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Abstract

Early life adversity can disrupt development leading to emotional and cognitive disorders. This 

study investigated the effects of social isolation after weaning on anxiety, body weight and 

locomotion, and on extracellular dopamine (DA) and glutamate (GLU) in the nucleus accumbens 

(NAc) and their modulation by corticotropin releasing factor receptor 1. On the day of weaning, 

male rats were housed singly or in groups for 10 consecutive days. Anxiety-like behaviors were 

assessed by an elevated plus maze (EPM) and an open field test (OF). Neurotransmitter levels 

were measured by in vivo microdialysis. Single-housed rats spent less time, and entered more, 

into the closed arms of an EPM than group-housed rats. They also spent less time in the center 

of an OF, weighed more and showed greater locomotion. In the NAc, no differences in CRF, 

or in basal extracellular DA or GLU between groups, were observed. A depolarizing stimulus 

increased DA release in both groups but to higher levels in isolated rats, whereas GLU increased 

only in single-housed rats. Blocking CRF-R1 receptors with CP-154,526 decreased DA release 

in single-housed but not in group-housed rats. The corticotropin releasing factor receptor type 

1 receptor antagonist also decreased GLU in group-housed animals. These results show that 

isolating adolescent rats increases anxiety, body weight and ambulation, as well as the sensitivity 

of dopaminergic neurons to a depolarizing stimulus. This study provides further evidence of the 
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detrimental effects of social isolation during early development and indicates that dysregulation of 

the CRF system in the NAc may contribute to the pathologies observed.

Graphical Abstract

Following weaning, male rats are single or grouped-housed for 11 days. Single housed rats show 

increased anxiety and body weight. Microdialysis in the NAc revealed that extracellular DA 

and GLU were not affected. However, upon a depolarizing stimulus, DA increased to higher 

levels in single-housed rats. Depolarization induced an increase in GLU only in single-housed 

rats. Blocking CRFR1 increased DA in response to depolarization in group-housed rats, whereas 

single housed rats showed a decrease in basal and K+ DA in the presence of the CRFR1 

antagonist. CRFR1 decreased GLU in group-housed animals. These results show that isolation 

during adolescence increases anxiety and the dopaminergic and glutamatergic response to a 

depolarizing stimulus. It also suggests that under normal housing conditions, CRF may act to 

curtail hyperresponsivity to a stimulus, an effect that is lost in animals exposed to chronic isolation 

during adolescence.
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1 | INTRODUCTION

Adolescence is a critical developmental stage that involves fine-tuning of the brain (Ernst 

et al., 2006). It is characterized by synaptic reorganization that ultimately defines many of 

our behavioral and emotional traits (Somerville et al., 2010). Adverse circumstances during 

this developmental period may exert neurochemical and behavioral changes that persist 

into adulthood (Shao et al., 2009; Vargas et al., 2016). For example, exposure to early life 

adversity, such as environmental stress, social instability and isolation, increases the risk to 
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develop psychopathologies, like anxiety, depression, schizophrenia and drug addiction (Agid 

et al., 2000; Burke & Miczek, 2014; Lazarus & Cohen, 1977).

Anxiety is the mental disorder with the highest prevalence worldwide, affecting 

approximately 3.8% of the global population (Ritchie & Roser, 2019). It is characterized 

by a state of apprehension and hypervigilance in anticipation of perceived harmful events 

(Daviu et al., 2019). Anxiety disorders impair cognitive performance and impact quality 

of life (Xu et al., 2019). Loneliness is a major risk factor for the development of anxiety 

disorders (Mushtaq et al., 2014). Studies of social isolation in rodents are used as models 

to study the neurochemical sequelae of chronic early life adversity on the development 

of psychiatric disorders (Robbins et al., 1996). In this model, rats are isolated for several 

weeks and changes in behavior and brain neurochemistry studied subsequently, mainly 

during adulthood (Fone & Porkess, 2008; Grotewold et al., 2014). Results from these studies 

show dysregulation of the corticotropin releasing factor (CRF) system and development of 

anxiety-like behaviors (Ladd et al., 1996; Lukkes et al., 2008; Weiss et al., 2004).

Anxiety and stress share several neural underpinnings, among them activation of 

the hypothalamic-pituitary-adrenal (HPA) axis (Daviu et al., 2019). During the stress 

response, CRF, also known as corticotropin releasing hormone (CRH), is secreted by the 

paraventricular nucleus of the hypothalamus into the circulation and binds to receptors in 

the anterior pituitary to stimulate the secretion of adrenocorticotropic hormone that in turn 

induces the secretion of cortisol and corticosterone by the adrenal glands (Stevens & White, 

2010). CRF is also synthetized by neurons of several other brain nuclei. CRF signaling is 

mediated through two types of G-protein coupled receptors, CRF-R1 and CRF-R2, that are 

widely expressed in brain areas like the ventral tegmental area (VTA), prefrontal cortex 

(PFC), dorsal raphe (DR) and nucleus accumbens (NAc) (Hauger et al., 2009; Henckens et 

al., 2016; Slater et al., 2016). There is compelling evidence indicating that CRF signaling is 

implicated in the regulation of anxiety, of cue-elicited motivation and of social behavior 

such as promoting social bonding (Deussing et al., 2010; DeVries, 2002; Lim et al., 

2007). Several studies propose a direct relationship between the CRF system and stress 

(for review, see Backström & Winberg, 2013). There is evidence that CRF-R1 and CRF-R2 

can participate in reactive or proactive stress coping strategies. However, the role of each 

receptor subtype in modulating the stress response in different brain regions remains unclear 

(Dedic et al., 2018; Deussing & Chen, 2018).

Early life stress induces changes in methylation patterns that can alter CRF expression. 

Many of these changes persist into adulthood and can mediate the observed increase in 

anxiety behavior (Elliott et al., 2010; Zhou & Fang, 2018). For example, prenatal stress was 

found to increase anxiety, decrease gene expression of CRF-R1, CRF-R2 and CRF-binding 

protein in the amygdala, and alter the response of the CRF family to acute stress in other 

brain areas such as the PVN (Zohar & Weinstock, 2011). Several studies suggest that 

CRF-R1 and CRF-R2 exert opposing effects on anxiety and dopamine (DA) release, with 

CRF-R1 inducing aversive and anxiogenic responses and CRF-R2 promoting anxiolytic and 

appetitive behaviors (Backström & Winberg, 2013). However, recent studies suggest that the 

role of these receptors subtypes can be complementary (Lemos et al., 2012) and can change 

according to the neuronal phenotype where they are located, the brain area under study and 
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the condition under study (acute vs. chronic stress) (Dedic et al., 2018; Refojo et al., 2011; 

Slater et al., 2016; Williams et al., 2014).

The nucleus accumbens is crucial in cognition, reward, motivation, locomotion and addictive 

behaviors. It is finely tuned to the rewarding effects of social interactions during adolescence 

and plays a regulatory role in anxiety (Daviu et al., 2019; Somerville et al., 2010). The NAc 

receives CRF projections from the paraventricular nucleus of the hypothalamus and from the 

amygdala, brain regions associated with the stress response (Itoga et al., 2019).

The NAc can be divided into two main areas, the core and the shell. The NAc shell receives 

DA projections mainly from the VTA; it is associated with the mesocorticolimbic pathway 

and is involved in incentive motivation (Berridge, 2007). The NAc core is associated with 

the nigrostriatal pathway and plays a major role in reward predictive cues and locomotion 

(Morales & Berridge, 2020, Zahm, 1999).

There is evidence indicating that stress can modulate the amount of DA released in the NAc 

shell. Deutch and Cameron (1992) showed that acute restriction stress induced an increase 

of DA metabolites in the NAc shell but had no effect on the core. Likewise, Kalivas and 

Duffy (1995) showed that mild footshock stress increased extracellular DA levels in the shell 

of the NAc but had no effect on the core of the NAc. In addition, an increase in anxiety in 

socially isolated mice was associated with decreased expression of the transcription factor 

cAMP response element binding protein expression in the NAc shell (Wallace et al., 2009). 

As there is evidence that links stress with DA changes in the shell of the NAc, we targeted 

this area for study.

The role of CRF in modulating anxiety behavior may be mediated in part by modulating 

dopaminergic neurotransmission in the NAc. Indeed, injection of CRF into the NAc 

increases locomotor activity, a behavior dependent on accumbal DA (Holahan et al., 1997). 

In addition, an increase in DA release is observed after infusion of CRF into brain slices of 

the NAc (Lemos et al., 2012). It is possible that some of the negative effects of isolation on 

emotionality and motivated behaviors may be mediated by changes in CRF signaling in the 

NAc.

The purpose of this work was to address the effect of social isolation during adolescence 

on anxiety behavior and CRFergic modulation of the mesolimbic dopaminergic system. 

We used two experimental paradigms, male adolescent rats that were raised for 10 days 

under conditions of social isolation (single housed) and male adolescent rats that were 

group housed. Body weight and anxiety-like behaviors were assessed. Levels of CRF 

peptide in NAc tissue and of extracellular DA and glutamate (GLU) in the NAc were 

quantified. Furthermore, a CRF-R1 antagonist, CP-154,526, was used to analyze its effect on 

extracellular levels of DA and GLU in the NAc under both housing conditions.
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2 | MATERIALS AND METHODS

2.1 | Animal group and treatment

Male Sprague–Dawley rats were obtained from the animal care facility of Pontificia 

Universidad Católica de Chile or ordered from Charles Rivers (University of Puerto Rico 

Medical Sciences Campus [UPR]). All animals were group housed from birth to weaning. 

At day 21 (day 23 at UPR), animals were weaned and divided into two sets: (a) group 

housed (2–3 rats per cage) and (b) single housed. Food and water were available ad 

libitum, the room was maintained at constant temperature (25°C) with a light/dark cycle 

of 12 hr (lights on at 07:00 a.m.). A different group of rats was used for each behavioral 

study, that is, two for the EPM and two for the open field studies. The behavioral 

tests were counter-balanced, and behavioral tests were conducted alternating isolated and 

grouped-housed individuals so that the time of testing was distributed equally among the 

comparison groups. The EPM test was conducted on PN day 32, and the open field test 

was conducted on PN day 33, as stated in Section 3. Six different groups of rats were 

used for the neurochemical studies (microdialysis and CRF determinations). Two groups 

were used to assess basal neurotransmitter levels, two other groups were used to assess 

neurotransmitter levels (brains were perfused with the CRF antagonist) and the remaining 

two groups were used to determine CRF levels by ELISA. All in all, 10 groups of rats 

(five experiments) were used for the entire study. All procedures were conducted according 

to institutional (Pontificia Universidad Católica de Chile and University of Puerto Rico 

Medical Sciences Campus), national and international guidelines (NIH Guide for the Care 

and Use of Laboratory Animals), and approved by the corresponding Institutional Animal 

Care and Use Committee.

2.2 | Drugs

The CRF-R1 antagonist, CP-154,526, was purchased from Tocris Bioscience and dissolved 

in artificial cerebrospinal fluid (aCSF) at a concentration of 10 μM. The concentration of 

CP-154,526 was chosen according to previous work from our group (Sotomayor-Zarate et 

al., 2015).

2.3 | Elevated plus maze

The elevated plus maze (EPM) is a behavioral assay validated in rodents to assess anxiety-

related behavior. It is based on the rat’s aversion to open spaces and its tendency to 

remain near to, or touching, vertical surfaces (Pellow et al., 1985). Studies have shown that 

anxiogenic drugs decrease the time spent in open arms, while anxiolytic drugs increase the 

time spent in open arms (Biedermann et al., 2017). Our testing apparatus consisted of a plus-

shaped custom-made apparatus with two 50 cm open arms and two 50 cm enclosed arms, 

each with an open roof. The apparatus is elevated 70 cm from the floor. An infrared video 

camera was placed above the maze. The camera was connected to a computer containing 

the ANY-maze™ software. At the beginning of the test, rats were placed at the junction 

of the open and closed arms, and the video tracking system was activated. The software 

automatically recorded the number of entries into the open and closed arms, as well as the 

time spent in each arm. Entry into an arm was defined as the time point when more than 

95% of the length of the rat is in the arm. This was considered time zero. The test ended 
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after 5 min. The amount of time spent in the open and closed arms, the number of entries 

into the open and closed arms, the time spent in the open arms relative to the closed arms 

and the total number of arm entries were measured. The less time spent, and the lower the 

number of entries into the open arms, the greater the anxiety.

2.4 | Open field test

This test was originally developed in 1934 to measure emotionality in rats (Hall, 1934). It 

is used mainly to measure anxiety, exploratory behavior, risk taking behavior, thigmotaxis 

and effectiveness of anxiolytic drugs in rats (Treit & Fundytus, 1988). Anxiolytic drugs 

like benzodiazepines increase the amount of time the rat spends in the center of the open 

field, thus demonstrating their anxiolytic effect (Prut & Belzung, 2003). On the other hand, 

anxiogenic compounds, such as CRF, increase the amount of time spent in the periphery of 

the open field (Skutella et al., 1998). Its usefulness as a tool to measure anxiety has been the 

subject of debate, and several studies argue that it is more suited for measuring locomotor 

activity (Seibenhener & Wooten, 2015). Nonetheless, it is still used in conjunction with the 

EPM as a confirmatory behavioral assay for anxiety.

Ten locomotor activity chambers (Versamax™ system) were used to measure open field 

behavior. These chambers are made from clear acrylic (42 × 42 × 30 cm), with 16 equally 

spaced (2.5 cm) infrared beams across the length and width of the cage at a height of 2 cm 

from the cage floor (horizontal beams). All beams are connected to a Data Analyzer that 

sends information to a personal computer that displays beam data through a Windows-based 

program (Versadat). Animals were placed in the activity cage and allowed to roam freely for 

10 min. The breaking of infrared beams determined the position of the rats in the activity 

cage. The amount of time spent in the center of the cage versus the amount spent at the 

periphery was compared, as well as the total distance travelled. Animals that spent less time 

in the center of the cage were considered to be more anxious.

2.5 | Measurement of CRF

Eleven days after weaning (PND 31), a group of single- and group-housed rats were 

anesthetized with chloral hydrate (400 mg/kg), decapitated, the brain removed and the 

NAc micro-punched from coronal sections. The tissue was homogenized in 1 × RIPA 

lysis buffer (Millipore) and 1 × Complete Mini (Roche), sonicated at three cycles of 10 

s and agitated at 4°C for 30 min. Finally, tissues were centrifuged at 4°C for 30 min at 

15,000 RPM and proteins quantified using the micro-BCA kit (Thermo Scientific, Pierce) 

according to manufacturer specifications. CRF was quantified with an ELISA kit (Peninsula 

Laboratories) using protocol III according to manufacturer specifications.

2.6 | Microdialysis

To assess extracellular neurotransmitter levels in the NAc, in vivo microdialysis was 

performed at PND 31 in two groups of rats: single housed and group housed. Rats were 

anesthetized with chloral hydrate (400 mg/kg, i.p.) and maintained with a continuous flow 

(1.5–4.5 μl/min) of chloral hydrate (8% w/v). The rat’s temperature was kept at 37°C with a 

heating pad. Microdialysis probes (MAB 2.14.2, cut-off 35 KDa, Microbiotech) were placed 

in the NAc using the following coordinates: AP: 1.3 mm, ML: 1.3 mm and DV:8.5 mm, 
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at an angle of 20° from Bregma (Figure 1a). The probe was perfused with aCSF buffer, 

composed of 120 mM NaCl, 2.4 mM KCl, 0.9 mM NaH2PO4, 1.4 mM Na2HPO4 and 1.2 

mM CaCl2 (pH 7.40). To investigate the effect of a depolarizing stimulus on extracellular 

DA and GLU levels in the NAc, potassium was added to the microdialysis probe (Girault 

et al., 1986; Moghaddam et al., 1990). For this procedure, the NAc was perfused with 

aCSF containing 70 mM KCl and 52.5 mM NaCl. The probe was placed in the NAc, 

stabilized over 90 min and then dialysate samples were collected every 10 min. K+-aCSF 

was applied, in every microdialysis experiment, between the 6th and 7th dialysate sample 

as a depolarizing stimulus. In the experiment with 10 μM CP-154,526, the antagonist was 

applied into the NAc after the 3rd dialysate. At the end of the experiments, animals were 

decapitated and their brains removed to assess probe localization.

2.7 | Analysis of dialysates by HPLC

Dialysate samples were analyzed by high performance liquid chromatography (HPLC). DA 

was detected with an electrochemical detector. The mobile phase was 0.1 M NaH2PO4, 

0.1 mM EDTA, 1.7 mM octanesulfonic acid and 7% v/v CH3CN (pH 2.5). Glutamate was 

detected with a fluorometric detector. To this end, 10 μl of dialysate was mixed with 10 

μ of ddH2O, 4 μl of borate buffer (pH 10.8) and 4 μl of fluorogenic reagent (20 mg of 

ortho-phthaldehyde and 10 μl 2-Mercaptoethanol in 5 ml of absolute ethanol). A total of 20 

μl of the mixture was injected into the HPLC. The mobile phase was 0.1 mM NaH2PO4 and 

23.5% v/v CH3CN (pH 5.7). The first three dialysates were used as the baseline to calculate 

the percent change from baseline in every sample.

2.8 | Confirmation of probe localization

At the end of the microdialysis experiments, animals were euthanized, brains removed, 

placed in 4% paraformaldehyde for 48 hr, washed in PBS and placed in 25% sucrose for 2 

days. Brains were then stored at −70°C and subsequently sliced at 20 μm in a cryostat. Brain 

slices were mounted on a glass slide and stained with cresyl violet (Figure 1b) to confirm the 

placement of the microdialysis probe. Data obtained from animals where the probe was not 

in the NAc were not used in the study.

2.9 | Statistical analysis

The statistical analysis used varied according to the data evaluated. Body weight (Figure 

2), EPM (Figure 3), open field (Figure 4a and b), CRF content (Figure 7), extracellular DA 

in NAc (Figure 5a) and extracellular GLU in NAc (Figure 6a) data were analyzed with an 

unpaired Student’s t test. K+ stimulated (Figures 5b and 6b) DA and GLU were analyzed 

with a two-way ANOVA, followed by Sidak post-hoc tests. The effects of the CRF-R1 

antagonist CP-154,526 on extracellular DA and GLU in the NAc (Figures 5c,d and 6c,d) 

were combined and analyzed using a 3-way ANOVA. Statistical analysis was performed 

using GraphPad Prism software (versions 7 and 8) and JMP (version 10). An alpha level 

of p < 0.05 was considered statistically significant. Detailed statistical tests and values are 

included in Tables 1–3, as well as in Section 3.
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3 | RESULTS

3.1 | Social isolation increases body weight

On the day of dialysis, prior to the experiments (day 31), body weight of rats was assessed. 

The average weight of group-housed rats was 122.9 ± 2.2 g, whereas single-housed rats 

weighed 137.4 ± 4.0 g (Figure 2). Statistical comparisons between groups reveal that 

single-housed rats had a higher body weight than those that were group housed. Data were 

analyzed by a non-paired Student’s t test. t = 3.1838; p = 0.0043.

3.2 | Social isolation increases anxiety-like behavior

On day 32, rats were tested in the EPM. Single-housed rats spent less time in the open 

arms of the EPM than group-housed rats (Figure 3a). No differences were observed in open 

arm entries between groups (Figure 3c) Single-housed rats spent more time and made more 

entries, into the closed arms of the EPM than group-housed rats (Figure 3b and d). Social 

isolation also increased the ratio of the time spent in the closed arms versus open arms of 

the EPM (Figure 3e). The total number of entries into open and closed arms of the EPM also 

increased (Figure 3f). These results show that single housing increases anxiety in rodents. 

Data were analyzed with a non-paired Student’s t test comparing single-with group-housed 

animals. Figure 3a: t = 2.836, p = 0.0119; Figure 3b: t = 2.1443, p = 0.046; Figure 3c: t 
= 0.5684, p = 0.5788; Figure 3d: t = 2.703, p = 0.0172; Figure 3e: t = 2.127, p = 0.0493; 

Figure 3f: t = 2.397, p = 0.0311.

3.3 | Social isolation increases ambulation

On day 33, rats were tested in an open field. Single-housed rats spent less time in the center 

of an open field (Figure 4a and c) and ambulated more (Figure 4b and d) than group-housed 

rats. These results afford proof that social isolation increases anxiety and locomotor activity 

in rats. Data from Figure 4a,b were analyzed with a non-paired Student’s t test comparing 

single- with group-housed animals: Figure 4a: t = 2.335, p = 0.0313; Figure 4a: t = 2.782, p 
= 0.0123. Data from Figure 4c,d were analyzed by linear regression comparing single- and 

group-housed rats. Figure 4c: unequal slopes: F = 0.3289, p = 0.5699; unequal intercepts: F 
= 10.101, p = 0.00299; Figure 4d: unequal slopes: F = 0.1394, p = 0.711; unequal intercepts: 

F = 10.9053, p = 0.00213.

3.4 | Social isolation does not affect basal dopamine or glutamate extracellular levels in 
the NAc

To address if social isolation during adolescence alters dopaminergic or glutamatergic 

extracellular levels, microdialysis was used to obtain dialyzed samples of the NAc of group- 

and single-housed animals. The data obtained were normalized relative to the percent change 

from basal levels to reduce data variability. Our data from postnatal day 31 show no 

significant differences in extracellular basal DA between group-housed and single-housed 

rats (Figure 5a). Extracellular basal GLU levels also did not vary between groups (Figure 

6a). Data in Figures 5a and 6a were analyzed by non-paired Student’s t test (Figure 5a: t = 

0.2135, p = 0.8340; Figure 6a: t = 1.8881, p = 0.0799).
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3.5 | Social isolation and K+-induced extracellular DA levels in the NAc

To evaluate if a depolarizing stimulus of 70 mM K+ modified extracellular DA levels in the 

NAc of group-housed or single-housed rats, we performed microdialysis for approximately 

100 min, collecting dialysates every 10 min. At minute 60, we infused K+-aCSF through 

the microdialysis probe for 10 min to induce depolarization (Figure 5b). A depolarizing K+ 

stimulus increased extracellular DA levels in single-housed and group-housed rats compared 

with their basal levels (2-way ANOVA, Table 1; Time p = 0.0001). The K+-induced DA 

release was also significantly different between groups (Table 1: Treatment: p = 0.0146; 

Interaction p = 0.0015; Table 2: Min 70, p < 0.05). (For complete statistical values, see 

Tables 1 and 2).

3.6 | CP-154,526 decreases DA levels in the NAc of isolated rats

To determine the modulatory role of CRF-R1 on extracellular DA levels in the NAc, 

two groups of animals were infused with the CRF-R1 antagonist, CP-154,526, through 

the microdialysis probe at minute 30 (Lemos et al., 2012). We analyzed the effect of 

CP-154,526 on extracellular DA levels by selecting the time points 40–100, which represent 

the time points when the antagonist was infused through the tissue. A 3-way MANOVA 

of time points 40–100 shows a significant interaction between housing and the CRF-R1 

antagonist (p = 0.0330), indicating that housing conditions affect CRF-R1 modulation of 

extracellular DA in the NAc. Figure 5c and d shows that CP-154,526 decreased extracellular 

DA at all time points measured in single-housed rats, an effect not observed in group-housed 

rats.

Our results also indicate there is a significant difference across time: extracellular DA varied 

throughout the time period that it was collected. The infusion of K+ at min 70 induced 

an increase in extracellular DA in single- and group-housed animals with and without 

CP-154,526, which is reflected as a significant difference in the repeated measure variable 

(time; p = 0.0118). Data in Figure 5c and d were combined and analyzed with a 3-way 

repeated measures ANOVA (For statistical values, see Tables 2 and 3).

3.7 | Social isolation increases, and CP-154,526 decreases, GLU release in the NAc

A 3-way repeated measures ANOVA was used to analyze extracellular GLU levels in the 

NAc shell using the data from Figure 6c and d. An analysis of time points 40–100 indicates 

that (a) housing conditions (Housing: p = 0.0129) affect extracellular GLU levels in the 

NAc, (b) extracellular GLU levels vary across the time points measured (Time: p = 0.0261) 

and (c) housing (single or grouped) affects CP-154,526 modulation of extracellular GLU in 

the NAc across time (Time × Housing; p = 0.0385). Importantly, a three-way interaction 

(Time × Housing × CP-154,526) was observed, indicating that the effect of CP-154,526 

varies according to housing conditions (grouped or single) throughout time. In other words, 

only single-housed rats showed an increase in GLU after K+, an effect that was enhanced by 

CP-154,526. In contrast, group-housed rats did not show an increase in GLU in response to 

K+.

If we limit our comparisons to minutes 40–60, the data show an interaction between all 

variables (p = 0.0490), particularly an effect of housing (p = 0.0232). CP-154,526 shows 
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a trend to decrease extracellular GLU only in group-housed animals, hinting the potential 

effects of CRF-R1 on GLU response (Housing × CP-154,526; p = 0.0903). Further studies 

are required to confirm the role of CRF-R1 on GLU release in the NAc. (For statistical 

values, see Tables 2 and 3).

3.8 | Social isolation does not alter CRF levels in the NAc

On day 31, separate groups of single-and group-housed rats were euthanized, the NAc 

dissected and homogenized, and the supernatant analyzed for CRF by ELISA. CRF was 

normalized to the total amount of protein in the NAc of each rat. No significant differences 

were observed in CRF levels between group-housed and single-housed rats (Figure 7). The 

average amount of normalized CRF peptide in group-housed rats was 0.80 ± 0.08 (μg/mg), 

and for single-housed rats, it was 0.75 ± 0.03 (μg/mg). Data were analyzed by non-paired 

Student’s t test (t = 0.6303; p = 0.5517).

4 | DISCUSSION

4.1 | Summary

Recent studies show that psychiatric disorders during adulthood can be traced back to life 

adversities during infancy and early adolescence (Long Term Consequences of Child Abuse 

and Neglect, 2019). In rodents, post-weaning social isolation has been used to study the 

effects of neglect during early adolescence on social, emotional and addictive behaviors 

among others (Lukkes et al., 2009). Most studies socially isolate young males for 4–6 weeks 

and assess the consequences during early adulthood (Lukkes et al., 2009). We chose to 

investigate the impact of 10 days of social isolation immediately after weaning, to determine 

if the detrimental effects of isolation are present soon afterwards, during mid-adolescence, or 

if they require some time for the effects to be manifested.

Our main goal was to evaluate behavioral and neurochemical alterations in the NAc, 

induced by social isolation in adolescent male rats. The role of CRF-R1 in mediating these 

changes was also investigated. Our data confirm previous studies that report an increase 

in body weight, ambulation and anxiety-like behaviors in socially isolated rats. In the 

NAc, no differences in CRF content or in basal extracellular levels of DA or GLU were 

found between groups. Upon a depolarizing stimulus, there was a significant increase in 

extracellular DA levels in the NAc of both groups, with single-housed rats displaying a 

higher percent change than group-housed rats. Infusion of the CRF-R1 antagonist into 

the NAc increased the K+-induced percent change of extracellular DA in group-housed 

animals compared with aCSF-control infused animals. In single-housed rats, CRF-R1 

reduced extracellular DA levels. These results suggest that in the NAc, CRF-R1 may be 

acting to mitigate the extracellular dopaminergic response to a depolarizing stimulus, as 

observed in group-housed rats, and that isolation overrides the moderating effect of CRF-R1 

on stimulus-induced DA release. CRF-R1 also decreased extracellular GLU levels in group-

housed rats, an effect not observed in socially isolated rats, suggesting that CRF-R1 plays an 

important role in regulating basal extracellular GLU in the NAc.
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4.2 | Social isolation increased anxiety

This study found that social isolation of adolescent rats increased anxiety-like behaviors 

when measured during adolescence. Anxiety was assessed as a decrease in the number of 

entries, and in the time spent, in the open arms of an EPM, and an increase in the time spent 

in the closed arms of an EPM (Lukkes et al., 2009). In addition, single-housed rats spent less 

time in the center of an open field arena, than grouped-housed rats. Our data indicate that the 

time spent in the open arms is more sensitive to isolation than the number of entries into the 

open arms, similar to what is observed with anxiogenic drugs (Pellow et al., 1985). These 

results also illustrate that the anxiogenic effects of isolation are independent of a possible 

sedative or depressive effect as the total amount of entries, and the distance travelled in 

the open field, is greater in isolated males. Previous studies have confirmed that social 

isolation after weaning exerts detrimental effects on emotion, cognition, hyperactivity and 

motivated behaviors (Begni et al., 2020; Lukkes et al., 2009). Indeed, changes in functional 

connectivity and gene expression, as well as the appearance of dysfunctional behaviors, have 

been observed (Begni et al., 2020). Increases in contextual fear memory deficits (Okada et 

al., 2014) and aggression (Matsumoto et al., 2005) have also been reported. Furthermore, 

animals that were socially isolated after weaning, stressed and tested afterwards as adults 

show an increase in anxiety (Ishikawa et al., 2015).

The current study extends these findings and shows that 10 days of social isolation is 

sufficient to disrupt emotional behaviors and indicates that the effects of isolation on anxiety 

can be observed as early as adolescence. Anxiety and stress share common neural substrates, 

such as the hypothalamus, amygdala, prefrontal cortex and striatum (Daviu et al., 2019; 

Mobbs et al., 2007). Thus, it is not surprising that isolating rats immediately after weaning 

can cause dysfunctions in brain areas that regulate emotion (Lemos et al., 2012; Okada et al., 

2014). Children that experience a difficult childhood, due to abuse or isolation among others, 

are more susceptible to develop emotional and psychiatric disorders (Kapur et al., 2005). 

Indeed, a recent study calculated that approximately 50% of adult patients diagnosed with 

depression and anxiety were subjected to maltreatment during childhood and adolescence 

(Li et al., 2016).

4.3 | Social isolation increased locomotor activity

Similar to other studies, we found that isolation increased ambulation in an open field 

as well as the number of arm entries in an EPM (Ieraci et al., 2016; Shao et al., 2009). 

Ambulation and navigation are complex behaviors that involve whole brain computation 

(Hughes & Celikel, 2019) and are dependent on the activation of sensorimotor circuits 

(Hughes & Celikel, 2019). Pre-pulse inhibition (PPI) is used as an operational measure 

of sensorimotor gating (Fitzgerald & Pickel, 2018; Kohl et al., 2013). Deficiencies in PPI 

are characteristic of schizophrenic patients and of other psychiatric conditions (Fitzgerald 

& Pickel, 2018; Kohl et al., 2013). Recent studies indicate that social isolation during 

adolescence induces deficits in PPI that lasts into adulthood (Wilkinson et al., 1994). Indeed, 

manipulation of DA and GLU levels in the NAc (Mumtaz et al., 2018), as well as rearing 

rats in isolation (Fone & Porkess, 2008; Wood et al., 2005), induces PPI deficits that may 

be related to some of the behavioral changes observed in socially isolated rats, such as 

increased anxiety, ambulation and a hyperactive HPA axis (Fitzgerald & Pickel, 2018).
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4.4 | Social isolation increased body weight

Body weight is intricately regulated by several interconnected brain, adipose and gut tissues, 

as well as by a plethora of peptides that drive food intake and energy expenditure. From 

hindbrain (nucleus of the tractus solitarius), to limbic (amygdala, hypothalamus, striatum) 

to cortical (prefrontal cortex) substrates, they all contribute to the homeostatic regulation of 

body weight. Hormones, particularly those from the thyroid, can also alter the metabolic 

rate. Previous studies have found that early life adversity can contribute to the development 

of obesity, metabolic disease and higher food intake (Koolhaas et al., 2010; Morris et al, 

2014; Vargas et al., 2016), the effect depending on the type and duration of stress, as well 

as on individual reactivity to stress. Early life stress can initiate adaptive changes with 

long-lasting consequences. For example, increases in plasma glucocorticoid resulting from 

early life adversity can lead to a greater susceptibility to develop metabolic syndrome as 

adults and result in higher body weight (Morris et al, 2014; Vargas et al., 2016). Indeed, 

increases in body weight, fasting blood glucose and insulin levels are reported in rats after 

early life stress (Vargas et al., 2016).

In this study, we found that after 10 days of single housing, rats weighed significantly more 

than their group-housed counterparts, consistent with previous studies reporting that chronic 

stress, particularly during development, results in an increase in body weight and of food 

intake (Fiala et al., 1977; Nakhate et al., 2011; Vargas et al., 2016; Zaias et al., 2008). 

Nonetheless, there are studies that find an opposite effect, which may be partially explained 

by the day and length of the isolation procedure among other factors (Shao et al., 2009). 

Interestingly, the increase in body weight of socially isolated rats observed in our study 

occurred even though isolated animals show greater locomotor activity than group-housed 

rats. It is possible that the increased body weight may be related to the psychological and 

emotional effects induced by social isolation, such as increased anxiety, resulting in higher 

food intake, or by changes in metabolic rate (Fiala et al., 1977; Jahng & Houpt, 2001).

CRF is one of the main secretagogues during a stress response and has been implicated 

in the regulation of body weight, mainly by altering food intake and energy expenditure 

(Dedic et al., 2018; Wei et al, 2019). A recent study reports that dysregulation of CRF 

expression in the NAc may be correlated with compulsive eating behaviors (Wei et al., 

2019). However, in our current study, we did not find that social isolation altered CRF levels 

in the NAc. Consistent with our results, socially isolating neonatal pups (PN 2–14) does 

not alter hypothalamic or hippocampal CRF levels when measured in adulthood (Husum & 

Mathe, 2002).

Considering unchanged expression of CRF in the NAc in the current study, one proposed 

scenario is that isolation may induce changes in CRF receptor density or affinity. Indeed, 

studies by Wei et al. (2019) show that chronic stress increased CRF1 and CRF2, as well 

as D2R, in the NAc of adult male mice. An additional scenario is that isolation may alter 

CRF expression (or receptor population) in other brain areas such as the prefrontal cortex, 

an important regulator of goal-directed behavior, such as food and drug reward, and of 

inhibition of inappropriate actions (Wise & Morales, 2010). Indeed, rats exposed to early life 

adversity attributed a greater incentive value to a reward cue (Hynes et al., 2017). Further 

studies are required to elucidate the mechanism involved.
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4.5 | Social isolation increased K+-induced extracellular DA release in the NAc

In the current study, we did not observe changes in basal extracellular DA levels in the NAc. 

However, the DA response to a depolarizing stimulus was exacerbated in single-housed 

compared with group-housed rats. Previous studies have found an association between the 

increase in anxiety observed in animals subjected to early life adversity and an increased 

DA responsiveness to reward (Brake et al., 2004; Kosten et al., 2005; Matthews et al., 

1999; McArthur et al., 2007; Ploj et al., 2003). A study by Shao et al. (2009) with 

rats socially isolated from days 32–51 reports no difference in DA levels in the NAc at 

day 52 but observed an increase in DA content at day 66. Similarly, Karkhanis et al. 

(2019) report an increase in DA release in response to simulation in NAc slices of rats 

isolated during adolescence. Kapur et al. (2005) also find that dopaminergic neuronal firing 

becomes dysregulated after early life stress and suggest that this may be responsible for the 

“usurpation of salience and novelty” observed with increased anxiety. Our results confirm 

these earlier studies that report a “hyperresponsive dopaminergic system” as a result of early 

life adversity (Fulford & Marsden, 1998; Lapiz et al., 2003).

4.6 | Blocking CRF-R1 increases extracellular DA release in the NAc but had no effect on 
socially isolated rats

Infusion of the CRF-R1 antagonist into the NAc increased the extracellular DA response 

induced by K+ in group-housed animals. In contrast, single-housed rats showed a decrease 

in extracellular DA levels after CP-154,526 infusion. These data show that CRF-R1 

participates, at least partially, in regulating extracellular DA levels in the NAc. They 

also convey that a possible role of CRF-R1 in the NAc is to moderate the response of 

extracellular DA to a depolarizing stimulus.

The presence of CRF-R1 immunoreactivity in cell bodies and dopaminergic terminals of the 

NAc (Lemos et al., 2012) and the fact that pharmacological and genetic manipulation of 

the CRF-R1 population in the NAc alters the firing pattern and DA release of dopaminergic 

neurons (Lemos et al., 2012; Refojo et al., 2011) suggest a regulatory role of CRF-R1 upon 

mesocorticolimbic dopaminergic circuitry. CRF-R1 may limit the dopaminergic response to 

a depolarizing stimulus, and isolation appears to override this limitation, an indication of 

a dysregulated CRF-R1-dopaminergic system. Indeed, evidence suggests that DA release 

in the NAc is dependent on the activation of CRF receptors (Lemos et al., 2012). Studies 

by Refojo et al. (2011) propose that the subset of dopaminergic neurons that contain CRF-

R1 is responsible for increasing firing of DA neurons in response to stress. Conditional 

mutagenesis experiments where CRF-R1 in DA neurons are rendered non-functional show 

an increase in action potential firing of DA neurons (Refojo et al., 2011), an effect similar to 

what was observed in group-housed rats following administration of the CRF-R1 antagonist. 

The presence of CRF-R1 on glutamatergic and dopaminergic neurons is suggested to play 

a dual role in the regulation of emotional behaviors, acting in an antagonistic fashion to 

regulate the adaptive responses to stress (Refojo et al., 2011). Indeed, rendering CRF-R1 

non-functional in glutamatergic and in dopaminergic neurons cancels the effect on anxiety 

behaviors (Refojo et al., 2011). Other studies show that D2 receptors present in DA 

terminals of the NAc are increased by social isolation and antagonism of CRF-R1 in adult 

male rats reverses this effect (Djouma et al., 2006). Evidence for cholinergic modulation of 
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DA in the NAc by activation of CRF-R1 has also been shown to play a role (Lemos et al., 

2019).

Taken together, these data suggest a regulatory role of CRF-R1 on mesolimbic dopaminergic 

circuitry. Our future studies will evaluate CRF-R1 and CRF-R2 levels in the NAc and the 

modulatory role of CRF-R2 in mediating the effects of social isolation on DA levels in 

the NAc. The possible role of cholinergic interneurons and of accumbal D2 receptors in 

mediating dopaminergic dysregulation in socially isolated adolescent rodents will also be 

examined.

4.7 | Social isolation did not affect basal extracellular glutamate release

Basal extracellular GLU levels in the NAc were not different between single- and group-

housed rats. Other investigators also report that extracellular basal levels of GLU and DA are 

not affected under different isolation procedures (Grotewold et al., 2014; Howes et al., 2000; 

McCormick et al., 2002). In contrast, K+ increased extracellular GLU only in single-housed 

rats, indicating that isolation induces a hyperresponsive GLU response to a depolarizing 

stimulus.

4.8 | Blocking CRF-R1 decreased extracellular GLU release in the NAc of group-housed 
rats

Blocking CRF-R1 receptors decreased extracellular GLU release in group-housed but not 

in single-housed rats. Thus, isolation overrides the effect of the CRF-R1 antagonist on 

the extracellular release of DA and GLU. Our statistical analysis reveals an interaction 

between Time, Housing and CP-154,526, indicating that they all contributed to modulate 

the release of GLU. Very few studies have evaluated the role of stress on NAc GLU 

levels. Recent studies indicate that glutamatergic input into the NAc regulates dendritic 

spine density as well as susceptibility to social stress (Christoffel et al., 2015). An increase 

in excitatory synaptic neurotransmission in the NAc with increased anxiety has also been 

reported (Heshmati et al., 2016).

The glutamatergic input to the NAc is diverse, with projections coming from the basolateral 

amygdala, prefrontal cortex, hippocampus and mediodorsal thalamus (for review see Britt et 

al., 2012; Xu et al., 2020). Activation of these pathways also elicits distinct behavioral and 

physiological effects (Britt et al., 2012). For example, optical stimulation of hippocampal 

neurons elicits the highest excitatory currents of postsynaptic neurons in the NAc compared 

with projections from the amygdala or prefrontal cortex (Britt et al., 2012). Glutamatergic 

neuronal populations may have intrinsic differences in input resistance, firing threshold and 

proximity to glial cells, among other factors, that ultimately may affect their reactivity to 

stress.

5 | CONCLUSION

In summary, this study finds that isolating adolescent rats for 10 days after weaning 

increased anxiety and locomotor activity. Isolated rats also showed an increase in body 

weight that may be related to increased food consumption or decreased metabolism. No 

changes were observed in CRF content, or in basal extracellular DA or GLU, in the NAc. 
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Interestingly, DA and GLU terminals in the NAc of isolated rats are hyperresponsive to 

a depolarizing stimulus compared with group-housed rats and may partially explain the 

increase in anxiety.

Blocking CRF-R1 receptors decreased extracellular DA in single-housed rats, an effect not 

observed in group-housed rats. CP-154,526 also decreased GLU in group-housed animals. 

Thus, our data show that CRF-R1 receptors modulate dopaminergic and glutamatergic 

tone in the NAc. Our results suggest that social isolation affects the CRF system altering 

dopaminergic and glutamatergic tone in the NAc, which in turn may affect emotionality. 

This study provides the first evidence of the detrimental effect of social isolation during 

adolescence on anxiety and suggests that dysregulation of the CRF system in the NAc 

may alter DA and GLU release in the NAc and contribute to the pathologies observed 

in adolescents exposed to early life adversity. Further studies are needed to elucidate the 

mechanism by which CRF-R1 regulates DA and GLU transmission in the NAc.
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ELISA enzyme-linked immunosorbent assay

EPM elevated plus maze

GLU Glutamate

NAc nucleus accumbens

OF open field

PFC prefrontal cortex

PN postnatal

PPI pre-pulse inhibition

VTA ventral tegmental area
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FIGURE 1. 
Body weight of male rats after 10 days of grouped or single housing. Animals were weighed 

on PND 31, after the isolation period and before any experimental manipulation. The body 

weight of single-housed rats was greater than that of group-housed rats. Number of animals 

= 12 per group. **Indicates significantly different from group-housed rats; see Table 1 for 

statistical tests and values
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FIGURE 2. 
Elevated plus maze test results of group- and single-housed rats. (a) After 10 days of single 

housing (PN 22–31), isolated rats spent less time in the open arms of an EPM, (b) more 

time in the closed arms of an EPM, (c) showed no differences in the number of open arm 

entries, (d) made more entries into the closed arms of an EPM, (e) spent more time in closed 

versus open arms of the EPM and (f) had more total entries into both arms of an EPM 

than group-housed rats. Number of animals = 10 per group. *Indicates significantly different 

from group-housed rats; for complete statistical values, see Table 1
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FIGURE 3. 
Open field behavior of group- and single-housed rats. (a) After 11 days of single housing 

(PN 22–32), rats spent less time in the center area, and (b) displayed greater ambulation than 

group-housed rats. (c and d) This difference was consistent throughout the open field test. 

Number of animals = 10 per group. *Indicates significantly different from group-housed 

rats; for statistical values, see Table 1 and Section 3

Novoa et al. Page 24

Eur J Neurosci. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Anatomical localization of the microdialysis probes. (a) Representation of a rat brain coronal 

section and the position of the NAc microdialysis probes of rats included in this study. 

(b) Tissue damage by probe placement in the NAc. Scale: 500 μm (scheme modified from 

Paxinos & Watson, 2005)
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FIGURE 5. 
Extracellular dopamine in the NAc of single- and group-housed rats in the presence or 

absence of the CRF-R1 antagonist CP-154,526. After 11 days of single or group housing, 

extracellular DA in the NAc was assessed by microdialysis. (a) Basal extracellular DA was 

not affected by housing conditions (n = 8 per group). (b) Perfusion of the NAc shell with 

KCl (70 mM KCl) increased extracellular DA in both groups; this increase was significantly 

higher in single-housed rats (n = 5 per group). (c and d) Blocking CRF-R1 receptors in 

grouped-housed rats exacerbated the extracellular dopaminergic response to a depolarizing 

stimulus (n = 5 per group), an effect not observed in single-housed rats. Blocking CRF-R1 

receptors in single-housed rats decreased extracellular dopamine (n = 5 per group), an effect 

not observed in group-housed rats. aCSF group (n = 5 per group), CP-154,526 group (n 
= 3 per group). For panels b, c and d, data are presented as mean ± SEM. For panels c 

and d, the gray bar represents the depolarizing stimulus (70 mM KCl) between 60 and 70 

min. The line on top of the graph (between minutes 30 and 100) represents perfusion of 

the CRF-R1 antagonist CP-154,526. Data in Figure 5b–d were normalized to basal levels in 

each animal. Figure 5a: p = 0.8340 (Table 1); Figure 5b: ****indicates significantly different 

(Treatment: p = 0.0146, Time p = 0.0001, Interaction p = 0.0015. (For details, see Tables 1 

and 2) In group-housed rats CP-154,256 induced an increase in the dopaminergic response 

to a depolarizing stimulus (see Table 2). Figure 5c and d: An interaction between housing 

and CP-154,526 was found (p = 0.0330), indicating that the response to the CRF antagonist 

varied depending on the housing conditions. The variable Time also varied among the 
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groups (Time = 0.0118), indicating that the effect of CP-154,526 varied across the different 

time points (see Table 3 for statistical values)
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FIGURE 6. 
Extracellular glutamate in the NAc of single and group-housed rats in the presence or 

absence of the CRF-R1 antagonist CP-154,526. After 11 days of single or group housing, 

extracellular glutamate in the NAc was assessed by microdialysis. (a) Basal extracellular 

GLU was not affected by housing conditions (n = 8 per group). (b) The effect of KCl on 

extracellular GLU in the NAc shell (70 mM KCl) varied depending on housing conditions; 

it caused an increase in GLU in single-housed rats but had no effect on group-housed rats 

(n = 5 per group).(c and d) Perfusion of the NAc with CP-154,526 decreased extracellular 

GLU in group-housed rats, an effect not observed in single-housed rats. Perfusion with KCl 

(70 mM) in the presence of CP-154,526 induced an increase in GLU in single-housed but 

not in group-housed rats, aCSF group (n = 5) and CP-154,526 group (n = 3). For panels (b, c 

and d), data are presented as mean ± SEM. The gray bar represents the depolarizing stimulus 

(70 mM KCl) between 60 to 70 min. The line on top of the graph (between minutes 30 

and 100) represents perfusion of the CRF-R1 antagonist CP-154,526. Data in Figure 6b–d 

were normalized to basal levels in each animal. Figure 6a: p = 0.0799 (Table 1); Figure 

6b: Treatment p = 0.0436 (Table 1); Figure 6c and d: Results from 3-way RM ANOVA: 

Housing p = 0.0129, Time p = 0.0261, Time × Housing p = 0.0385 and Time × Housing × 

CP-154,256 p = 0.0161 (see Table 3 for statistical values details)
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FIGURE 7. 
Amount of CRF in the nucleus accumbens of single and group-housed rats. After 10 days 

of isolation, a separate group of rats was euthanized, the nucleus accumbens dissected and 

homogenized, and levels of CRF measured by ELISA. CRF in the NAc did not differ 

between single- and group-housed rats. Data presented as mean ± SEM, n = 4. CRF values 

were normalized with respect to total NAc proteins (see Table 1 for statistical values)
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