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Abstract

BACKGROUND: Negative urgency is a facet of impulsivity associated with negative affect and 

risky behavior that may involve the amygdala. The current study determined if social isolation 

during development alters negative urgency and c-Fos activity in the basolateral amygdala (BLA).

METHODS: Female Sprague-Dawley rats were raised in an isolated condition (IC), a standard 

social condition (SC), or an enriched condition (EC), and then were tested for locomotor activity, 

novelty place preference and negative urgency using a reward omission task. Following 

performance on the reward omission task, brains were analyzed for c-Fos expression in Ca2+/

calmodulin kinase II (CaMKII) and calbindin (CB) neurons, as well as in parvalbumin (PV) 

neurons associated with perineuronal nets (PNNs) in BLA.

RESULTS: IC rats exhibited enhanced locomotion compared to both SC and EC rats, as well as 

enhanced novelty place preference compared to EC rats; only IC rats showed increased responding 

following omission of an expected reward (negative urgency). Following completion of the reward 

omission task, IC rats also displayed increased percent of c-Fos neurons in BLA associated with 

CaMKII, CB and PV neurons compared to SC and EC rats. In IC rats, c-Fos activation in BLA 

occurred following omission of an expected reward. Finally, IC rats displayed reduced PNN 

intensity associated with PV neurons compared to EC rats, but the percent of these neurons co-

expressing c-Fos was greater in IC rats; SC rats were intermediate between IC and EC rats.

CONCLUSIONS: Negative urgency was observed in IC rats, but not SC or EC rats. While 

multiple mechanisms are likely involved, this behavioral effect was associated with an isolation-

induced increase in activity of excitatory neurons in BLA, as well as decreased PNN intensity 

surrounding GABAergic neurons in the same region.
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1. INTRODUCTION

Adverse early life experiences can have a significant impact on behavior and brain 

development. Clinical studies show that children raised in impoverished living conditions 

are at a greater risk for the development of psychiatric disorders such as anxiety and 

addiction (1). Likewise, rodents raised in social isolation are prone to greater drug self-

administration compared to rats raised in socially enriched conditions (2–5). Socially 

isolated rats are also more sensitive to non-drug reinforcers such as visual novelty and 

palatable food (6, 7). In these preclinical studies, the differential rearing paradigm is 

typically used in which rats are raised in either an isolated condition (IC), a social condition 

(SC) or an enriched condition (EC) that consists of both social peers and novel objects (8, 9). 

EC rats are typically group-housed in large cages containing novel objects that provide 

animals with greater sensory, cognitive, and motor stimulation compared to IC rats that are 

housed individually without novel objects and are not handled during the rearing period. The 

absence of social cohorts, and the amount of handling are critical elements that singly or 

collectively alter the behavior and neurobiology of IC rats. Beyond the enhanced sensitivity 

to drug and non-drug reinforcers, social isolation produces a host of other neurobehavioral 

effects, including altered reactivity to stress, maladaptive social behavior, and changes in 

neurochemical and neuroendocrine systems (10). Indeed, animal models of early adverse 

experiences that utilize social isolation have been used to investigate the underlying 

mechanism through which decreased social, cognitive and sensory stimulation lead to 

changes in impulsivity-, stress- and reward-relevant brain areas, including the prefrontal 

cortex, orbitofrontal cortex, amygdala, and nucleus accumbens (11, 12).

The trait of impulsivity in humans, once thought to be a single construct, can be parsed into 

various facets, including urgency, lack of premeditation, lack of perseverance and sensation 

seeking (13). Among these facets, sensation-seeking may be most closely associated with 

the initiation of substance use (14, 15), whereas negative urgency has been most closely 

associated with problematic substance use (16, 17). Sensation seeking is a tendency to enjoy 

exciting and risky activities, and it has been modeled in laboratory rats by measuring 

locomotion in a novel environment or novelty place preference (18, 19). More importantly, 

in animal models of drug reward, individual differences in response to novelty have been 

linked to enhanced vulnerability to maladaptive behavior (18). Indeed, social isolation 

increases sensation seeking responses; however, the effects of social isolation on expression 

of negative urgency remains unknown. Negative urgency is a tendency to make rash or rapid 

choices when in an emotionally distressed state, and it has been modeled in laboratory 

animals using an operant-based reward omission task (20, 21). In the reward omission task, 

rats are trained in two different alternating components, a Pavlovian component in which a 

signal predicts food delivery and an operant component in which lever pressing leads to food 

delivery. After stable performance on the operant task is achieved, the food reward signaled 
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by the Pavlovian cue is omitted on rare occasions and responding on the subsequent operant 

component is determined. Results show that omission of the expected reward produces 

enhanced operant responding for food. This reward omission effect translates into the trait of 

negative urgency when tested in a human laboratory setting (20). While these studies 

validate an animal model of negative urgency, it is not known if social isolation alters this 

facet of impulsivity, nor is it known what precise neurobiological mechanisms are involved. 

However, it has been hypothesized that the orbitofrontal cortex and the amygdala may play a 

critical role (21–23).

One recently identified neural substrate associated with reward processing and drug-seeking 

involves changes in extracellular matrix elements, specifically in perineuronal nets (PNNs). 

PNNs are extracellular matrix elements that form net-like structures surrounding the cell 

body and proximal dendrites of a subset of mainly fast-spiking, GABAergic interneurons 

within the central nervous system (24). Structural changes on PNN composition in cortical 

structures are associated with changes in learning and memory (25), drug seeking (26, 27) 

and sucrose seeking (7); however, relatively little is known about subcortical structures. In 

one relevant study, enzymatic digestion of PNNs in the basolateral amygdala (BLA) 

rendered fear memories susceptible to loss (28).

The purpose of the current study was to determine the effect of social isolation on 

performance in both locomotor and novelty place preference tests to model sensation 

seeking, as well as on performance in a reward omission task to model negative urgency, and 

to determine if isolation-induced changes in these facets of impulsivity are related to PNN 

expression BLA. It is already known that, compared to environmental enrichment, social 

isolation leads to a decrease in the number and intensity of PNN staining (7), but this work 

has been limited to cortical structures. Therefore, we sought to determine the impact of 

social isolation on PNN staining in the BLA because this region plays a pivotal role in 

reward- and emotion-based behaviors (29, 30). Both staining intensity and number of PNNs, 

as well as a c-Fos expression in BLA neurons phenotyped for Ca2+/calmodulin kinase II 

(CaMKII), calbindin (CB) and parvalbumin (PV) immunoreactivity, was examined in female 

rats. Females were used in the initial study because they display greater vulnerability to drug 

abuse than males (31, 32), thus allowing for greater translational value for understanding 

trait-based risk.

2. METHODS

2.1 Animals

Sixty-six adult female Sprague-Dawley rats at 21 days of age were obtained from Harlan 

Industries (Indianapolis, IN, USA) and were housed on a 12/12 hr light/dark cycle with ad 
libitum access to food and water as noted below. All experiments were conducted during the 

light phase. Animals were housed and handled one week prior to the beginning of behavioral 

testing. All procedures were approved by the University of Kentucky Institutional Animal 

Care and Use Committee and conformed to NIH guidelines.
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2.2 Differential rearing paradigm

Upon arrival at 21 days of age, rats were divided randomly into an isolated condition (IC), 

standard condition (SC), or enriched condition (EC).

2.2.1 Isolated Condition (IC): Thirty-two rats were housed individually in hanging 

stainless steel cages (17 × 24 × 20 cm) with wire mesh floors and front panels, as well as 

solid metal walls and top panels. IC rats were not handled until one week prior to the start of 

the behavioral procedures.

2.2.2 Standard Condition (SC): Eighteen female rats were pair-housed in standard 

polycarbonate cages (26 × 48 × 20 cm) with a wire top and bedding. SC rats were also 

removed and handled briefly every day. The SC was chosen for comparison because it 

allowed social interaction without any novel objects, and it represented a standard NIH-

guided housing condition for comparison.

2.2.3 Enriched Condition (IC): Sixteen female rats were group-housed (n=8 per group) 

in large custom-built steel cages (122 × 61 × 45.5 cm) with wire mesh sides and solid steel 

floors covered with bedding that was changed weekly. EC rats were handled daily and given 

an assortment of 14 hard plastic objects (commercially available toys, plastic objects, 

containers, tubes, etc.). The objects varied in color, shape, and size. Rats remained in these 

conditions for the duration of the experiment. Seven objects were replaced daily, and objects 

were re-arranged to create a novel configuration each day.

All animals remained in these conditions throughout the duration of the experiments.

2.3 Behavioral Apparatus

2.3.1 Locomotor Activity Chamber—The chamber contained a horizontal 16 ×16 cm 

grid of photo beam sensors located 2.5 cm apart and 7 cm above the floor. The activity was 

recorded automatically using Versamax System software (AccuScan Instruments Inc., 

Columbus, OH).

2.3.2 Place Preference Chamber—A 3-compartment apparatus (68 × 21 × 21 cm; 

ENV-013; MED Associates, St Albans, VT) located inside a sound-attenuating chamber 

(ENV-020M) was used to measure novelty place preference. The three compartments were 

separated by sliding guillotine doors. The middle compartment (12 × 21 × 21 cm) had gray 

walls with a smooth gray plastic floor. The end compartments (28 × 21 × 21 cm) provided 

different contexts, with one compartment having black walls with a stainless steel grid rod 

floor and the other end compartment having white walls with a stainless steel mesh floor. 

Recessed trays were located 2 cm below each compartment. A computer controlled the 

experimental session using Med-IV software. A series of infrared photobeams (6 beams in 

the black and white compartments and 3 beams in the gray compartment) was used to detect 

the rats’ presence in a particular compartment and record the amount of time spent in each 

compartment.
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2.3.3 Operant Conditioning Chamber—The reward omission task was conducted in 

an operant conditioning chamber (28 × 24 × 21 cm; ENV-008CT; Med Associates, St. 

Albans, VT, USA), containing two retractable levers flanking a central magazine which 

dispensed food pellets. A cue light was located above each lever, and a house light was 

mounted over the center of the opposite wall.

2.4 Behavior

2.4.1 Locomotor activity—At 52 days of age, all animals were placed into the center of 

the locomotor activity chamber, and activity was recorded for 30 min.

2.4.2 Novelty Place Preference—At 53 days of age, each rat was tested for novelty 

place preference across 4 consecutive days. In the first session (pretest), the guillotine doors 

were opened, and rats were placed in the gray compartment and were allowed to explore all 

three compartments for 15 min. The duration spent in each compartment was recorded. 

Following the pretest, rats went through 2 days of habituation, in which rats were confined 

by the guillotine door to either the black or white compartment (counterbalanced across 

groups) for 30 min. On the next day (test), the guillotine doors were opened, and rats were 

allowed to explore all three compartments for 15 min. The time spent in each compartment 

was recorded, and a novelty place preference score was derived by dividing the total 

duration in the novel compartment by the total duration in both the novel and familiar 

compartments (33). Note that a score of 0.5 denoted no preference and a score above 0.5 

denoted a preference for the novel compartment.

2.4.3 Reward Omission Task—Beginning on 56 days of age, rats were food restricted. 

Body weights were maintained at approximately 85% free feed throughout this task phase 

by providing 10–20 g of food to each rat at the end of each session. The experimental design 

was the following: Experiment 1, to determine if differentially housed rats showed a 

different operant response following reward omission, IC, SC and EC rats (n=16–18 per 

group) and Experiment 2, to determine if only reward or only omission is altered in IC rats 

(n=8 per group trial).

For the reward omission task, there were two different components, a Pavlovian component 

and an operant component, as described previously (20). The Pavlovian component 

consisted of 5 daily 30-min sessions of a light-food association. A white key light was 

illuminated on either the left or right side for 5 sec, followed by the delivery of one sucrose 

pellet (45 mg pellet, F0021, Bio-Serv, Flemington NJ). The side of the key light was 

counterbalanced across rats. Following a 2-sec dark delay, the house light was then 

illuminated for 10 sec (intertrial interval, ITI). Rats were given 32 trials per session for a 

total of 10 days (Supplement Figure 1A).

For establishing a stable baseline in the operant component, rats were given daily 32-trial 

sessions (60–80 min) in which the food pellet was earned by completing a fixed ratio (FR) 

response requirement. Two levers were presented, one of which was inactive (no 

programmed consequence) and the other, which was active (resulted in the delivery of food). 

The response requirement increased every two sessions from a FR 1, to 3, to 5, to 10. Rats 

remained in this phase until responding stabilized, defined by a difference of less than 20 
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lever presses on the active lever over three consecutive sessions on FR 10. Rats were given 

32 2-min trials, separated by a 10-sec ITIs, for an average of 16–18 days.

Following the baseline phase on the operant component, rats were moved to a training phase 

in which the Pavlovian and operant components were presented alternately on each session. 

Each trial began with the Pavlovian component in which the cue light was illuminated for 5 

sec, followed by immediate delivery of one food pellet. After the pellet was delivered, a 2-

sec dark delay (no cue light) occurred to allow the rat to consume the pellet and to separate 

the two components of the trial. When the 2-sec delay ended, the operant component began. 

Two levers were presented, the active and inactive lever, for 2 min. Rats completed a FR 10 

on the active lever to receive one pellet; there was no time-out period following 

reinforcement delivery. Rats could continually complete the FR 10 requirement to receive 

additional food pellets for each requirement completed within the 2-min operant component. 

A 10-sec ITI then occurred, signaled by illumination of the house light. Rats received 32 

trials per session for 10 days, and they were moved into the test phase (Supplement Figure 

1B).

To test for reward omission performance, the session consisted of 24 reward trials and 8 

omission trials, randomly intermixed. Reward trials were identical to those presented in the 

baseline phase of the Pavlovian component. Omission trials were similar to reward trials, 

except that no pellet was delivered in the initial Pavlovian component. As before, operant 

components were 2-min in duration. In order to prevent habituation to the omission trials, a 

maintenance phase was presented 24 hr after the test, for a total of 3 reward omission tests, 3 

maintenance sessions in between, and a final reward omission test followed by killing the 

rats for brain collection.

2.4 Cellular Analysis

For the cellular analysis a representative sample for each experiment and group was 

analyzed (n=8 per group)

2.4.1 Immunohistochemical Experiments—Immunofluorescent analysis of c-Fos 

and PNNs was performed on rats from the two separate experiments. In Experiment 1, to 

determine if differentially housing altered the cellular analysis, IC, SC and EC rats (n=8 per 

group) were perfused and brains extracted 45 min after the last reward omission session. In 

Experiment 2, to determine if reward omission per se altered the cellular analysis, a group of 

IC rats was trained as described above, except they were killed 45 min following the first 

omission test session (n=8) or following a reward test session prior to any omission testing 

(n=8).

Rats were deeply anesthetized with ketamine/xylazine cocktail and perfused transcardially 

with cold saline solution (0.9% NaCl) followed by cold 4% paraformaldehyde. After 

perfusion, brains were extracted and placed in a 4% paraformaldehyde solution overnight, 

followed by 30% sucrose solution for 48–72 hr or until immersion. Using a frozen medium 

(Histoprep, Fisher scientific), brains were then immersed under liquid nitrogen for 20 sec. 

Consecutive coronal sections at 40 ~m were obtained using a cryostat (Ag Protect Leica CM 
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1860) and stored in a freezing solution (30% ethylene glycol, 25% glycerol, 30% sucrose in 

PBS) at −20ºC.

2.4.2 Immunofluorescence—Free-floating sections were rinsed 7 times for 15 min 

each with 1x tris-PBS (TPBS; Tris–HCl 10 mM, sodium phosphate buffer 10 mM, 0.9% 

NaCl, pH 7.4), and incubated with the following primary antibodies: (1) rabbit polyclonal 

anti-c-Fos antibody (RPCA-c-Fos-AP, Encorbio, USA), diluted 1:500; (2) Wisteria 
floribunda agglutinin (WFA; L1516–2MG, Sigma Aldrich, USA), diluted 1:200; (3) mouse 

monoclonal anti-PV antibody (235, Swan, Swiss antibodies, Switzerland), diluted 1:1000; or 

(5) mouse monoclonal anti-CB antibody (300, Swan, Swiss antibodies, Switzerland) diluted 

1:1500; (6) mouse monoclonal anti-CaMKII antibody (MA 1–048, Thermo Scientific, USA) 

diluted 1:50. Incubations were at 4º C for 48 hr in TPBS 0.1M Triton X-100 containing 3% 

of donkey serum (Santa Cruz Biotechnology sc-2044). After three 15-min TPBS rinses, 

tissue was incubated for 2 hr at room temperature protected from light with one of the 

following secondary antibodies with conjugated fluorochromes: (1) Alexa Fluor 488 donkey 

anti-rabbit (A-21206, Life Technologies, USA), diluted 1:500; (2) Alexa Fluor 647 donkey 

anti-mouse (715–605-150, Jackson Labs, USA), diluted 1:500; or (3) biotinylated goat anti-

rabbit conjugated with streptavidin Texas red (Vector Labs, UK), diluted 1:500. Once the 

fluorescence reaction occurred, sections were mounted using Mowiol 4–88 reagent 

(475904–100GM, EMD Millipore, USA).

2.4.3 Neuronal counting—Three representative fluorescent-labeled sections for the 

BLA coordinates, approximately between −2.04 and −3.24 mm relative to Bregma (34), 

were examined using a confocal microscope (Nikon Eclipse-1C) by an observer who was 

not aware of the treatment condition for each section. Confocal images were taken in single 

XY planes, 1 μm thick, at a resolution of 1024 × 1024, and 100 Hz speed. Laser intensity, 

gain and offset were maintained constant for each image acquisition. Quantitative 

evaluations were made using Image J software (NIH sponsored image analysis software). In 

each of the 3 selected slices, c-Fos, CaMKII, CB and PV immunoreactivity were estimated 

with a 20x lens. In each section (n=6), all PV+ interneurons were assessed for presence of 

PNN by WFA immunoreactivity. Analysis of WFA staining intensity was performed on 

confocal images by Image J; brightness intensity (range 0–255) was assessed on 50 PNNs/

section/animal (n=6/experimental condition). For each PNN, 15 densitometry points 

covering the PNN were collected (27). The background brightness, taken from a non-stained 

region of the cortical molecular layer, was subtracted from each brightness measurement. 

For each net, WFA intensity values <50% were categorized as low intensity PNN neurons 

and WFA intensity values >50% were categorized as high intensity PNN neurons. Nets 

touching the edges of the image were excluded. The densitometry analysis of the nets was 

performed in the soma area only (dendrites were not included). For all cellular parameters, 

immunofluorescence results are represented as the average of densitometry and cell counts 

collected from the 3 representative BLA sections.

2.5 Statistics

All statistical analyses were conducted using STATISTICA 7 software package (Statsoft, 

Inc., Tulsa, OK, USA). Data were expressed as the mean and standard error of the mean 

Vazquez-Sanroman et al. Page 7

Mol Neurobiol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(SEM) and were analyzed using either parametric or non-parametric statistics. For 

parametric statistics, ANOVAs with posthoc Tukey HSD tests were used; a t-test for used 

when only 2 groups are involved. For WFA intensity, a MANOVA was used, followed by 

Tukey HSD. In all cases, the level of significance was set at p< 0.05.

3. RESULTS

3.1 Locomotor activity

There was a main effect of rearing environment on locomotor activity across the 30-min test 

[one-way ANOVA; F (2, 21) = 11.46, p < .001; Figure 1A]. Tukey’s HSD tests revealed that 

activity in IC rats was significantly higher than both SC and EC rats (each p <0.05). Activity 

in SC rats was also significantly higher than EC rats (p < 0.05).

3.2 Novelty place preference

There was a main effect of rearing environment on the novelty place preference score [one-

way ANOVA; F (2, 21) = 12.67, p < .001; Figure 1B]. Both IC and SC rats spent more time 

on the novel compartment compared to EC rats (each Tukey HSD test, p<0.01). EC failed to 

show a novelty place preference and trended toward an aversion.

3.3 Reward Omission Task

For the reward omission task, we analyzed the data after both 2 and 8 reward omission trials 

within the test sessions. After 2 omission trials, a 2 × 3 ANOVA showed a significant main 

effect for trial-type [F (2, 42)=13.15, p<0.0001], environment [F(2,42)=19.59, p<0.0001] 

and an interaction effect [F (2, 42) = 8.49, p <0.0001]. Further analysis revealed that the 

operant response rate was significantly higher after omission trials than after reward trials in 

IC rats (p<0.05), but not in SC or EC rats (see Figure 1C). In contrast, after 8 omission trials, 

a 2 × 3 ANOVA found only a significant main effect for the environment [F(2,42)=6.99, 

p<0.001], with no significant effect of trial type, indicating an overall higher response rate in 

both IC and SC rats compared to EC rats regardless of trial type. In addition, there was no 

interaction effect between environment and trial type, indicating that the reward omission 

effect observed in IC rats following 2 trials (Figure 1C) dissipated after 8 trials (Figure 1D).

3.4 Effects of differential rearing on activation of phenotypically distinct neuronal 
subpopulations in basolateral amygdala (BLA)

In Experiment 1, to determine the effects of differential housing on c-Fos and PNNs within 

the BLA following the reward omission test, we analyzed: (1) the total number of c-Fos+ 

neurons; (2) the number c-Fos+ neurons phenotyped by CaMKII, CB or PV 

immunoreactivity; and (3) PNN number and intensity, including double-labelled WFA+/PV+ 

neurons co-expressing c-Fos.

In BLA, c-Fos expression varied across differential housing conditions. A one-way ANOVA 

revealed a main effect of the environment [F (2, 21) = 16.26, p<0.001; Figure 2A and 2B]. 

Pairwise comparisons revealed that IC rats displayed a significant increase in the number of 

c-Fos+ neurons when compared to either SC or EC rats (each Tukey HSD p<0.001); there 

was no significant difference between SC and EC rats.
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In Experiment 2, because IC rats showed a reward omission effect after 2 omission trials, but 

not after 8 omission trials, a separate group of IC rats was used to evaluate cellular changes 

in BLA after only 2 omission trials or after a baseline reward session. In this experiment, a t-

test found a significant effect of trial type on the number of c-Fos+ neurons in BLA [t(7) 

=2.71, p<0.05], with the number of c-Fos+ neurons higher following the reward omission 

session compared to a baseline reward session (Figure 2C and 2D).

3.4.1. Ca2+/calmodulin kinase II (CaMKII)—CaMKII+ multipolar neurons of 

pyramidal or piriform shape consistent with a glutamatergic phenotype were detected, with a 

size and density similar to that reported previously (35). In Experiment 1, a one-way 

ANOVA revealed a significant main effect of environment on the total number of CaMKII 

neurons [F (2, 21) = 5.89, p<0.05]. Pairwise comparisons showed that IC rats displayed 

more CamKII+ neurons compared to both SC and EC rats (each Tukey HSD p<0.05; Figure 

3A). A one-way ANOVA also revealed a significant main effect of the environment on 

CaMKII+ neurons co-expressing c-Fos [F (2, 21) = 3.90, p<0.05]. Pairwise comparisons 

revealed that IC rats had an increased percentage of CaMKII+ neurons co-expressing c-Fos 

compared to both SC and EC rats [each Tukey HSD p<0.05; Figure 3B and 3D]; there was 

no significant difference between SC and EC rats. In Experiment 2 with IC rats, while there 

was no significant difference in number of CaMKII+ neurons, the percentage of CaMKII+ 

neurons co-expressing c-Fos was higher following a reward omission session compared to a 

baseline reward session [t (7) = 2.70, p<0.05; Figure 3C].

3.4.2 Calbindin (CB).—The immunofluorescence pattern observed for CB+ neurons 

resulted in a uniform staining pattern confined to the cytoplasm of the neuron that labeled an 

oval spheroid pattern ranging in size from 12 to 18 ~m, consistent with a Ca2+-binding 

phenotype (35). The total number of CB+ neurons was not affected by housing conditions 

(Experiment 1) or reward omission in IC rats (Experiment 2); however, a one-way ANOVA 

revealed a significant effect of environment on the percentage of CB+ neurons co-expressing 

c-Fos [F (2, 21) = 16.26, p<0.001]. Pairwise comparisons revealed that IC rats had greater 

percentage of CB+ neurons co-expressing c-Fos compared to both EC and SC rats [each 

Tukey HSD, p<0.001; Figure 4A and 4C]; there was no significant difference between SC 

and EC rats. In Experiment 2 with IC rats, while there was no significant difference in the 

number of CB+ neurons, the percentage of CB+ neurons co-expressing c-Fos was higher 

following a reward omission session compared to a baseline reward session [t (7) = 3.22, 

p<0.01; Figure 4B].

3.4.3 Parvalbumin (PV).—The staining pattern observed in PV+ neurons was consistent 

with the size and shape GABA-PV+ neurons (35). In Experiment 1, differential rearing did 

not produce significant changes in the number of PV+ neurons. However, the percentage of 

PV+ neurons co-expressing c-Fos was higher in both IC and SC rats compared to EC rats 

(each Tukey HSD p<0.001; Figure 5A). In Experiment 2 with IC rats, the percentage of PV+ 

neurons co-expressing c-Fos did not differ significantly between a reward omission session 

vs. baseline reward session.
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3.4.4 Perineuronal Nets (PNNs)—PNN analysis in BLA was similar to that described 

previously in other brain regions (36). The majority (>90%) of PV+ neurons in BLA co-

expressed WFA. In addition, among those neurons expressing WFA, approximately 6% were 

CB+ neurons, whereas WFA staining was not observed around any CaMKII+ neurons 

(Supplement Figure 1C). Thus, PNN expression in BLA between the bregma coordinates 

approximately −2.56 and −3.30 was associated primarily with PV+ GABAergic neurons, 

with relatively sparse localization to some CB+ neurons.

While differential rearing had no effect on total number of PV+ neurons (see previous 

section), a one-way ANOVA revealed an effect of differential rearing on the percentage of 

PV+ neurons co-expressing WFA [F (2, 21) = 7.14, p<0.05]. Pairwise comparisons revealed 

that IC rats had a decreased percentage of PV+ neurons co-expressing WFA compared to 

both SC and EC rats (each Tukey HSD, p<0.01); there was no significant difference between 

EC and SC rats (Figure 5B). In addition, a MANOVA used to analyze WFA staining 

intensity (low vs. high) revealed an effect of environment [Wilks= 0.18 (4, 38)= 12.9, p< 

0.001]. Subsequent univariate statistics showed an effect of environment in the percentage of 

WFA+ neurons with low intensity staining [F(2,20)= 45.37, p<0.001] and with high 

intensity staining [F(2,20)= 55.67, p<0.001]. Pairwise comparisons revealed that IC rats 

displayed reduced high intensity WFA+ staining compared to SC (Tukey HSD, p<0.05) and 

EC rats (Tukey HSD, p<0.01); conversely, IC rats displayed increased low intensity WFA+ 

staining compared to both SC and EC rats (each Tukey HSD, p<0.01; Figure 5C). As for c-

Fos co-expression in differentially housed rats, a one-way ANOVA showed a significant 

main effect of the environment [F(2,43)= 10.46, p<0.001]. Subsequent analysis revealed that 

the percentage of double-labelled PV+/WFA+ neurons co-expressing c-Fos was higher in IC 

rats than both SC and EC rats (Tukey HSD p<0.001); SC rats were also higher than EC rats 

(Tukey, HSD, p<0.05; Figure 5D and 5E).

DISCUSSION

The current study examined the effect of social isolation on behavioral performance in tasks 

modeling sensation seeking (locomotor activity and novelty place preference) and negative 

urgency (reward omission task), as well as determining if these behavioral changes were 

related to changes in neuronal activity and PNN expression of BLA neurons phenotyped for 

CaMKII, CB or PV immunoreactivity. The main behavioral finding is that IC rats exhibited 

higher levels of locomotion, novelty place preference, and operant responding following 2 

reward omission trials compared to EC rats. The response of SC rats on each of these 

measures was variable, with SC rats showing locomotion intermediate between IC and EC 

rats, novelty place preference similar to IC rats, and a lack of reward omission responding 

similar to EC rats. Regardless of the variation in the outcome for SC rats, the difference 

between IC and EC rats is consistent with previous work showing isolation-induced 

increases in locomotion (37, 38). The current results extend this finding to novelty place 

preference and operant-based responding following reward omission. As back-translational 

models of sensation seeking and negative urgency, these latter findings are important 

because both of these traits have been strongly associated with drug abuse (15, 39). 

Consistent with this, previous results show that IC rats have enhanced vulnerability to drug 

self-administration and reinstatement compared to EC and SC rats (40).
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An unexpected finding from the NPP test is that, while both IC and SC rats showed a 

novelty preference, EC rats did not, instead trending toward a novelty aversion. This pattern 

of results indicates that the presence of the novel objects, rather than social peers per se, was 

responsible for the loss of the novelty preference. Since the NPP apparatus consisted of 

either a wire grid or rod floor in the end compartments, one might consider this as a 

potential factor in the group differences obtained because a grid floor was used in the IC 

home cage, whereas a smooth floor covered with bedding was used in the SC and EC home 

cages. Indeed, one report found that rats raised in a home cage with a metal grid floor come 

to prefer that floor texture (41). However, different floor textures likely played little role in 

the lack of novelty preference in EC rats, as the novel compartment (grid vs rod) was 

counterbalanced across rats and SC rats showed a novelty preference despite having a solid 

floor in the home cage similar to EC rats. Regardless of the explanation, the loss of novelty 

preference in EC rats corroborates previous work showing that environmental enrichment 

reduces incentive motivation for a novel visual stimulus (42).

The reward omission task used here is thought to model negative urgency in humans and rats 

(20). As predicted, the behavioral results showed greater operant responding for sucrose 

following the omission of an expected reward than following the delivery of reward. 

However, this increase in response was observed only in IC rats and only after 2, but not 

after 8 omission trials. The reward omission effect observed here appeared weaker in 

magnitude to that reported previously from our laboratory (20, 21). Direct comparison 

across studies should be avoided, however, as the current study used females, while the 

previous studies used males. Regardless of potential sex differences, similar to the current 

report, those previous reports housed rats in single cages and the results showed some 

diminution of the reward omission effect across repeated testing. Together, these results 

suggest that the reward omission effect is transient and subject to change with differential 

social housing.

Another finding from the current report is that IC and SC rats responded more for palatable 

reward overall than EC rats, regardless of whether it was a reward omission session or a 

reward session. While it is possible that IC and SC rats may have simply had a higher 

motivation for sucrose reward than EC rats (43), this is unlikely in the current study because 

EC rats outperform IC rats when responding for sucrose reward under food restricted 

conditions similar to those used here (44). Regardless of the interpretation, however, our 

study provides evidence for the first time that the reward omission effect as a model of 

negative urgency is boosted by social isolation and that this effect is not simply due to 

enhanced motivation for palatable reward because both IC and SC showed similar 

enhancement in overall responding for sucrose reward, but only IC rats showed a reward 

omission effect. Perhaps the reward omission effect in IC rats observed here may offer a 

translation model of distress-based overeating in humans, as clinical evidence indicates that 

females who are high in negative urgency are more likely to binge on palatable foods when 

emotionally distressed (17). In any case, IC rats may be characterized as having augmented 

incentive motivation following loss of reward compared to both SC and EC rats.

There were also several key cellular findings from BLA in the current study. First, in IC rats 

given 2 reward omission trials, the overall number of neurons expressing c-Fos+ was 
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increased relative to the baseline reward session, indicating that the loss of an expected 

reward activates BLA neurons. Second, when assessed after the last reward omission 

session, the total number of neurons expressing c-Fos was greater in IC rats compared to 

both EC and SC rats. Third, social isolation increased the overall number of CaMKII+ 

neurons, but not CB+ or PV+ neurons. Fourth, across all phenotyped neurons (CaMKII, CB 

and PV), co-expression of c-Fos in each of these phenotyped BLA neurons was greater in IC 

rats compared to both SC and EC rats. Fifth, there was an environment-induced change in 

PNN density and intensity, with IC rats showing a lower percent of PV+ neurons associated 

with WFA+, as well as an attenuated WFA intensity, compared to both SC and EC rats. 

Finally, the percentage of doubled-labelled PV+WFA+ neurons that co-expressed c-Fos was 

greater in IC rats than either SC or EC rats. Thus, compared to SC and EC rats, IC rats show 

greater activation of glutamatergic (CaMKII+) and calcium-binding (CB+) phenotypic 

neurons in BLA, as well as greater activation of GABAergic (PV+) phenotypic neurons in 

the same region, with this latter effect linked to reduced intensity of PNNs (WFA+).

In the BLA, CaMKII represents approximately 85% of the total neurons, and these neurons 

appear to have an essential role in learning and emotion-based memory (45). The current 

results extend these results to show enhanced CaMKII+ glutamatergic activity associated 

with mood-based impulsivity. Previous work has shown that individuals with mood-related 

disorders display altered activity and function in the glutamatergic projections from the BLA 

to the medial prefrontal cortex (46). Moreover, CaMKII knockout mice are more likely to 

express anxiety-like behaviors (47) and other work shows that social isolation in a post-

traumatic stress disorder model (predator exposure) significantly increases the levels of 

CaMKII (48). Thus, the negative urgency response observed in IC rats may be mediated, at 

least in part, by an increased density and activation of CaMKII glutamatergic neurons. 

Similarly, while not examined, it is also possible that this neural change may be associated 

with the locomotor and novelty place preference changes observed in IC rats.

With regard to PNNs, this extracellular matrix component was examined because of its role 

in neuroplasticity and addiction (49, 50) and because it has been shown to be affected by 

different environmental conditions in prefrontal cortex (7) and striatum (51). Our study is the 

first to report that social isolation alters PNN structure and intensity in BLA. IC rats 

displaying higher levels of negative urgency also showed an attenuated intensity of PNNs 

within BLA. Although this finding is correlational, it is possible that isolation rearing alters 

the state of plasticity within BLA to alter negative urgency. In any case, the current isolation-

induced decrease in PNNs is consistent with a previous study showing a similar effect in 

prefrontal cortex (7).

Consistent with previous reports (25–27), we found that the majority of GABAergic neurons 

(PV+) were associated with surrounding PNNs (WFA immunoreactivity) in BLA. In 

addition, we found a population of PNNs surrounding calcium-binding (CB+) neurons in 

this same region, although this population was more sparse than that reported previously in 

male mice (47). Regardless, PNN intensity is known to be highly correlated with the 

intensity of PV staining of GABAergic interneurons (52) and is highly influenced by 

glutamatergic input (25). This suggests that the decreased PNN density and intensity in IC 

rats in the present study may be due to elevated glutamatergic input to PNN-surrounded 
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GABAergic interneurons, which could then increase GABAergic output to pyramidal 

neurons and thus result in the expression of emotion-based responding. This interpretation is 

consistent with the current finding that IC rats showed an increased percent of double-

labelled PV+/WFA+ neurons co-expressing c-Fos, as well as with previous reports 

suggesting that activation of a distinct neuronal population contributes to negative affect (53) 

and that BLA is involved in encoding the predictive relationship between positive or 

negative valences involved in fine tuning glutamatergic and GABAergic neurons (54, 55). 

Future studies should determine if isolation-induced the changes in BLA neurons are linked 

to plasticity in other parts of the brain involved in mood-based impulsivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Mean (±SEM) distance traveled in EC, SC, and IC rats. *Represents a significant 

difference from EC. #Represents significant difference from SC. B. Mean (±SEM) novelty 

place preference score in EC, SC and IC rats. *Represents a significant difference from EC. 

C. Mean (±SEM) response rate (number of lever presses/trial) for sucrose pellets after 2 

omission trials. *Represents a significant difference from reward trials. D. Mean (±SEM) 

response rate (number of lever presses/trial) for sucrose pellets after 8 omission trials.
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Figure 2. 
A. Mean (±SEM) number of neurons expressing c-Fos after the last reward omission test 

session in EC, SC, and IC rats. *Represents a significant difference from EC. #Represents a 

significant difference from SC. B. Photos are representative confocal images of c-Fos 

expression in an EC, SC and IC rat; white bar represents 15 um. C. Mean (±SEM) number 

of neurons expressing c-Fos in IC rats after a baseline reward session or a session consisting 

of 2 omission trials. *Represents a significant difference from reward trials. D. Photos are 
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representative confocal images of c-Fos expression in an IC rat after a baseline reward 

session or a session consisting of 2 omission trials; white bar represents 15 um.
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Figure 3. 
A. Mean (±SEM) number of CaMKII+ neurons in EC, SC, and IC rats. *Represents a 

significant difference from EC. #Represents a significant difference from SC. B. Mean 

(±SEM) percent of CaMKII+ neurons co-expressing c-Fos in EC, SC, and IC rats. 

*Represents a significant difference from EC. #Represents a significant difference from SC. 

C. Mean (±SEM) percent of CaMKII+ neurons co-expressing c-Fos in IC rats after a 

baseline reward session or a session consisting of 2 omission trials. *Represents a significant 
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difference from reward trials. D. Photos are representative confocal images of CaMKII+ 

neurons co-labelled with c-Fos in EC, SC and IC rats.

Vazquez-Sanroman et al. Page 21

Mol Neurobiol. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
A. Mean (±SEM) percent of CB+ neurons co-expressing c-Fos in EC, SC and IC rats. 

*Represents a significant difference from EC. #Represents a significant difference from SC. 

B. Mean (±SEM) percent of CB+ neurons co-expressing c-Fos in IC rats after a baseline 

reward session or a session consisting of 2 omission trials. *Represents a significant 

difference from reward trials. C. Photos are representative confocal images of CB+ neurons 

co-labeled with c-Fos in EC, SC and IC rats.
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Figure 5. 
A. Mean (±SEM) percent of PV+ neurons co-expressing c-Fos in EC, SC and IC rats. 

*Represents a significant difference from EC. B. Mean (±SEM) percent of PV+ neurons co-

expressing WFA in EC, SC and IC rats. *Represents a significant difference from EC. 

#Represents a significant difference from SC. C. Mean (±SEM) percent of WFA+ neurons 

with low intensity staining and with high intensity staining in EC, SC and IC rats. 

*Represents significant difference from EC. D. Mean (±SEM) percent of double-labeled 

WFA+/PV+ neurons co-expressing c-Fos in EC, SC and IC rats. *Represents a significant 
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difference from EC. #Represents a significant difference from SC. E. Photos are 

representative confocal images of PRV+ neurons co-expressing WFA and c-Fos in EC, SC 

and IC rats.
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