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A B S T R A C T   

Social isolation (SI) stress results from a combination of intrinsic and environmental factors and is associated 
with a variety of negative developmental outcomes. Oxytocin (OXT) might play a role in the consequences of SI 
in the brain and periphery. We conducted a systematic review and meta-analysis to compile data about the 
effects of SI in the oxytocinergic system of rats and mice, and its relation to behavioral alterations. Five databases 
(EMBASE, PsychNet, PubMed, Scopus, and Web of Science) were searched in March 2021, using (“Social 
Isolation” AND (mouse OR rat) AND (oxytocin OR oxytocin receptor)). This review followed the PRISMA 
guidelines, including registration in PROSPERO, and risk of bias assessment. The twelve articles included in this 
review indicated that SI was associated with decreased OXTR levels, resulting in behavioral alterations like 
increased aggression and anxiety-like behavior, hyperactivity, and diminished social behaviors and memory. No 
significant effects on OXT levels were observed. Administration of synthetic OXT or its agonists partially de
creases those unwanted behaviors to similar levels of control animals.   

1. Background 

Social contact is a natural reinforcer for humans and rodents and is 
essential for optimal neurodevelopment. In humans, previous evidence 
has indicated that social contact during the developmental period can 
modulate cognition, behavior, and emotions throughout lifespan (Sil
vers, 2022). Specifically, maladaptive social environments can be 
extremely aversive especially during childhood and adolescence, which 
may lead to cognitive impairments, anxiety, depression, impulsiveness, 
and addictive behaviors (Lockhart et al., 2018; Lupien et al., 2009; Sil
vers, 2022; Trezza et al., 2014). Many of those findings translate to ro
dents (Burke et al., 2017; Burke and Miczek, 2014; Dafny and Yang, 
2006; Lapiz et al., 2003; Lupien et al., 2009; Makinodan et al., 2012; 
Trezza et al., 2014; Walker et al., 2019), where deprivation of social 
contact during adolescence can generate stress in levels comparable to 

human chronic stressors in this period, such as severe negative family 
situations, intense bullying, negligence, abuse and others (Noschang 
et al., 2021; Robbins, 2016). Thus, social isolation (SI) in animals can 
serve as a trigger for anxiety and depressive-like behavior phenotypes 
(Lampert et al., 2017; Tanaka et al., 2019; Vanderschuren and Trezza, 
2013), diminished social play (Vanderschuren and Trezza, 2013) and 
increased locomotor activity, which often cannot be reversed with 
resocialization (Lapiz et al., 2003; Robbins, 2016). 

Alterations in the hypothalamic-pituitary-adrenal axis (HPA-axis), 
serotoninergic and dopaminergic neurotransmission, as well as limbic 
system functioning have been reported following animal SI (Lapiz et al., 
2003; Mumtaz et al., 2018; Robbins, 2016; Vanderschuren and Trezza, 
2013). Moreover, brain regions such as the hippocampus and prefrontal 
cortex (PFC) are highly affected by long-term periods of isolation (Lapiz 
et al., 2003; Mumtaz et al., 2018; Robbins, 2016). However, the most 
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consistent physiological outcomes induced by social deprivation are 
impairments in the reward system through the mesolimbic, meso
cortical, and mesoamygdaloid dopaminergic pathways (Lapiz et al., 
2003; Mumtaz et al., 2018; Robbins, 2016). In addition to dopamine, the 
neuromodulator peptide Oxytocin (OXT) appears to also play a signifi
cant role in the social reward system, as its receptors have been found in 
reward-related brain areas such as the PFC, the ventral tegmental area 
(VTA), the amygdala, and the nucleus accumbens (NAcc) (Bowen and 
Neumann, 2017; Jurek and Neumann, 2018; Leong et al., 2018; Love, 
2014; Shamay-Tsoory and Abu-Akel, 2016; Vanderschuren and Trezza, 
2013). 

OXT is known to act in the peripheral and central nervous systems, 
impacting an array of behavioral and physiological functions such as 
reproduction (Insel et al., 1997), maternal care (Marlin and Froemke, 
2017), pain tolerance (Boll et al., 2018; Marlin and Froemke, 2017), 
social memory (Cilz et al., 2018; Mumtaz et al., 2018), pro-social 
behavior (Shamay-Tsoory and Abu-Akel, 2016), and stress response 
(Sippel et al., 2017). Considering that OXT also plays a role in the reg
ulatory function of the HPA-axis (Lien et al., 2017; Tang et al., 2019), 
chronic or acute stressors could impact the oxytocinergic system 
through positive feedback. However, research on OXT has also focused 
on the development of new treatments for anxiety, depression, addic
tion, and even aggressive behavior (Neumann, 2007; Sippel et al., 2017), 
which are psychopathological conditions associated with altered re
sponses to stress and reward. 

The impact of OXT on the central nervous system is not limited to 
positive outcomes. Studies have also reported an increase in aggressive 
behavior after the administration of the peptide, which seems to be 
linked to the bonding facilitating aspect of OXT. In humans, intranasal 
administration of oxytocin prior to competitive tasks where participants 
were divided into groups of unknown individuals has led to an increased 
predisposition to cheat to benefit their group (Shalvi and De Dreu, 
2014). Similarly, in models using rats, it is seen that OXT administration 
increases maternal aggression as a response to threat (Ferris et al., 1992; 
Grillon et al., 2013). It appears that as bonding through OXT adminis
tration increases, so does defensive instincts, inducing and modulating 
anxiety and aggressive behaviors (Grillon et al., 2013). 

Comprehending how social behavior can induce alterations in OXT is 
essential to further reveal the neurobiological underpinnings associated 
with OXT circuitry and the development of behavioral alterations 
throughout life. For this reason, the objective of this systematic review 
was to compile and synthesize information on the effects of SI on the 
oxytocinergic system (central and peripheral) of rats and mice, and its 
behavioral outcomes when compared to group-housed animals. 
Furthermore, we assessed the methodology used in the studies that 
could cause divergent results. A meta-analysis was also performed to 
statistically assess the overall alterations of OXT and its receptors 
(OXTR). 

2. Method 

2.1. Eligibility criteria 

The PICOS strategy was used according to the review objectives to 
accurately define the eligibility criteria, where: P (population) is mice or 
rats; I (intervention) is mice or rats who underwent social isolation; C 
(compare) is mice and rats who did not undergo social isolation; O 
(outcome) are oxytocin and behavioral measures; and S (study design) is 
experimental studies. Therefore, our inclusion criteria were studies in 
which (a) samples consisted of rats and/or mice; (b) social isolation was 
used as a stress protocol; (c) no other disease / disorder model protocol 
was implemented; and (d) oxytocin or its receptors were measured or 
manipulated. Our exclusion criteria were: (a) books or chapters of 
books, conference reports, dissertation or thesis, non-peer reviewed ar
ticles and reviews of any kind; and (b) administration of drugs or 
compounds other than OXT, OXTR agonist, or OXTR antagonist (studies 

which also had non-medicated groups, or only medicated with the 
mentioned compounds were included and partial results were assessed). 
No limits were established for the year of publication or language. 

2.2. Information sources 

This study followed the PRISMA guidelines for reporting systematic 
reviews and meta-analysis (Page et al., 2021a; 2021b). Searches were 
conducted between October 17th, 2020, and March 8th, 2021, using five 
databases: EMBASE, PubMed, PsychNet, Scopus, and Web of Science. 
The general search terms used were (1) Rat or Mouse, (2) Oxytocin or 
oxytocin receptor, and (3) social isolation, the full strategy for each 
database is shown in Table 1. 

2.3. Selection and data collection processes 

Our search resulted in 284 records (see Fig. 1). The research tool 
Rayyan was used to combine all studies, remove duplicates (n = 151), 
and for the independent reviewers (JSK and FSL) to simultaneously 
screen the 140 abstracts. JSK and FSL had a concordance rate of 92 %, 
divergencies were assessed by a senior third reviewer (RMMdeA). The 
steps were repeated to assess the 27 resulting articles, this time the full 
text was analyzed according to the same inclusion and exclusion criteria 
previously stated. 

Based on the analysis of the full texts, 12 articles were selected for the 
data extraction phase, with a concordance rate between judges of 96 %. 
The data extracted from the articles were: (1) author and year of pub
lication; (2) species used; (3) strain of the animals; (4) sex of the animals; 
(5) age at the beginning of isolation; (6) length of complete isolation; (7) 
total length of isolation (period completely isolated plus period where 

Table 1 
Search strategies used for EMBASE, PsychNet, PubMed, Scopus, and Web of 
Science.  

Database  Search strategy 

EMBASE  ‘social isolation’ AND (‘oxytocin receptor’ OR 
‘oxytocin’) AND (‘rat’ OR ‘mouse’) 

PsychNet  (Any Field: “social isolation”) AND (Any Field: 
“OXYTOCIN” OR Any Field: “OXYTOCIN 
RECEPTOR*”) AND (Any Field: “RAT*” OR Any 
Field: “MOUSE” OR Any Field: “MICE”) 

PubMed 

#1 
(Social Isolation[mh] OR Isolation, Social[tw] OR 
Isolations, Social[tw] OR Social Isolations[tw] OR 
Social Isolation[tw]) 

#2 (Oxytocin[mh] OR Syntocinon[tw] OR Pitocin 
[tw]) 

#3 (Receptors, Oxytocin[mh] OR Oxytocin Receptor 
[tw] OR Oxytocin Receptors[tw]) 

#4 

(Rats[mh] OR Rat*[tw] OR Rattus[tw] OR Rattus 
norvegicus[tw] OR Rats, Norway[tw] OR Rats, 
Laboratory[tw] OR Laboratory Rat[tw] OR 
Laboratory Rats[tw] OR Rat, Laboratory[tw]) 

#5 

(Mice[mh] OR Mus[tw] OR Mouse[tw] OR Mus 
musculus[tw] OR Mice, House[tw] OR Mus[tw] OR 
Mouse[tw] OR Mus musculus[tw] OR Mice, House 
[tw] OR House Mice[tw] OR Mouse, House[tw] OR 
House Mouse[tw] OR Mus domesticus[tw] OR Mus 
musculus domesticus[tw] OR domesticus, Mus 
musculus[tw] OR Mice, Laboratory[tw] OR 
Laboratory Mice[tw] OR Mouse, laboratory[tw] OR 
Laboratory OR Mouse[tw] OR Mouse, Swiss[tw] 
OR Swiss Mouse[tw] OR Swiss Mice [tw] OR Mice, 
Swiss[tw]) 

#6 #1 AND (#2 OR #3) AND (#4 OR #5) 

Scopus  
((‘social isolation’) AND (oxytocin OR ‘Oxytocin 
Receptors’) AND (rat* OR mice)) 

Web of Science 

#1 ALL=“social isolat*” 
#2 ALL = (Oxytocin* OR “oxytocin receptor*”) 
#3 ALL = (Rat* OR Mice) 
#4 #1 AND #2 AND #3  
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animals left isolation for testing); (8) behavioral measures/tests; (9) 
biological measures/tests; (10) age at euthanasia; (11) behavioral out
comes; (12) biological outcomes; (13) drugs administered and dosage; 
(14) cerebral areas investigated; (15) method of biological analysis. 
Both reviewers (JSK and FSL) extracted the data from the articles in 
identical spreadsheets in to compare, confirm and combine the data. 
When studies used pharmaceuticals other than OXT, OXT agonist, or 
OXT antagonist, we assessed only results from the vehicle sample. To 
allow statistical analysis of the outcomes, the mean, standard error of 
the mean and number of subjects per group per analysis were extracted 
from the text or graphs, using the free version of the software GetData 
Graph Digitalizer. The qualitative data was extracted and later coded as 
it follows:  

• Species: (0) rat; and (1) mice;  
• Sex: (0) male; and (1) female;  
• Length of isolation, in days: (0) 1–14; (1) 15–28; (3) 29–42; (4) 

43–58; (5) 59–72; and (6) 73–86;  
• Age at sacrifice, in PND: (0) 1–14; (2) 21–45; (3) 46–60; and (4) 

61–90;  
• Biomarker: (0) OXT; and (1) OXTR 
• Behaviors analyzed: (1) anxiety-like; (2) Social; (3) Locomotor Ac

tivity; and (4) Aggression.  
• Tissue: (0) Medial Pre-frontal Cortex (mPFC); (1) PVN; (2) PVNap; 

(3) PVNproper; (4) SON; (5) NAcc; (6) NAcc anterior; (7) VTA; (8) 
BNST; (9) BNST anterior; (10) BNST posterior; (11) Lateral Septum 
(LS) ventral; (12) Central Amygdala (CeA); (13) Ventromedial Nu
cleus of the Hypothalamus; (14) Hippocampus; (15) Striatum; and 
(16) plasma;  

• Time between last test and tissue extraction: (0) not informed; (1) 
less than 24 h; and (2) more than 24 h.  

• OXT/OXTR Outcome: (0) no alterations; (1) increased compared to 
control subjects; and (2) decreased compared to control subjects.  

• Behavioral Outcome: (0) no alterations; (1) increased compared to 
control subjects; and (2) decreased compared to control subjects. 

The risk of bias (RoB) was assessed by two independent reviewers 
(JSK and FSL) using SYRCLE’s tool (high, low, or unknown risk of bias) 
(Hooijmans et al., 2014), and later compared and combined. Based on 
the considerations by Saper (2009) and Saper and Sawchenko (2003) 
regarding antibody and immunohistochemistry specificity, we added as 
a source of bias the nondisclosure of information regarding the methods 
and materials used when performing immunohistochemical analysis. 
This assessment was performed using the criteria presented in Saper 
(2005), which indicates three basic elements that should be informed 
when reporting immunohistochemical studies: 1) Complete information 
on the antibody, including the commercial name of the product, 
manufacturer, and product code; 2) How has the specificity of the 
antibody been characterized; and 3) What controls are necessary for 
immunostaining?. 

2.4. Meta-Analysis 

A meta-analysis was conducted using the Random Effects Model (RE 
Model) and a multilevel approach to create the forest plots, using a 2- 
level hierarchical data structure model. The samples within and be
tween studies were nested together according to the biomarker (OXT or 
OXTR) and the structure of the brain analyzed, or the behavioral mea
sure (locomotor activity or aggressive, anxiety-like, social behavior), 
and the effect size of the results was determined using the standardized 
mean difference (SMD), calculated using Cohen’s D. Influence analysis, 
Q statistic, and I2 were also performed to detect outliers, heterogeneity, 
and variability. All analysis were performed using the ‘metafor’ package 
(2.4− 0) from the statistical software R 4.0.0. 

3. Results 

3.1. Studies’ characteristics 

Individual characteristics and results of the studies are presented at 
Tables 2 and 3, sorted from newest (2021) to oldest (2005) publication 

Fig. 1. flowchart indicating the number of findings per database, and the detailed selection process until the inclusion of the final 12 studies, as suggested by the 
PRISMA 2020 guidelines. *DDD: Disease, disorder, and/or drugs interferences. 
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Table 2 
All time/length measures are expressed in days. F: Females; M: Males; *partial sample; #: OXT analysis; &: OXTR analysis.  

Authors 
(year) 

Risk of 
Bias 

Species 
(strain) 

Sample Sex Age at start of 
isolation 

Length of 
Isolation 

Behavioral Measure (PND) Euthanasia Cerebral Areas Method of Analysis 

Huang 
et al. 
(2021) 

High Mouse 
(C57BL/6 
N) 

~70* M PND21 42 PND60~70 
Reciprocal social 
interaction test 
Three Chambers Test 
Marble burying 
Open Field Test 
Elevated Plus-Maze 
Resident Intruder Assay 

63~70 Medial Pre-frontal 
Cortex 
Ventral Tegmental 
Area 
Nucleus Accumbens 

Immunohistochemistry& 

Western Blotting& 

Goh et al. 
(2020) 

Low Rat 
(Lister 
Hooded) 

80* M PND22 Adolescents: 
14 
Adults 
65− 69 

Locomotor Activity 
(51− 57) 
Non-spatial Novel Object 
Discrimination (52− 58) 
Object-based novel 
location discrimination 
(59− 65) 
Social interaction and 
concomitant ultrasonic 
vocalizations, (66− 70)PPI 
(74 
− 78) 
Fear-motivated contextual 
freezing responses 
(79− 83) 
Bowl digging attentional 
set-shift task (79− 125) 

PND 36 
Or 
PND 
87-91 

Hippocampus and 
Striatum 

Multiplex Analysis# 

Tan et al. 
(2020) 

Low Mouse 
(Swiss) 

20* M 42− 49 PND 42 Two-mouse social 
isolation test (84− 91) 

PND 84-91 – – 

Tan et al. 
(2019) 

High Mouse 
(Swiss) 

160 M Cohort1: 
PND56− 70Cohort 2: 
PND49 
− 56 

42 Two-mouse social 
isolation test  

– – 

Tanaka 
et al. 
(2019) 

Low Rat (Long- 
Evans) 

90 M 
& F 

PND 23 ~60 Social Preference Test or 
Social Approach Test 
(PND 70− 84) 

PND 70-84 Paraventricular 
nucleus 
Supraoptic Nucleus 

Immunohistochemistry# 

Oliveira 
et al. 
(2019) 

Low Rat 
(Wistar) 

48 M 
& F 

PND 21 53 Female Intruder Test 
Male Resident-intruder 
Test 
+ Elevated Plus-Maze 
(PND 78), Social 
Preference Test (PND 86), 
and Social Discrimination 
Test (PND 88) (Cohort 2) 

PND 74 
(cohort 1) 
PND 88  

Receptor 
Autoradiography#, & 

Harvey 
et al. 
(2019) 

High Rat 
(Sprague- 
Dawley) 

72 M 
& F 

PND21 51 Elevated Plus-Maze 
(PND76) 

PND78  Blood Immunoassay# 

Han et al. 
(2018) 

Low Mouse 
(C57BL/6 
N) 

34* M PND42 35 One of the following: 
Forced Swimming Test 
Sucrose Preference Test 
Open Field Test 
Elevated Zero-Maze Test 

PND77  qPCR& 

Mipsc& 

Neal et al. 
(2018) 

High Rat (Long- 
Evans) 

16* M PND28− 31 40 Behavioral observation 
(social group) 
Social Investigation Task 
(PND61− 64) 
Problem-solving Escape 
Task (PND~63− 67) 

PND68-71  Blood Immunoassay# 

Immunohistochemistry# 

Gilles and 
Polston 
(2017) 

Unsure Rat 
(Sprague- 
Dawley) 

88 M 
& F 

PND21 82− 86 Social Play (PND33− 38) 
Forced Swim Test 
(PND60− 64) 
Sucrose Preference Test 
(PND79− 81) 

PND103- 
107  

Immunohistochemistry# 

Tanaka 
et al. 
(2010) 

High Rat (Long- 
Evans) 

16 M 
& F 

23 17 (IHC) 
19− 25 
(behavioral) 

Elevated Plus Maze 
(38− 41) 
Social Recognition Test 
(42− 48) 

40 (IHC) 
42− 48 

PVN Immunohistochemistry# 

Nair 
(2005) 

Unsure Rat 
(Sprague- 
Dawley) 

48 M  35 Startle test  Nucleus Accumbens 
(Shell) 
Lsi, 
Bed Nucleus of the 
Stria Terminals 
(lateral &) BNSTmpl, 
BlA, CeA and MeA) 

Receptor 
Autoradiography&  
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year. Most papers (n = 8; 66.7 %) used rats in their experimentation, the 
strains used were Sprague-Dawley (n = 3; 37.5 %), Long-Evans (n = 3; 
37.5 %), Wistar (n = 1; 12.5 %), and Lister-Hooded (n = 1; 12.5 %). Mice 
was used by four studies (33.3 %), C57BL/6 N (n = 2; 50 %) and Swiss (n 
= 2; 50 %) mice were chosen. Although males and females were 
investigated in some articles (n = 5; 41.7 %), most of them used male- 
only samples (n = 7; 58.3 %). The sample sizes accounted for varied 
from 16 to 160 (the sample sizes stated correspond to the number of 
animals in the groups analyzed in this review; other groups in the 
studies, when present, were not accounted), with a median of 70 ani
mals. The sample size of Tanaka and collegues (2010) could not be 
identified. Different methodologies were observed to be used to direct or 
indirectly assess the animal’s OXT levels (Table 2). As studies may have 
applied more than one method, compound, or measurement, the sum of 
studies from each described approach might vary. 

Most of the articles (n = 8; 66.7 %) chose to perform biomolecular 
tests to directly assess the oxytocinergic system. Of those, 62.5 % used 
Immunohistochemistry (n = 5), while receptor autoradiography, West
ern Blotting, qPCR and Multiplex Analysis were also used by some. Pe
ripheral measurement of OXT through plasma Immunoassay was used in 
two, one of which used the method to complement its Immunohisto
chemical assessment. One third of the studies (n = 4) chose an indirect 
approach to assess the system, administrating OXT antagonist (n = 3; 75 
%), OXT (n = 2; 50 %), and/or OXT agonist (n = 1; 25 %). Most studies 
isolated animals following weaning at 21–23 post-natal days (n = 7), 

and the duration of the isolation varied between 17 day to 86 days. Han 
et al. (2018) identified that behavioral alterations only started to happen 
in the fourth week of isolation, but not before. 

The use of behavioral testing was an inclusion criterion for this re
view, thus, all studies performed at least one behavioral task. Despite the 
diversity of tasks used, some seemed to be consistently used to assess 
certain behaviors. Social behavior was assessed by 58.3 % of the studies, 
while anxiety-like behavior was assessed by 47.7 % and locomotor ac
tivity 25 %. 

3.2. Behavioral alterations due to social isolation 

Out of the twelve studies assessed, nine (75 %) encountered behav
ioral and/or cognitive alterations in isolated animals when compared to 
group-housed animals (see Table 3). The most persistent behavioral 
alteration observed was an increase in aggressive behavior and anxiety- 
like behavior, found, respectively, by 100 % and 60 % of the studies 
which tested those matters. Even though social alterations were the most 
assessed behavioral characteristic, the type of social behavior investi
gated and the methods used by those were diverse. Three studies tested 
social preference (42.9 %) (Huang et al., 2021; Oliveira et al., 2019; 
Tanaka et al., 2019; Huang et al., 2021; Oliveira, Neumann, & de Jong, 
2019; Tanaka et al., 2019; Huang et al., 2021; Oliveira et al., 2019; 
Tanaka et al., 2019; Huang et al., 2021; Oliveira et al., 2019; Tanaka 
et al., 2019; Huang et al., 2021; Oliveira et al., 2019; Tanaka et al., 2019; 

Table 3 
Summary of findings indicating alterations on (a) behavior and cognition; (b) and (c) Oxytocin levels when isolated animals are compared to control/grouped animals. 
Where (▴) indicates an increase; (▾) indicates a decrease, (●) indicates no change; and (n/m) indicates “not measured”. * compared to unmedicated isolated animals.  

Authors (year) (a) Behavior and Cognition (b) Oxytocin Indicators (c) Pharmacological Approach 

Huang et al. 
(2021) 

▴repetitive behaviors 
▴ anxiety-like behavior 
▴ aggressive behavior 
▾ direct and indirect social contact 
▾ locomotor activity 

● OXTR in the VTA, and NAcc 
▾ OXTR in the mPFC 

OXTR antagonist (L-368,899) in the mPFC mimics the effect of social 
isolation 

Goh et al. (2020) ▴ aggressive behavior 
▴ locomotor activity 
▾ Prosocial behavior 
▾ Associative Memory (fear) 
▾Reversal learning 

● OXT in the Hippocampus and 
Striatum 

n/m 

Tan et al. (2020) ▴aggressive behavior 
● Social behaviors● 
Locomotor activity 

n/m OXTR antagonist (L-368,899; 10 mg/kg) did not affect behavior 

Tan et al. (2019) ▴ aggressive behavior 
▾ social behavior 

n/m OXT ▾ aggression; ▾ locomotor activity and ▴ social behavior* 
OXTR antagonist (L-368,899): ▾ aggression* 
OXTR agonist (L-368,899) + OXT: ▾ aggression; ▾ locomotor activity; ▴ 
social behavior* 
OXTR agonist: ▾ aggression; ▴ social behavior* 

Tanaka et al. 
(2019) 

▾ social preference (especially for 
females) 

▾ OXT cell activation the PVN and 
SON (females) 

n/m 

Oliveira et al. 
(2019) 

▴ aggressive behavior 
● anxiety-like behavior 
● social preference 
▾ memory (social discrimination) 

▴ OXT mRNA in the PVN (▴ females) 
● OXT mRNA in the SON 
● OXTR binding in the BNST 
▾ OXTR binding in the NAcc (▴ f 
emales) 

n/m 

Harvey et al. 
(2019) 

● Anxiety-like behavior ▾ OXT (plasma) n/m 

Han et al. (2018) ▴ depression-like behavior (immobility 
and sucrose consumption) 
▴ anxiety-like behavior 
Both presented after 4 weeks of isolation, 
but not before 

● mlPSC amplitude in the medial 
CeA 
● OXTR mRNA in the PVN 
▾ OXTR mRNA in the CeA (after the 
5th week of isolation) 
▾ mlPSC frequency in the medial 
CeA 

OXT in the medial CeA: ▾ depressive-like and anxiety-like behaviors;▾ 
GABAergic inhibition; ▴ mlPSC frequency in the medial CeA 

Neal et al. 
(2018) 

● problem solving● 
social investigation 

▴ OXT (plasma) n/m 

Gilles and 
Polston (2017) 

▴ aggressive behavior 
▴ social play 
▴ depression-like behavior 

● OXT-ir in SON and PVN n/m 

Tanaka et al. 
(2010) 

▴ anxiety-like behavior (males) 
▾ memory (discrimination) 

● OXT-ir in te PVNpml or PVNmpv 
▾ OXT-ir in the PVNmpd (females) 

n/m 

Nair (2005) ● startle test response ● OXTR binding in the ILS n/m  
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Huang et al., 2021; Oliveira et al., 2019; Tanaka et al., 2019; Huang 
et al., 2021; Oliveira et al., 2019; Tanaka et al., 2019), three studies 
investigated social interaction (42.9 %), one investigated social 
approach (14.3 %), and one investigated social play (14.3 %). The im
pacts of the isolation on social behaviors were not unanimous among 
studies. 

Three studies investigating memory function in socially isolated 
animals found similar results, indicating a deficit in associative and 
discriminative memory. Other cognitive functions, such as problem 
solving, and fear response were investigated by a small number of 
studies using different methods. The first was assessed by Goh and col
leagues (2020) and Neal and their team (2018), and was not signifi
cantly different between socially grouped or isolated animals in neither 
of the studies. Fear response was also investigated by two studies. Nair 
(2005) found that after a 3-week isolation, animals responded more 

intensely to the startle sound, while Goh et al. (2020) found a dimin
ished fear response duration in isolated animals using footshocks. 

3.3. Oxytocinergic measures 

The most common areas investigated by the reviewed studies were 
the Paraventricular Nucleus of the Hypothalamus (PVN) and Supraoptic 
Nucleus of the Hypothalamus (SON), both assessed in six out of the eight 
studies which analyzed tissue samples and assessed cell reactivity via 
immunohistochemistry immunoreactivity. Out of those, three assessed 
cell activation, one of which found decreased cell activation in both 
areas, but only in females (Tanaka et al., 2019). One found decreased 
OXT cell immunoreactivity (OXT-ir) in one region of the PVN (PVNmpd: 
medial parvicellular part, ventral zone of the PVN), but not in other 
regions or the SON (Tanaka et al., 2010); and one did not find differ
ences in OXT-ir (Gilles and Polston, 2017). Furthermore, two studies 
analyzed mRNA in these areas, the first found an increase in OXT mRNA 
in the PVM, especially in females while no differences were found in the 
SON (Oliveira et al., 2019); and a second study evaluated in PVN, where 
no significant changes were identified (Han et al., 2018). 

Studies also proposed novel possible areas of association with SI, 
such as the mPFC, investigated by Huang et al., 2021 through the 
infusion of OXTR antagonist L-368,899 in this region 30 min before 
behavioral tests started, followed by immunohistochemical analysis, 
finding reduced OXTR expression in this structure in isolated mice. The 
same study also investigated the presence of OXTR in the VTA and NAcc, 
and found no significant differences between animals from each housing 
condition. Oliveira and collegues (2019) studied OXTR binding in the 
anterior part of the NAcc and found a lowered binding in isolated 
animals. 

The CeA was also the focus of a study investigating depression- and 
anxiety-like behaviors in mice (Han et al., 2018). It was found that a 
decrease in OXTR expression occurs in the area; however, this occurs 
only after the fourth week of isolation (PND~77). Intermediate Lateral 
Septum (LSi), Hippocampus, and Striatum were also investigated (Goh 
et al., 2020; Nair, 2005), but did not seem to suffer alterations due to the 
isolation. 

Above, results of the investigations of the central oxytocinergic 
system alterations were presented. However, two studies (Harvey et al., 
2019; Neal et al., 2018) investigated its peripheral levels through blood 
plasma OXT measurements. Harvey et al. (2019) studied the role of OXT 
and other hormones in anxiety-like behavior in rats and found reduced 
levels of OXT in the plasma. In contrast to this finding, Neal and his team 
(2018) found an increased level of plasma OXT in isolated rats when 
studying the impact of environmental enrichment (the animals in the 
enriched environment group were not included in the present analysis, 
only isolated and group-housed animals were taken into account). 
However, the latest study result might have been biased due to the 
protocol, which included a brief isolation before the euthanasia. Corti
costerone levels indicate that isolated animals were less stressed at the 
time of death and this may have altered OXT levels. 

3.3.1. Pharmacological approaches 
We chose to include studies which used the administration of OXT, 

OXT agonists, or OXT antagonists only in at least one sample group. Two 
out of the four studies with this approach used OXT to try to manipulate 
the behavior. Tan et al. (2019) investigated the behavioral response of 
isolated animals (6 weeks) to six different doses of OXT, 0.03 mg/kg, 0.1 
mg/kg, 0.3 mg/kg, 1.0 mg/kg, 3.0 mg/kg, and 10 mg/kg, administered 
intraperitoneally (i.p.) in mice. A dose-dependent curve was performed 
and, as a result, it was found that the behaviors evaluated were un
equally modified by the dosages applied, with 0.3 mg/kg mimicking the 
group-housed animal’s aggressive behavior best, while 1 mg/kg had this 
result for huddling behavior and locomotor activity, and 3 mg/kg for 
grooming behavior. Local administration of OXT in the CeA decreased 
depressive and anxiety-like behaviors in animals isolated for 5 weeks 

Fig. 2. Effect size of social isolation on OXT and OXTR. Forest plot indicating 
Standardized Mean Difference (SMD) and 95 % Confidence Interval (CI) using 
Random Effects Model (RE Model). PVN: Paraventricular Nucleus of the Hy
pothalamus (ap: anterior parvicellular division); SON: Supraoptic Nucleus; 
mPFC: medial Pre-frontal Cortex; NAcc: Nucleus Accumbens; VTA: Ventral 
Tegmental Area; BNST: Bed Nucleus of the Stria Terminals; LS: Lateral Septum; 
and CeA; Central Amygdala. 
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(Han et al., 2018). 
Administration of the OXTR agonist TGOT also had dose-dependent 

effects on the alterations caused by the isolation (Tan et al., 2019). 
Although fighting behavior only reached levels similar to group-housed 
animals with the highest dose administered (10 mg/kg), huddling and 
grooming behaviors were similar to group-housed animals with 1 
mg/kg, the smallest dose administered. The locomotor activity reached 
levels similar to group-housed animals with 3 mg/kg. 

The OXTR antagonist L-368,899 was administered in three studies, 
in two of those via i.p. in isolated animals at the dose of 10 mg/kg (Tan 
et al., 2020, 2019), and the third study in grouped animals it was infused 
into the mPFC at the dose of 10 mM (Huang et al., 2021). While the 
infusion was able to replicate the behavioral alterations seen in isolates 
in group-housed animals (Huang et al., 2021), peripheral administration 
of the antagonist had different outcomes. In one study the agonist did 
not affect behavior (Tan et al., 2020), in the other it caused a decrease in 
aggressive behavior, reaching a level close to the grouped animals (Tan 
et al., 2019). OXTR antagonist (10 mg/kg) administration followed by 
OXT (3 mg/kg) resulted in a decrease of aggressive behavior and loco
motor activity, and an increase in social behavior (huddling and 
grooming) to similar levels as grouped individuals (Tan et al., 2019), 
indicating that 

3.4. Sex differences 

Most of the studies used male samples, while five used male and 
female animals (Gilles and Polston, 2017; Harvey et al., 2019; Oliveira 
et al., 2019; Tanaka et al., 2019, 2010), and three of those found sig
nificant differences between sexes regarding OXT measures (Oliveira 
et al., 2019; Tanaka et al., 2019, 2010). Tanaka et al. (2010) found 
increased anxiety-like behavior, especially in males and a decreased 
presence of OXT-ir in the medial parvicellular part of the PVN of isolated 

Fig. 3. Effect size of a) Aggressive behavior; b) Anxiety-like behavior; c) Social behavior; and d) Locomotor activity. Forest plot indicating Standardized Mean 
Difference (SMD) and 95 % Confidence Interval (CI) using Random Effects Model (RE Model). 

Fig. 4. Risk of Bias Assessment. The SYRCLE’s Risk of Bias Assessment Tool was 
used to determine the level of risk of bias for each of 10 items evaluated by 
percentage of articles in each classification. 
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females. In a second study, Tanaka et al. (2019) found a more significant 
decrease on social preference in isolated females, while identifying 
lowered levels of oxytocin cell activation in the PVN and SON in isolated 
females, but not isolated males. Oliveira et al. (2019) measured the 
expression of OXT mRNA in PNV and SON, finding an increased 
expression in PVN, especially in females. The authors also evaluated 
OXT binding in the NAcc and BNST, which showed that regardless of the 
housing situation, females showed higher binding in the NAcc, while 
males presented higher binding in the BNST. When accounting for 
housing situation, NAcc binding decreased in isolated animal of both 
sexes (Oliveira et al., 2019). 

3.5. Meta-Analysis 

Meta-analysis for the biological material was performed in 9 studies 
previously included in the systematic review, four of those evaluated 
OXT levels in multiple brain regions and/or plasma, and another four 
evaluated OXTR, also in multiple regions. Oliveira and colegues (2019) 
investigated both markers. Outcomes of pharmacological approaches 
were not analyzed. Twenty-four effect sizes for OXT were analyzed, 
resulting in no significant effect of SI on this marker (SMD 0.06; 95 % CI 
− 1.02, 1.14; p = 0.917. However, SI did have an impact on OXT receptor 
levels (SMD − 1.19; 95 % CI − 2.17, − 0.21; p = 0.017). Analysis of 18 
effect sizes showed that OXTR was reduced in isolated animals (Fig. 2). 
Sex, species, and time between last behavioral test and tissue collection 
(<24 h or >24 h) we tested as factors and no significance was found. 

Aggressive, anxiety-like, social behavior and locomotor activity were 
also assessed through a meta-analysis. A total of 14 effect sizes, from six 
studies, were used for the analysis of aggressive behavior alterations. 
The effect size of the four experiments presented in Tan et al. (2020) 
were included, while only five of the seven experiments reported on Tan 
et al. (2019) were included as re-tested animals were excluded from the 
analysis. As the data presented in Fig. 3a suggest, this kind of behavior is 
strongly impacted by SI (SMD 5.17; 95 % CI 4.07, 6.26; p < 0.0001). 
Another behavior that seems to be impacted by the intervention is 
anxiety-like behavior (Fig. 3b). Four out of five studies which investi
gated anxiety-like behavior were included in the analysis, Harvey et al. 
(2019) was not included due to missing data. Analysis using ten effect 
sizes indicated a slim association between SI and anxiety-like behavior 
(SMD − 1.94; 95 % CI − 3.85, − 0.04; p = 0.045). When the female data 
were excluded from the analysis, the association remains (SMD -2.50; 95 
% CI − 4.77, − 0.23; p = 0.031). 

Social behaviors (Fig. 3c) and locomotor activity (Fig. 3d) were also 
analyzed using 17 and 11 effect sizes, respectively. No significant dif
ferences between the SI and control groups were found in the variables 
(Social Behavior: SMD 1.27; 95 % CI − 0.37, 2.9; p = 0.130; Locomotor 
Activity: SMD 1.15; CI 95 % − 0.12, 2.42; p = 0.076). 

3.6. Reporting bias and certainty assessment 

The risk of bias of the 12 studies was assessed through the SYRCLE 
Risk of Bias tool (Hooijmans et al., 2014) (see Fig. 4). Only two studies 
(17 %; Tan et al., 2020; Tanaka et al., 2019) were evaluated to have a 
“low RoB” for most items, while “high RoB” was the most frequent score 
for five studies (42 %; Gilles and Polston, 2017; Nair, 2005; Neal et al., 
2018; Oliveira et al., 2019; Tanaka et al., 2010). Another five studies had 
“unclear RoB” the most (Goh et al., 2020; Han et al., 2018; Harvey et al., 
2019; Huang et al., 2021; Tan et al., 2019). 

Overall, the RoB regarding Selection Bias, evaluated through items 1 
through 3, appeared to be high, as no studies stated to have referred to 
perform a random allocation sequencing (item 1), and only one indi
cated to have adequately concealed allocation during the experiments 
(item 3). The baseline characteristics of each group were clearly stated 
in half of the studies (item 2). Performance Bias was assessed through 
items 4 and 5, and was also considered high by the authors considering 
100 % of the studies did not state to have randomly distributed animals 

through house (item 4), the investigators were mostly not blinded from 
the knowledge of the grouping situation of the subjects (item 5). While 
no studies referred to have randomly selected animals for assessments 
(item 6), the majority of those indicated that the assessor was blinded to 
the outcome and grouping (item 7). Attrition due to incomplete data 
(item 8) and other forms of bias (item 10) also appeared to be pre
dominantly low in all selected studies, while reporting bias was mostly 
unclear (item 9). 

The assessment of bias due to unreported information about methods 
and materials used in immunohistochemical analysis showed that 
despite all articles which used this technique having informed the 
product and manufacturer of the antibodies used, only Huang et al. 
(2021) specified the product code. No studies reported elements 2 and 3 
regarding specificity and control for immunostaining. 

4. Discussion 

The aim of this systematic review and meta-analysis was to compile, 
summarize, and compare studies’ outcomes and methodologies to better 
understand the effects of SI on the oxytocinergic system, as well as its 
behavioral repercussions. Consistent with our hypothesis, the collected 
data indicated a relationship between oxytocinergic system alterations 
and behavioral alterations caused by SI, as we found a significant 
decrease in OXT receptor count in multiple brain regions associated with 
SI (Fig. 2), regardless of the duration of the isolation protocol. However, 
no significant alterations were found in OXT levels. An increase in 
aggressive and anxious-like behavior and locomotor activity was 
commonly reported after SI and was linked to the oxytocinergic pathway 
once OXT administration was often able to reverse those responses. 
Overall, these results indicated that the oxytocinergic system is 
impacted by SI despite length of the isolation, as well as the behavioral 
outcomes are somewhat mediated by OXT levels. 

A wide range of protocols are available for researchers to investigate 
the different types and particularities of stress. SI protocols study the 
effect of stress through lack of social contact in a given period of the 
animal’s lifespan, usually post-weaning (Lapiz et al., 2003; Noschang 
et al., 2021). SI can produce long-lasting to permanent physiological and 
behavioral alterations due to chronic hyperactivity of the HPA-axis and 
consequent disruption of negative feedback modulation (Deutschmann 
et al., 2021; Lampert et al., 2017; Lapiz et al., 2003; Neumann and 
Slattery, 2016; Noschang et al., 2021; Pisu et al., 2016; Regenass et al., 
2018; Stanić et al., 2017). Some of those well-reported alterations, such 
as increased locomotor activity, anxiety-like and aggressive behavior, 
and decreased sociability and memory (Noschang et al., 2021), were 
often present in most of the reviewed studies, even though our 
meta-analysis only has shown a significant effect of social isolation in 
anxiety-like behavior and aggression, but not in social or locomotor 
activity. 

However, the effects of SI-induced stress are not restricted to HPA- 
axis alterations. Among other repercussions, reduced corticosterone 
(CORT) levels in isolated animals were also associated with decreased 
levels of OXT (Harvey et al., 2019). In fact, OXT up- and down-regulates 
the HPA-axis modulating the response to stressors, as well as is regulated 
by the HPA-axis through the release of corticosterone (Jirikowski et al., 
2017; Stanić et al., 2017). After administering CORT, OXT, or CORT +
OXT to a group of rats, Stanić et al. (2017) found that the peptide 
reduced adrenal atrophy and other symptoms caused by CORT 
administration. 

Even though in our meta-analysis OXT levels did not appear to be 
significantly different between group or isolated-reared animals, many 
of the behavioral effects of SI were reversed by the administration of 
synthetic oxytocin or its agonists (Tan et al., 2019). Additionally, OXT 
antagonist administered in group-housed animals was able to mimic the 
behavioral effects of the isolation. The OXT receptor (OXTR) count did, 
however, differ significantly between the groups, indicating that the 
production of the neuromodulatory hormone is sustained in spite of the 
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stressful scenario, and that the reduced number of immunoreactive 
OXTR and therefore the decreased number of synapsis (as occurs when 
the OXT antagonist is administered), may be responsible for the alter
ations seen in the isolates. Although the mechanisms for those are still to 
be described, one can hypothesize that GABA induced inhibition could 
be behind the OXT-dependent behavioral alterations caused by isola
tion, as described by Han and colleagues (2018) when studying the 
medial central amygdala, due to the modulatory effect of OXT on 
GABAergic circuits. 

Because of its anxiolytic and anti-aggression effects in animals 
(Korkmaz et al., 2020), OXT has emerged as a potential treatment for 
several disorders. Intranasal OXT dispensers have shown promising re
sults in trials with humans, increasing emotion recognition and 
expression (Leppanen et al., 2017), as well as for the treatment of psy
chiatric and neurologic disorders such as depression (Donadon et al., 
2021; Panek et al., 2020; Tang et al., 2019), anxiety (Guastella et al., 
2009; Panek et al., 2020), addiction (Hansson et al., 2018; Houghton 
et al., 2021; Lee and Weerts, 2016); and autism (Anagnostou et al., 
2014) and dementia (Jesso et al., 2011) symptoms in humans, especially 
for those experiencing aggressive behavior (de Jong and Neumann, 
2017). Exposure to chronic treatment with OXT could potentially 
partially or completely reverse the OXTR reduction through positive 
feedback, increasing OXTR mRNA transcription and restoring function 
(Sue Carter et al., 2020). 

Literature is not unanimous about independent variables’ (e.g. sex, 
species and strain) differences in the response to SI (Dumais and Vee
nema, 2016; Lapiz et al., 2003; Pisu et al., 2016), and regarding OXT and 
OXTR, our meta-analysis’ indicated the inexistence of differences be
tween either of the forementioned factors. Similarly, in our analysis the 
length of isolation did not appear to impact our outcome variables, 
despite substantial evidence that different lengths and periods of isola
tion do impact behavioral and physiological outcomes (Lapiz et al., 
2003; Noschang et al., 2021), which indicated those alterations might 
not be related to OXT or OXTR. However, these results should be 
accounted carefully considering the variability of protocols used in the 
reviewed studies. 

4.1. Conclusion and limitations 

The current systematic and meta-analytic review offers an idea of the 
state of findings regarding the impacts of stress through SI (social stress) 
on the oxytocinergic system (highly associated with social functioning 
and reward). This kind of stress seems to alter the binding of OXT re
ceptors in the brain, reflecting in increased anxiety-like behavior, hy
peractivity, aggression, and memory, while the administration of the 
peptide in its synthetic form or its agonists partially decreases those 
unwanted behaviors to similar levels of control animals. However, those 
results should be accounted carefully considering the variability of 
protocols used in the reviewed studies, as the diversity of methods to 
assess behavioral and cognitive patterns, as well as sex, strain, and 
species was evident in this review. To allow this kind of investigation to 
be performed, it is important for researchers to select the tests and tasks 
to be used based mainly on similar previous studies. The lack of studies 
of females is also unfortunate, considering that it precludes the meta- 
analytical comparison between sexes. Another potential source of bias 
in the meta-analysis of animal studies is the dismissal of data when 
group differences are not ’statistically significant’, limiting the avail
ability of data to those that reinforce a general hypothesis. 
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