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Abstract

Environmental cues can become predictors of food availability through Pavlovian conditioning. 

Two forebrain regions important in this associative learning are the basolateral amygdala (BLA) 

and medial prefrontal cortex (mPFC). Recent work showed the BLA-mPFC pathway is activated 

when a cue reliably signals food, suggesting the BLA informs the mPFC of the cue’s value. The 

current study tested this hypothesis by altering the value of two food cues using reversal learning 

and illness-induced devaluation paradigms. Rats that received unilateral excitotoxic lesions of the 

BLA and mPFC contralaterally placed, along with ipsilateral and sham controls, underwent 

discriminative conditioning, followed by reversal learning, and then devaluation. All groups 

successfully discriminated between two auditory stimuli that were followed by food delivery (CS

+) or not rewarded (CS−), demonstrating this learning does not require BLA-mPFC 

communication. When the outcomes of the stimuli were reversed, the rats with disconnected BLA-

mPFC (contralateral condition) showed increased responding to the CSs, especially to the rCS+ 

(original CS−) during the first session, suggesting impaired cue memory recall and behavioral 

inhibition compared to the other groups. For devaluation, all groups successfully learned 

conditioned taste aversion; however, there was no evidence of cue devaluation or differences 

between groups. Interestingly, at the end of testing, the non-devalued contralateral group was still 

responding more to the original CS+ (rCS−) compared to the devalued contralateral group. These 

results suggest a potential role for BLA-mPFC communication in guiding appropriate responding 

during periods of behavioral flexibility when the outcomes, and thus the values, of learned cues 

are altered.
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Introduction

Behavioral flexibility is the ability to appropriately alter one’s behavior in response to an 

environmental change (Brown & Tait, 2014). To respond appropriately, the subject must 

recall previously learned information about available cues and integrate that memory with 

current environmental demands. One example of adaptive learning and behavioral flexibility 

is attending to and deciphering between cues that signal the availability of food. The current 

study examined if communication between the basolateral area of the amygdala (BLA) and 

medial prefrontal cortex (mPFC) underlies behavioral flexibility when there is a change in 

the value of food and its associated cues.

Using various paradigms, a plethora of studies have shown the BLA is critical for appetitive 

associative learning (for review, see Wassum & Izquierdo, 2015). The anterior part of the 

BLA is the first forebrain region activated during cue-food learning (Cole et al., 2013). 

Interestingly, even though the BLA is activated early during learning, it does not appear to 

be essential for the acquisition of appetitive conditioning (Hatfield et al., 1996; Holland et 

al., 2002; Parkinson et al., 2000; Balleine et al., 2003; Corbit & Balleine, 2005); instead, it is 

needed when the acquired information supports new learning (Hatfield et al., 1996; 

Schoenbaum et al., 1999; Blundell et al., 2001; Setlow et al., 2002; Nomura et al., 2004; 

Corbit & Balleine, 2005; Ishikawa et al., 2008; for reviews, see Holland et al., 2001, 2002; 

Everitt et al., 2003; Holland & Petrovich 2005, Petrovich, 2013; Wassum & Izquierdo, 

2015). In particular, the BLA is necessary for driving behavioral responding when the value 

of the cue changes. The BLA neurons respond to cue value alterations (Tye et al., 2010) and 

are necessary for successful reversal learning (Schoenbaum et al., 2003; Churchwell et al., 

2009) and cue value updating during devaluation (Hatfield et al., 1996; Balleine et al., 2003; 

Corbit & Balleine, 2005; Ostlund & Balleine, 2008; Coutureau et al., 2009; Johnson et al., 

2009; Parkes & Balleine, 2013).

The mPFC has topographically organized, reciprocal connections with the BLA (Gabbott et 

al., 2005; Hoover & Vertes, 2007; for review see Reppucci & Petrovich, 2016). The mPFC is 

critical in adaptive behaviors and executive control (Dalley et al., 2004; O’Doherty, 2011), as 

well as control of feeding behavior (Mena et al., 2011, 2013; Land et al., 2014; Petrovich et 

al., 2007; Blasio et al., 2014). Two sub-regions of the mPFC, the prelimbic (PL) and 

infralimbic (ILA) areas, are activated during cue-food learning (Burgos-Robles et al., 2013; 

Cole et al., 2015a; Moorman & Aston-Jones, 2015; Warren et al., 2016), and BLA neurons 

that directly communicate with the mPFC are activated when cue-food associations are well-

learned, suggesting that the BLA can inform the mPFC of the associative value of a 

conditioned cue (Keefer & Petrovich, 2017). In turn, the mPFC is important for altering 

behavioral responding during satiety-induced devaluation (Coutureau et al., 2009), 

suggesting the mPFC may be needed to integrate previously learned information with 

current cue value to appropriately alter behavior.

Therefore, the current study investigated if communication between the BLA and mPFC is 

necessary in appetitive Pavlovian discriminative cue learning and behavioral flexibility when 

learned information about the cues is altered. We abolished communication between the 

BLA and mPFC using a contralateral disconnection approach. This method lesions the BLA 
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in one hemisphere and the mPFC in the other hemisphere, functionally disconnecting 

communication between the structures in both hemispheres but allowing one of each region 

to interact within other circuitries. We assessed flexibility using two well-known paradigms, 

reversal learning and illness-induced devaluation, to observe behavioral changes when the 

outcomes, and thus the values, of previously learned food cues are altered. We hypothesized 

disconnection of the BLA-mPFC circuitry would not alter the initial discriminative 

conditioning since these structures are not essential for the initial learning of cue-food 

associations, but it would interfere with cue value updating during reversal learning and 

devaluation.

Materials and Methods

Subjects

Experimentally naïve, male Long-Evans rats (250–275 g upon arrival) were obtained from 

Charles Rivers Laboratories and individually housed and maintained on a 12-hour light/dark 

cycle (lights on at 07:00). For one week, rats had ad libitum access to food (standard 

laboratory chow) and water and were acclimated to the colony room and experimenter 

handling prior to surgical and behavioral procedures. All procedures were in accordance 

with the National Institutes of Health Guidelines for Care and Use of Laboratory Animals 
and approved by the Boston College Animal Care and Use Committee.

Surgical Procedures

Under aseptic conditions, subjects were briefly anesthetized with isoflurane gas and given a 

mixture (1 ml/kg bodyweight; intramuscularly) of ketamine (50 mg/ml) and xylazine (10 

mg/ml) prior to stereotaxic frame (Kopf Instruments) placement. Rats received a unilateral 

0.3 μl injection into mPFC (coordinates from bregma: anteroposterior, +3.0mm; 

mediolateral, ±0.7mm; dorsoventral, −4.5mm) and two 0.1 μl injections into either the 

contralateral or ipsilateral BLA depending on group allocation (coordinates from bregma: 

anteroposterior, −2.3–2.5mm; mediolateral, ±5.0mm; dorsoventral, −8.4–8.7mm) using a 1 

μl 32-gauge Hamilton Neuros syringe driven by a Quintessential Stereotaxic Injector 

(Stoelting) at a rate of 0.1 μl/min. Excitotoxic lesions were induced by injecting 0.15M N-

methyl-D-asparatate (NMDA; Sigma-Aldrich) in a phosphate buffered saline solution (PBS), 

whereas sham lesions received contralateral injections of PBS alone. The syringe was left in 

place for 4 min after each infusion to allow for diffusion of solution. After infusions, the 

scalp was clipped closed and coated with triple antibiotic cream, and rats were given 

chewable Rimadyl tablets (Bio Serv, Frenchtown, NJ; 2 mg/1 tablet/100 g bodyweight) for 

two days following surgery. Rats recovered for at least one week prior to behavioral testing 

and were monitored and weighed daily.

Apparatus

All habituation and training occurred within the same set of behavioral chambers (30 × 28 × 

30 cm; Coulbourn Instruments) located in a separate room from where the colony was 

housed. The chambers had aluminum top and sides, and one side contained a recessed food 

cup (3.2 × 4.2 cm). The front and back of the chambers were clear Plexiglas with a hinged 

front. The floor had stainless-steel rods 5 mm wide and 15 mm apart. Each chamber was 
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contained within an isolation cubicle (79 × 53 × 53 cm; Coulbourn Instruments) composed 

of monolithic rigid foam walls and a ventilation fan (55 dB). Video cameras were attached to 

the rear wall of each isolation cubicle and connected to a recording system (Coulbourn 

Instruments).

The conditioned stimuli (CSs) were a 10s 75dB, 2kHz tone and a 10s 75dB white noise. The 

unconditioned stimulus (US) was two food pellets (formula 5TUL, 45 mg: Test Diets), 

delivered into the food cup of each chamber. GraphicState 3.0 software system (Coulbourn 

Instruments) controlled all stimuli.

Behavioral Training Procedure

Experimental design is outlined in Table 1. Rats were food restricted to maintain 85% of 

their post-surgery recovery body weight throughout training. A day prior to training, all rats 

received a 30 min habituation session to the behavioral chambers without stimuli, and then 

received 1g of the US in their home cage to familiarize them with the pellets.

Discriminative Conditioning—Rats received ten 30 min training sessions with two cues, 

and each session consisted of six intermixed presentations of each cue. One auditory cue 

(CS+; e.g. white noise) was immediately followed by the delivery of the US, two palatable 

food pellets, and the other cue (e.g. tone) was presented alone (CS−). Cues that served as the 

CS+ and CS− were counterbalanced, and the inter-trial intervals (ITIs) were between 60–

219s. ITIs and CS order varied across training sessions.

Reversal Learning—Following successful discriminative conditioning, reversal learning 

commenced for 15 sessions. Reversal sessions were similar in length and number of CS 

presentations as during discriminative conditioning; however, the outcomes of the CS+ and 

CS− were reversed. The previous CS+ was not followed by the delivery of food and referred 

to as the reversal CS− (rCS−), and the previous CS− was followed by the delivery of food 

and referred to as the reversal CS+ (rCS+).

Devaluation

Conditioned Taste Aversion: Following reversal learning, half of each group received 

conditioned taste aversion (CTA) in 2 trials over 4 days. All rats were given access to 5g of 

the US in a ceramic dish in their home cage for 10 min (a measure of baseline consumption), 

and then half of the rats received a LiCl injection (0.3M LiCl in 0.9% sterile saline; 5 ml/kg; 

i.p.) to induce malaise immediately following access to the US (Devalued group). The 

control, Non-devalued group received the same LiCl injections, but 24 hours after US access 

(in order to not form the US-illness association). Twenty-four hours later the same procedure 

was repeated to induce stronger CTA. Rats were tested for US consumption the day 

following each CTA session (consumption test 1 and 2).

CS Devaluation Testing: Subsequently, rats received eight sessions with six presentations 

of each CS alone, without the US, to test if their responding to the CSs changed due to CTA 

procedures. We assessed behavioral responding for eight sessions to examine extinction 

recall and updating of the cues’ values.
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Final Consumption Test: Following CS testing, all rats underwent another consumption 

test with the US in their home cage to confirm that the CTA memory remained intact 

throughout testing.

Behavioral Measures

The primary measure of learning was conditioned responding to the food cup (“food cup 

behavior”) during the presentations of the CSs. Food cup behavior refers to the rats standing 

in front of and directly facing the food cup or demonstrating distinct nose pokes into the 

food cup. Trained observers unaware of group allocation recorded rats’ behavior every 1.25s 

during each 10s CS and during the 10s prior to the onset of the CS as a measure of baseline 

responding (pre-CS). The total number of identified food cup observations during each 

period was summed and converted to a percentage of total time. Specific learned responding 

(Elevation) was calculated by subtracting baseline responding during the pre-CS period from 

responding during the CS for both CS+ and CS−, which was used to calculate the mean 

value for each group.

For CTA, the total amount of the US consumed during each consumption test was measured 

in grams and averaged for each group.

Histological Procedures and Immunohistochemistry

After behavioral testing, rats were perfused, and brain tissue was collected to examine the 

accuracy and extent of the lesions. Rats were given a lethal dose of tribromoethanol (375 

mg/kg; 1.5ml/100g bodyweight; i.p.) and transcardially perfused with 0.9% saline followed 

by ice cold 4% paraformaldehyde in 0.1M borate buffer. Brains were stored overnight in the 

paraformaldehyde solution with 12% sucrose at 4°C, and then rapidly frozen in hexanes 

cooled in dry ice and stored at −80°C until sectioning and analysis.

Brains were sliced into 40 μm coronal slices using a sliding microtome (Leica Biosystems) 

and collected into 3 serially adjacent series. Brain tissue from one series was processed for 

NeuN detection to verify lesion placements. Tissue was incubated for 1 hour at room 

temperature in a blocking solution (potassium phosphate-buffered saline solution [KPBS] 

containing normal horse serum [NHS], Triton X-100, and milk), followed by incubation 

with anti-NeuN antibody raised in mouse (1:1000, MAB377; Millipore) in the blocking 

solution for 72hr at 4°C. Tissue was rinsed in a solution containing KPBS, NHS, and milk 

followed by incubation with biotinylated secondary antibody against mouse (1:500, 

BA-2001; Vector Laboratories) in the blocking solution for 45 min. After KPBS rinses, 

tissue was incubated in an avidin biotin complex (ABC, PK-6100; Vector Laboratories) for 

45 min, rinsed with KPBS, and treated with nickel-intensified 3, 3’-diaminobenzidine 

(SK-4100; Vector Laboratories) for color visualization of neurons labeled for NeuN. 

Sections were rinsed again, mounted onto SuperFrost slides (Fisher Scientific), dried at 

45°C, dehydrated through graded alcohols, cleared in xylenes, and coverslipped with DPX 

Mountant (Electron Microscopy Services).
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A second series of tissue sections was mounted from KPBS onto gelatin-coated slides and 

stained with thionin for the identification of neuroanatomical borders as defined in 

Swanson’s rat brain atlas (Swanson, 2004).

Image Acquisition and Analysis

Verification and extent of lesions within the mPFC and BLA were analyzed using a 10X 

objective on an Olympus BX51 light microscope attached to an Olympus DP72 camera 

using DP2-BSW software (Olympus America Inc, Center Valley, PA). Extent and location of 

BLA and mPFC lesions were determined based on analysis of NeuN-stained tissue using 

adjacent thionin-stained tissue to identify nuclear borders and were drawn onto templates 

from the rat brain atlas (Swanson, 2004). Acceptable lesions ablated more than 60% of the 

PL and ILA within the mPFC and more than 60% of the anterior and posterior BLA. 

Subjects with less than 60% damage of either structure were excluded from analysis.

Statistical Analysis

Data were analyzed using a mixed design analysis of variance (ANOVA) with the following 

between-subjects factors: Lesion group (Contralateral, Ipsilateral, Sham) and devaluation 

group (Devalued, Non-devalued), and within-subjects factors: type of CS (CS+, CS− or rCS

+, rCS−) and conditioning sessions (discriminative conditioning sessions 1, 5, and 10; 

reversal learning sessions 1, 5, 10, and 15; consumption tests 1–4; or devaluation tests 1, 4, 

and 8). The percentage of conditioned responding was the dependent variable for all 

experiments, except for CTA in which pellet consumption (in grams) was analyzed. A 

significance value of p < 0.05 was used for all analyses, except for lesion group post-hoc 
analyses in which Bonferroni adjusted alpha level was used (p = 0.05/3 = 0.017). SPSS 

software was used for all statistical analyses.

Results

Histology

The location and extent of lesions were analyzed throughout the rostro-caudal span of the 

mPFC and BLA based on the Swanson brain atlas (Swanson, 2004; Fig. 1). Acceptable 

mPFC lesions ablated at least 60% of the prelimbic cortex (PL; Levels 6–9 [+4.2 to +2.8 mm 

from Bregma]) and infralimbic cortex (ILA; Levels 8–9 (+3.2 to +2.8 mm from Bregma]) 

and in the majority of cases, there was, on average, 50% damage to the dorsal anterior 

cingulate area. Acceptable BLA lesions ablated at least 60% of the anterior BLA (BLAa; 

Levels 25–29 [−1.53 to −2.85 mm from Bregma]) and the posterior BLA (BLAp; Levels 28–

32 [−2.45 to −3.90 mm from Bregma]) with additional damage (~60%) to the lateral 

amygdala (Levels 28–30 [−2.45 to −3.25 mm from Bregma]). Eleven subjects were excluded 

due to inadequate damage to the mPFC or BLA, resulting in a total of 25 subjects included 

in analyses (Sham, n=8; Ipsilateral, n=9; and Contralateral, n=8).

Discriminative Conditioning

All groups successfully discriminated between the CSs by the end of training, with minimal 

differences between lesion groups (Fig. 2, left). A Lesion Group (sham, ipsilateral, 

contralateral) by CS (CS+Elevation, CS−Elevation) by Session (1, 5, 10) repeated measures 
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ANOVA found a main effect of Session (F(2,44) = 148.32, p < 0.001) and CS (F(1,22) = 

31.14, p < 0.001) and a Session by CS interaction (F(2,44) = 23.95, p < 0.001), but no effect 

of Lesion Group (F(2,22) = 0.92, p > 0.05) or any other interactions (F’s < 2.0, p’s > 0.05).

A Lesion Group by Session repeated measures ANOVA on CS+ Elevation responding 

showed a main effect of Session (F(2,44) = 135.43, p < 0.001), but no effect of Lesion 

Group or interactions (F’s < 2, p’s > 0.05), confirming all lesion groups similarly increased 

conditioned responding to the CS+ across training sessions (Fig. 2A).

Additionally, all groups showed a change in conditioned responding during the CS− (Fig. 

2B). A Lesion Group by Session repeated measures ANOVA on CS− Elevation responding 

showed a main effect of Session (F(2,44) = 51.79, p < 0.001), but no effect of Lesion Group 

or interactions (F’s < 2, p’s > 0.05). Follow-up analyses during the first training session 

showed a main effect of Lesion Group (F(2,22) = 3.97, p < 0.05), and a one-way ANOVA 

showed a significant Lesion Group effect on CS− Elevation responding during the first 

session (F(2,24) = 5.00, p < 0.05). Post-hoc analyses showed the CS− Elevation responding 

for Contralateral lesion group was higher compared to the Sham group (p < 0.017) and 

Ipsilateral lesion group (p = 0.036), due to a difference in Pre-CS− responding during the 

first session (sham: 37.76±16.45; ipsilateral: 28.47±13.38; contralateral: 21.35±8.89; p 
=0.022 between sham and contralateral). There were no Pre-CS differences in any other 

sessions (p’s > 0.05), and results are consistently presented as Elevation measures (CS – Pre-

CS responding).

To confirm successful discrimination at the end of training, follow-up analyses on training 

session 10 showed a main effect of CS (F(1,22) = 73.67, p < 0.001) with no differences 

between lesion groups or interactions (F’s < 1, p’s > 0.05), confirming higher food cup 

responding to the CS+ compared to the CS− in all groups (Fig. 2C).

Reversal Learning

All rats successfully learned the new outcomes during reversal learning; however, the 

Contralateral lesion group consistently responded higher to the CSs throughout learning 

(Fig. 2, right). A Lesion Group by reversal CS (rCS+Elevation, rCS−Elevation) by Session 

(1, 5, 10, 15) repeated measures ANOVA found an effect of Lesion Group (F(2,22) = 4.11, p 
< 0.05), CS (F(1,22) = 4.27, p = 0.05), Session (F(3,66) = 12.13, p < 0.001), and a CS by 

Session interaction (F(3,66) = 49.18, p < 0.001). Post-hoc analysis showed the Contralateral 

lesion group had higher responding throughout reversal learning compared to Ipsilateral 

lesion group (p < 0.017) and marginally compared to the Sham group (p = 0.035).

To examine CS simple effects, separate analyses were conducted for rCS+ and rCS−. A 

Lesion Group by Session repeated measures ANOVA on the rCS+ (Fig. 2E) found a main 

effect of Lesion Group (F(2,22) = 5.15, p < 0.05) and Session (F(3,66) = 67.13, p < 0.01), 

but no interaction (F < 2, p > 0.05), indicating that all groups increased responding to the 

rCS+ throughout reversal learning. Additionally, the Contralateral lesion group consistently 

responded higher to the rCS+ compared to the Ipsilateral lesion group (p < 0.017) and 

marginally compared to the Sham group (p = 0.023).
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A Lesion Group by Session repeated measures ANOVA on the rCS− (Fig. 2D) found a main 

effect of Session (F(3,66) = 8.96, p < 0.01), with no effect of Lesion Group (F(2,22) = 2.17, 

p = 0.14) or interaction (F < 1, p > 0.05), indicating that all groups similarly decreased 

responding to the rCS− throughout reversal learning.

Follow-up analyses on individual reversal sessions found a significant effect during session 

1, which is mostly memory recall test. A rCS by Lesion Group repeated measures ANOVA 

found a main effect of Lesion group (F(2,22) = 5.48, p < 0.05) and CS (F(1,22) = 53.93, p < 

0.001). Post-hoc analyses found an effect of Lesion group during the rCS+ (F(2,24) = 5.51, 

p < 0.05), but not during the rCS− (F(2,24) = 1.53, p > 0.05). The Contralateral lesion group 

had higher conditioned responding to the rCS+ compared to the Sham (p < 0.017) and 

marginally compared to the Ipsilateral lesion group (p = 0.038) during reversal session 1 

(Fig 2F). Additionally, we analyzed the first reversal session in more detail in blocks of 2 

trials (3 blocks total). A rCS by Lesion Group by Block repeated measures ANOVA found a 

main effect of Block (F(2,44) = 3.90, p < 0.05). Post-hoc analyses on the individual blocks 

showed an effect of Lesion group on the first block (F(2,22) = 7.50, p < 0.01). The 

Contralateral lesion group had higher conditioned responding the rCS+ during the first block 

compared to the Sham and Ipsilateral lesion groups (p’s < 0.017; Fig 2E inset). There were 

no other effects on the other rCS+ Blocks nor during any rCS− Blocks (p’s > 0.05).

Devaluation

Devaluation testing commenced following reversal learning. Half of each lesion group 

received US-LiCl pairings (“Devalued”) and half received LiCl and US unpaired (“Non-

devalued”), resulting in Sham: Non-devalued (n=4) and Devalued (n=4); Ipsilateral: Non-

devalued (n=6) and Devalued (n=3); and Contralateral: Non-devalued (n=4) and Devalued 

(n=4).

Conditioned Taste Aversion—All rats that received the US-LiCl pairings (Devalued 

groups) showed a decrease in food consumption with no differences between Lesion groups 

(Fig. 3). A Lesion Group by Devaluation by Consumption Test repeated measures ANOVA 

found a main effect of Test Session (F(2,38) = 21.16, p < 0.001) and Devaluation (F(1,19) = 

16.36, p < 0.001) and a Test Session by Devaluation interaction (F(2,38) = 31.71, p < 0.001). 

Post-hoc analyses confirmed no differences between Lesion Groups or Devaluation groups 

(F’s < 1, p’s > 0.05) during the baseline consumption test that occurred prior to LiCl 

injections. During consumption tests following the LiCl injections, there was an effect of 

Devaluation during the first (F(1,19) = 14.27, p < 0.01) and second (F(1,19) = 36.39, p < 

0.001) tests, but no effect of Lesion Group or interaction (F’s < 1, p’s > 0.05), confirming all 

Devaluation groups, regardless of lesion condition, decreased consumption of the US.

CS Devaluation Testing—Following CTA, all rats were presented with the CSs (without 

US). Overall, there was no evidence of devaluation of the CSs (Fig. 4), potentially due to 

small group sizes within each lesion group (n=3–6). A Lesion Group by Devaluation by CS 

by Session repeated measures ANOVA showed main effects of CS (F(1,19) = 174.05, p < 

0.001) and Session (F(2,38) = 33.71, p < 0.001) and a CS by Devaluation interaction 

(F(1,19) = 5.71, p < 0.05) and a marginally significant CS by Session interaction (F(2,38) = 
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2.66, p = 0.08), but no other effects or interactions (F’s < 2, p > 0.05). The devaluation 

sessions were conducted under extinction resulting in notable differences across testing 

(decrease in responding across tests). Due to extinction and the main effects of session and 

CS, follow-up analyses were conducted on conditioned responding to the rCS− and found an 

effect of session (F(2,38) = 10.50, p < 0.001) and a marginally significant Lesion Group by 

Devalued interaction (F(2,19) = 2.62, p = 0.099). Individual session analyses on test session 

8 showed an effect of Devaluation (F(1,19) = 6.72, p < 0.05) and a Lesion Group by 

Devaluation interaction (F(2,19) = 3.94, p < 0.05). Independent t-tests showed the 

Contralateral Non-devalued group had higher food cup responding compared to the 

Contralateral Devalued group (t (6) =3.44, p < 0.05). There were no differences between 

devalued and non-devalued groups for Sham or Ipsilateral conditions (p’s > 0.05).

Final Consumption Test—After CS devaluation testing, rats were given a final 

consumption to confirm the CTA memory of the US was intact, and, indeed, all rats that 

received US-LiCl pairings maintained decreased consumption of the US (Fig. 3). A Lesion 

Group by Devalued ANOVA on US consumption during the final test showed a Devaluation 

effect (F(1,19) = 19.44, p < 0.001), but no effect of Lesion group or interactions (F’s < 1).

Discussion

The current study examined if communication between the BLA and mPFC is necessary in 

appetitive Pavlovian cue learning and behavioral flexibility. First, we found discriminative 

conditioning between a cue paired with food (CS+) and a cue not paired with food (CS−) 

was similar across all lesion groups. These results indicate that communication between the 

BLA and mPFC was not necessary for discriminative learning. However, when the outcomes 

of the cues were reversed, the group that had disconnected BLA-mPFC communication had 

higher conditioned responding, particularly to the cue that previously did not predict food 

(rCS+), during the first session of reversal. These results demonstrate that communication 

between the BLA and mPFC is necessary to incorporate previously learned information 

during new learning. In contrast, disconnection of the BLA-mPFC circuitry had no effect on 

CTA or CS devaluation, with a caveat that the control groups (shams and ipsilateral groups) 

did not show evidence of CS devaluation. Together, these results show communication 

between the BLA and mPFC is not necessary for discriminative learning or CTA but is 

necessary for new learning when outcomes of learned cues change.

Contralateral disconnection of the BLA-mPFC circuitry resulted in a small but sustained, 

increased responding across reversal learning. The effect was most pronounced during the 

first session of reversal, when the contralateral group had more conditioned responding to 

the cue that previously did not signal food compared to the ipsilateral and sham groups. The 

first session of reversal learning is the first test of memory recall, as previously learned 

contingences are recalled before the new learning of the reversed contingencies occurs. 

Thus, this session provided an opportunity for CSs memory recall testing at start of reversal 

learning. Low responding to the rCS+ is expected during the first reversal session since that 

cue was not followed by food throughout discriminative conditioning (CS−). Higher 

responding in the contralateral group observed in the current study suggests impairments in 

the recall and/or their ability to inhibit behavioral responding. Prior learned outcome of the 
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cue needs to be incorporated during learning of the new outcomes, in order to respond 

appropriately (for review, see Wassum & Izquierdo, 2015). Alternatively, communication 

between the BLA and mPFC may be needed for behavioral inhibition during learning, as 

evident in other paradigms. Previous studies have shown that inactivation of the BLA and 

mPFC impaired behavioral inhibition and, as a result, increases impulsive behavior for 

rewards. After bilateral BLA or mPFC or contralateral inactivation by muscimol infusions, 

rats spent less time waiting for a high value reward and decreased preference for that reward, 

suggesting less behavioral inhibition and more impulsivity (Churchwell et al., 2009). The 

same study showed that rats with bilateral BLA, but not mPFC, inactivation had more 

regressive errors in appetitive reversal learning and took longer to successfully learn the new 

contingencies (Churchwell et al., 2009). Additionally, rats with mPFC lesions showed higher 

responding during early reversal learning and took longer to display successful reversal 

learning (Salazar et al., 2004), but minimal impairments during the first few sessions of 

appetitive learning and discrimination (Salazar et al., 2004; Petrovich et al., 2007). 

Collectively, prior and current results suggest the BLA-mPFC circuitry is needed to respond 

appropriately when the cue outcomes have changed. The BLA-mPFC may be needed during 

a recall and value assessment of learned cues or when the recalled cue value is used to guide 

and control behavioral responding or inhibition.

To further investigate the role of the BLA-mPFC circuitry in cue value updating, rats were 

tested in a CS devaluation paradigm after reversal learning. All groups that received the US-

LiCl pairings successfully acquired CTA, regardless of lesion group, as shown by a decrease 

in consumption of the US, indicating communication between the BLA and mPFC is not 

necessary for CTA. This is in agreement with previous studies that have shown that neither 

the BLA nor mPFC are necessary for the acquisition of CTA (Bahar et al., 2003; Johnson et 

al., 2009). However, both structures are activated during the maintenance of the CTA 

memory (Mickley et al., 2005; Xin et al., 2014). Furthermore, protein synthesis inhibition 

(Akirav et al., 2006) and alterations in BDNF gene expression (Xin et al., 2014) within the 

mPFC and BLA impair the maintenance of the CTA memory. In the current study, the 

contralateral disconnection preparation left unilateral BLA and mPFC and their 

communications with other regions intact that could be sufficient to learn and recall CTA 

(e.g. the central amygdala and nucleus of the solitary tract [Bahar et al., 2003; Houpt et al., 

1994; Schafe and Bernstein, 1996; Sakai and Yamamoto, 1997; Spray & Bernstein, 2004; 

Yamamoto et al., 1992; for review, see Jahng & Lee, 2015]).

The CS devaluation tests examined how rats responded to the learned cues for food after the 

food (US) was devalued. Successful CS devaluation is evident by a decrease in conditioned 

responding to the CS since the associated US was devalued; however, we did not find any 

evidence of CS devaluation, even in the sham groups. All groups maintained higher 

responding to the rCS+ compared to the rCS−, likely due to extensive training and 

experience with the CSs and US (25 learning sessions prior to devaluation). Thus, we cannot 

conclude from the current data whether BLA-mPFC is needed in CS devaluation. Notably, 

another study showed that disconnecting the BLA-mPFC circuitry did not interfere with 

satiety-induced devaluation (Coutureau et al., 2009).
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Interestingly, we found a small interaction between BLA-mPFC disconnection and 

devaluation. The non-devalued contralateral lesion group still had increased conditioned 

responding during the presentation of the rCS− compared to the devalued contralateral 

group. This increased responding maybe reflects similar impairments in behavioral 

inhibition that we found in reversal learning. These results suggest that rats with BLA-mPFC 

disconnection may not be incorporating previously learned information, including that the 

rCS− signals the absence of food, to update the value of the cue to appropriately inhibit 

behavior. However, these results should be interpreted with caution since the group sizes 

were small, and the sham-lesioned group did not show CS-devaluation.

One limitation of the disconnection preparation is that it does not provide information about 

the directionality of communication needed. Therefore, we cannot determine if disruption of 

communication from the BLA to the mPFC or mPFC to BLA or both were responsible for 

the impairments in the current study. Indeed, both pathways, BLA➔mPFC and 

mPFC➔BLA may be important but provide different information. It is possible each 

pathway is involved in distinct aspects of the investigated behavioral paradigms: the BLA 

could inform the mPFC of the cue’s value (e.g. Keefer & Petrovich, 2017), and the mPFC 

could have top-down control onto the BLA to guide behavioral inhibition (e.g. Likhtik et al., 

2005). This top-down control of behavior has been implicated in Pavlovian fear conditioning 

and extinction (e.g. for reviews, see Giustino & Maren, 2015; Marek et al., 2018), and 

similar mechanisms may be controlling behavioral inhibition in appetitive Pavlovian 

learning. Furthermore, there is anatomical evidence for bidirectional communication (Sesack 

et al., 1989; Takagishi & Chiba, 1991; Kita & Kitai, 1990; Swanson & Petrovich, 1998; 

Petrovich et al., 2001; Vertes, 2004; Gabbott et al., 2005; Hoover & Vertes, 2007; Hirai et 

al., 2012; Little & Carter, 2013; Reppucci & Petrovich, 2016), and functional evidence that 

the communication between these areas guide reward seeking and learning (Fuchs et al., 

2007; Churchwell et al., 2009; Mashhoon et al., 2010; Stefanik et al., 2013; Land et al., 

2014; Keefer & Petrovich, 2017; Keistler et al., 2017). Additionally, the BLA has direct 

influence on activity of the mPFC neurons (Perez-Jaranay & Vives, 1991; McDonald, 1992; 

Gabbott et al., 2006; Floresco & Tse, 2007; Sotres-Bayon et al., 2012; Sun & Laviolette, 

2012; Dilgen et al., 2013), and the mPFC has direct influence onto BLA neurons (Brinley-

Reed et al., 1995; Smith et al., 2000; Rosenkranz & Grace, 2001; Likhtik et al., 2005; but 

see Quirk et al., 2003 for discussion).

In addition to the discussed impairments, the contralateral disconnection of BLA-mPFC 

could have resulted in the increased contribution of other circuitries that remained intact. In 

particular, the orbitofrontal cortex (OFC) is critical in reversal learning (e.g. Hervig et al., 

2019; Izquierdo et al., 2013), and more generally, it is important in value representation, 

ultimately resulting in behavioral alteration (for reviews, see Schoenbaum et al., 2011; 

McDannald et al., 2014). It is plausible the unilateral, intact OFC-BLA circuitry may 

enhance reversal learning, when BLA communication with the mPFC is absent. 

Alternatively, impaired communication between the BLA and OFC, due to the BLA lesion 

that disconnected ipsilateral communication with OFC, could have led to a potentiation of 

reversal learning, as shown with bilateral BLA lesions by Izquierdo and colleagues (2013).
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In summary, the current study examined if communication between the BLA and mPFC is 

necessary for appetitive cue learning and behavioral flexibility when the outcome of learned 

cues change. Rats that received disconnection of the BLA-mPFC successfully discriminated 

between appetitive cues; however, they displayed increased conditioned responding during 

reversal learning. These results demonstrate that communication between the BLA and 

mPFC is necessary to respond appropriately when the outcomes of learned food cues have 

changed.
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Figure 1. 
Extent of lesions identified by NeuN immunohistochemistry. (A) Images show NeuN-

stained tissue from mPFC sham (first panel) and lesion (second panel) and BLA sham (third 
panel) and lesion (fourth panel). (B) Lesion extent of all included subjects with contralateral 

(top) and ipsilateral (bottom) lesions, drawn with 10% opacity in Adobe Illustrator CS6. 

Numbers below each schematic refers to distance (in mm) from Bregma and correspond to 

the following Swanson brain atlas levels: +3.60, Level 7; +3.20, Level 8; +2.80, Level 9; 

−1.78, Level 26; −2.45, Level 28; and −3.25, Level 30. Scale bar = 100 μm.
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Figure 2. 
Conditioned responding throughout discriminative conditioning (left) and reversal learning 

(right). Percentage of time (mean ± SEM) rats expressed food cup behavior (elevation above 

baseline) across discriminative conditioning in response to the CS+ (A) and CS− (B) and 

average responding during session 10 (C). Percentage of time (mean ± SEM) rats expressed 

food cup behavior across reversal learning in response to the rCS− (D; previously the CS+) 

and rCS+ (E; previously the CS−) and average responding during session 1 (F). Inset graphs 
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in D and E are session 1 of the respective rCS, and each block is the average of 2 CS trials. 

*** p < 0.001; * p < 0.01 Contralateral vs Sham; ^ p = 0.04 Contralateral vs Ipsilateral.
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Figure 3. 
Consumption during Conditioned Taste Aversion (CTA) procedures. Graphs show rat’s 

chow consumption (in grams) that received two sessions of US-LiCl pairings (Devalued) or 

US and LiCl temporally separated (Non-devalued) during Baseline (prior to LiCl 

administration), after each training session (CTA Test 1 and 2), and at the end of behavioral 

testing (Final test). * p < 0.01.
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Figure 4. 
Conditioned responding throughout CS devaluation testing without the delivery of food. 

Percentage of time (mean ± SEM) rats expressed food cup behavior (elevation above 

baseline) during the rCS+ (A) and rCS− (B) across testing and during the last test session 

(C). * p < 0.01
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Table 1

Experiment Design.

Discriminative Conditioning Reversal Learning
Devaluation

CTA (x2) Tests

CS+ ➔ US ➔ rCS− ➔ (nothing)
Devalued: US ➔ LiCl

rCS+

CS− ➔ (nothing) ➔ rCS+ ➔ US rCS−

Non-devalued: US; LiCl

CS: Conditioned Stimulus (tone or white noise); rCS: Reversal Conditioned Stimulus; US: Unconditioned Stimulus (food pellets); LiCl: Lithium 
Cloride injection (i.p.)

Arrows between Discriminative Conditioning and Reversal Learning columns indicate same CS used but outcome changed
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