHIP projections to 623 

the PL boosts spontaneous recovery of fear but does not affect remote fear renewal. 624 

Fear recovery is a major obstacle in effective, long-lasting treatment of pathological 625 

fear (Goode and Maren, 2014). Identifying the neural networks involved in regulating fear 626 

memory after extinction is essential for the development of more effective therapeutic 627 

interventions. Since the dorsal anterior cingulate cortex, a homolog of the rodent PL is 628 

hyperactive, and the anterior hippocampus, a homolog of the rodent vHIP, shows decreased 629 

activity in cases of pathological fear (Milad et al., 2009), targeting the hippocampal-dACC 630 

gating circuit seems to be a promising way to treat fear regulation deficits. Our results show, 631 

however, that stimulation of this circuit may decrease fear only when it is already sufficiently 632 

extinguishes, e.g., by exposure therapy.   633 
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Figure legends 820 

Figure 1. Successful retrieval of fear extinction memory, in contrast to retrieval of fear 821 

memory, is associated with increased activation of the vHIP. A. Scheme of the behavioral 822 

training. B. The level of fear during the memory retrieval sessions on test day (measured as 823 

percentage of freezing during the CSs, n = 8-10). C. Activation of the vHIP (n=8-9). D. 824 

Negative correlation between levels of freezing and c-Fos expression in the vHIP. E. 825 

Activation of the BL (n=7-8). F. Activation of the inhibitory neurons in the BL (n=8-10). G. 826 

An example of the cells labeled for c-Fos and GAD67, red arrows - GAD67-positive/c-Fos-827 

negative cells,  blue arrows - c-Fos-positive/GAD67-negative cells, yellow arrows - c-Fos- 828 

and GAD67-positive cells; small panels to the right show magnified examples of respective 829 

cells. H. Activation of the PL (n=7-8). Error bars indicate mean ± standard error of the mean 830 

(SEM), #p=0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; 1, 28 - rats tested 831 

for recent and remote fear extinction memory 1 or 28 days after the extinction session, FC - 832 

fear conditioning, EX - fear extinction, vHIP - ventral hippocampus, BL - basolateral 833 

amygdala, PL – prelimbic cortex, CS - conditioned stimulus, US - unconditioned stimulus. 834 

 835 

Figure 2. High level of fear is associated with activation of the PL neurons innervated by 836 

the BL; low level of fear is associated with activation of the PL neurons receiving vHIP 837 

inputs. A. Scheme of the behavioral training. B. Example of the active neurons expressing 838 

PSD-95:Venus fusion protein under control of the c-fos promoter, and receiving inputs from 839 

the BL and vHIP (green: PSD-95:Venus fusion protein; magenta: vHIP projections marked 840 

with PHA-L (indicated by the white arrow); yellow: BL projections marked with FluoRuby 841 

(indicated by the black arrow). C. The level of fear during the memory retrieval sessions 842 

(measured as percentage of freezing during the CSs, n = 4-5). D. Percentage of activated 843 

neurons with different ratios of BL/vHIP projections plotted for each experimental group. E. 844 
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Ratio of the active projections (cells where tracers from the BL/vHIP overlap with c-Fos 845 

expression) over the anatomical projections from the BL or vHIP (overall number of cells in 846 

PL that show tracers labeling). F. Quantification of Venus positive cells in all behavioral 847 

groups. Error bars indicate mean ± SEM, * p < 0.05; 5, 28 - rats tested for recent or remote 848 

fear extinction memory 5 or 28 days after the extinction session, FC - fear conditioning, EX - 849 

fear extinction, vHIP - ventral hippocampus, BL - basolateral amygdala, PL – prelimbic 850 

cortex. See also Fig. 2-1. 851 

 852 

Figure 3. Hippocampal inputs to the PL drive freezing during memory recall. A. 853 

Behavioral training scheme and optogenetic design. B. Microphotographs of the optic fiber 854 

implantation site in the PL and the CaMKIIα-hChR2 injection site in the vHIP. C.  Between-855 

group comparisons during the optogenetic stimulation of the vHIP-PL pathway (ON periods – 856 

blue shadow) and without the stimulation (OFF periods). D. Change in freezing in response to 857 

the CS expressed as a difference between freezing averaged across CS1-CS5 ON periods or 858 

OFF3-OFF4 periods and initial freezing during OFF1-OFF2. Numbers of animals: Single 859 

Session n = 5/6; Double Session (B) n = 6/6 and Double Session (A) n = 6/6; exp/ctrl groups. 860 

Error bars indicate mean ± standard error of the mean (SEM), * p < 0.05, ** p < 0.01, FC - 861 

fear conditioning, EX - fear extinction. 862 

 863 

Figure 4. Hippocampal inputs to the PL reduce fear after extinction but this effect is 864 

transient. A. Behavioral training scheme and optogenetic stimulation design for the group of 865 

rats not subjected to fear extinction. B. The effects of the optogenetic stimulation of the vHIP-866 

PL pathway without prior extinction (exp: n = 5, ctrl: n=6), with the light stimulation during 867 

test B-1 and without the light stimulation during the subsequent test B-2. The time of light 868 

stimulation is marked in blue shadow. C. Behavioral training scheme and optogenetic 869 
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stimulation design for the group of rats subjected to fear extinction. D. The effects of the 870 

optogenetic stimulation of the vHIP-PL pathway with prior extinction (exp: n = 5, ctrl: n=8). 871 

The graphs show freezing levels (purple) and relaxed posture (green) during the test in 872 

context B (test B-1) and the subsequent extinction session (EXT 3), and the freezing levels 873 

measured 28 days after the last extinction session in contexts B (B-2) and A (A-2). The time 874 

of light stimulation is marked in blue shadow. The data on Ext 3 are shown in blocks of 5 CS, 875 

FC - fear conditioning, EX - fear extinction. 876 

 877 

Figure 5. Responses of the mPFC neurons to the electrical vHIP stimulation in urethane-878 

anaesthetized rat. A. Raster plot showing responses of an individual mPFC neuron. B. 879 

Instantaneous firing rate calculated for this neuron. The red point represents the latency of the 880 

response. C. Distribution of response latencies for all neurons whose activity was regulated 881 

by the stimulation (n = 76, 30% from 255 recorded in total). 882 

 883 

Figure 6. The proposed role of the basolateral and hippocampal projections to the  PL. 884 

When fear responses are not well extinguished or in case of spontaneous recovery, the 885 

projections from both the BL and vHIP are active increasing freezing response. In contrast, 886 

when fear response is well extinguished, the dominant input comes from the vHIP and it 887 

decreases fear response (probably via interneurons). Active projections are marked in purple, 888 

pyramidal cells are marked as grey triangles, interneurons as blue circles.  PL – prelimbic 889 

cortex, BL – basolateral amygdala, HIP – hippocampus. 890 














