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A B S T R A C T   

Extensive literature has reported a link between social stress and mental health. In this complex relationship, 
individual strategies for coping with social stress are thought to have a possible modulating effect, with socia
bility being a key factor. Despite the higher incidence of affective disorders in females and sex-related neuro
chemical differences, female populations have been understudied. The aim of the present study was, therefore, to 
analyze the behavioral, neuroendocrine, and neurochemical effects of stress in female OF1 mice, paying special 
attention to social connectedness (female mice with high vs low sociability). To this end, subjects were exposed 
to the Chronic Social Instability Stress (CSIS) model for four weeks. Although female mice exposed to CSIS had 
increased arousal, there was no evidence of depressive-like behavior. Neither did exposure to CSIS affect 
corticosterone levels, although it did increase the MR/GR ratio by decreasing GR expression. Female mice 
exposed to CSIS had higher noradrenaline and dopamine levels in the hippocampus and striatum respectively, 
with a lower monoaminergic turnover, resulting in an increased arousal. CSIS increased serotonin levels in both 
the hippocampus and striatum. Similarly, CSIS was found to reduce kynurenic acid, 3-HK, and IDO and iNOS 
enzyme levels in the hippocampus. Interestingly, the observed decrease in IDO synthesis and the increased se
rotonin and dopamine levels in the striatum were only found in subjects with high sociability. These highly 
sociable female mice also had significantly lower levels of noradrenaline in the striatum after CSIS application. 
Overall, our model has produced neuroendocrine and neurochemical but not behavioral changes, so it has not 
allowed us to study sociability in depth. Therefore, a model that induces both molecular and behavioral phe
notypes should be applied to determine the role of sociability.   

1. Introduction 

Epidemiological studies have shown that chronic stress is a risk 
factor for physical and mental health, both in early developmental 
stages and in adulthood [1]. The most common type of chronic stress in 
humans and other social animals is generated by socially demanding 
situations [2,3]. In addition to stress, several studies have also high
lighted the influence of coping strategies and personality on physical 
and mental health [4]. 

Two main systems have been found to mediate most of the stress 

response mechanisms: the sympathetic-adrenomedullary (SAM) axis 
and the hypothalamic-pituitary-adrenal (HPA) axis. In a situation 
identified as dangerous, the sympathetic nervous system (SNS) releases 
noradrenaline (NA), which stimulates the adrenal glands to release 
adrenaline into the bloodstream. For its part, the activation of the HPA 
axis causes glucocorticoids (cortisol or corticosterone) to be secreted 
into the blood, an action that modifies the gene expression of virtually 
every cell and prepares the body for fight or flight. Following activation 
of the HPA axis, hypothalamic glucocorticoid receptors (GR) and 
mineralocorticoid receptors (MR) are critical in the negative feedback 
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process that inhibits further glucocorticoid release. Several studies in 
humans have demonstrated the association between chronic stress and 
high levels of NA and glucocorticoids [5,6]. These alterations in the 
activity of the SAM and HPA axes are associated with numerous dele
terious psychological and physical health outcomes, including mood 
disorders [7,8]. 

Depression is a mood disorder characterized by an intrusive and 
persistent mood accompanied by low self-esteem and a loss of interest or 
pleasure (anhedonia). It is one of the most prevalent illnesses in the 
world, with a consistent gender pattern: women are more likely to suffer 
from depression, have more severe symptoms, and a poorer clinical 
outcome [9,10]. Of all stressors, chronic social stress is the one most 
strongly associated with depression [11–13]. In the same way, depres
sion is associated with social risk factors, social impairment, and poor 
social functioning [14]. The clinical and etiological heterogeneity of 
major depressive disorder has made it difficult to elucidate its patho
physiology. Nevertheless, current neurobiological theories point out 
HPA axis and monoamine alterations, among others [15]. Increasing 
cortisol secretion and the activity of the sympathetic system induces 
changes in the immune response [16], which in turn stimulates the 
release of the enzyme indoleamine-2,3-dioxygenase (IDO) from macro
phages. This enzyme degrades tryptophan, the amino acid precursor of 
serotonin (5-HT), and increases kynurenine levels and/or the kynur
enine to tryptophan ratio, which could explain low 5-HT levels in the 
brain during depressive stages [17]. On the other hand, monoaminergic 
synthesis may also be compromised by the sequestration of its essential 
synthesis cofactor, tetrahydrobiopterin (BH4) by the inducible NOS 
(iNOS), which is also activated by proinflammatory cytokines. In this 
regard, chronic stress associated with depression is not only associated 
with altered 5HT neurotransmission [18], but with activation of the 
kynurenine [19] and/or BH4 pathways [20]. 

Although epidemiological studies have clearly shown that females 
are more vulnerable than males to stress-related psychopathologies, 
preclinical research is still mainly conducted with male animals. 
Consequently, the lack of preclinical research carried out with females 
may explain the poorer outcomes of treatments among subjects of this 
sex [21]. Given that the main source of the stress contributing to the 
development of mood disorders in humans is social in nature [8], animal 
models based on social stressors may be the most appropriate, as they 
represent situations that individuals may face in their daily lives. 
However, it is necessary to design and conduct experiments that take the 
ethology (natural behaviors) of the species into consideration, in order 
to obtain results that can eventually be successfully translated to the 
clinic [22]. Many experiments have, in the past, been based on the stress 
generated by agonistic interactions prompted by territorial aggression or 
dominance, or in other words, the social defeat model [23–25]. How
ever, this model is not suitable for inducing chronic social stress in OF-1 
females, as subjects from this population do not display territorial 
aggression [26]. Consequently, our knowledge of the specific mediators 
involved in the possible negative effects of social stress in females is very 
limited. In light of females’ social nature, the chronic social instability 
stress (CSIS) model may be more appropriate and have greater etho
logical validity for this population. However, the results are not always 
consistent when applied to female mice [27]. Some authors [26,28,29] 
have reported an association between the CSIS model and 
depressive-like behavioral changes, although others have failed to find 
any such connection [30–32], a discrepancy that may indicate individ
ual differences in intrinsic sociability. In light of this, the aim of the 
present study was to analyze the role of inherent sociability in behav
ioral and neurochemical responses to chronic social instability stress 
among female mice using our previous paradigm [31]. 

2. Material and methods 

2.1. Subjects and husbandry 

Eighty-one OF1 outbred female mice (Janvier Labs, France) were 
purchased at age 8 weeks. They were housed in groups of three in 
transparent plastic cages (24.5 × 24.5 × 15 cm), with black poplar/ 
aspen shavings as litter bedding, two sheets of tissue as nesting material, 
and a sheet of cardboard as enrichment. Animals were provided with ad 
libitum access to water and food. The room was kept at a temperature of 
between 22◦C and 24 ◦C, with a relative humidity level of 70% and a 
reversed 12-h light/dark cycle (white lights on from 20:00–08:00 h), 
including 20 min of progressively increasing light (dawn, 07:40–08:00 
h) and 20 min of progressively decreasing light (dusk, 19:40–20:00 h). 
All procedures involving mice were performed in accordance with that 
established in the European Directive (2010/63/EU) and were approved 
by the Animal Welfare Ethics Committee of the University of the Basque 
Country (CEEA-UPV/EHU; M20/2018/090) and the Gipuzkoa Provin
cial Council (PRO-AE-SS-062). 

2.2. Experimental procedure 

After the 10-day acclimation period (day -1), animals were housed in 
groups of three (non-stressed animals, n = 33) or four (stressed animals, 
n = 48). Then, the Social Interaction Test (SIT) was performed to classify 
subjects into the high-sociability and low-sociability groups. Since the 
aim was to study the inherent social interaction of the animals, we 
analyzed this parameter according to the number of animals they would 
be living with during the experiment; non-stressed 3 and stressed 4. On 
day 0, the mice were divided into four experimental groups: Non- 
Stressed/Low-Sociability (NS/LS) (n = 13), Non-Stressed/High- 
Sociability (NS/HS) (n = 20), Stressed/Low-Sociability (S/LS) (n =
20), and Stressed/High-Sociability (S/HS) (n = 28). The S groups were 
subjected to the Chronic Social Instability Stress (CSIS) model for 
28 days, whereas the NS mice remained in the same housing conditions 
as during the adaptation period (3 animals per cage). Behavioral 
assessment of all animals (n = 81) commenced once the CSIS period had 
ended, with the Sucrose Preference Test (SPT), the Open Field Test 
(OFT), and the Novel Object Recognition Test (NORT) being carried out 
between days 28 and 30. On day 31, blood samples of all animals were 
collected by a submandibular puncture to determine plasma cortico
sterone levels. All animals were then sacrificed by cervical dislocation. 
The brain was removed and the whole hypothalamus, hippocampi, and 
striata were dissected under sterile conditions and stored at − 80 ◦C for 
biological determinations (Fig. 1). 

2.3. Stress procedure 

In order to increase unpredictability, this model was modified from 
Labaka et al. [26], applying seven variable periods of four days of 
isolation and overcrowding as previously described [31]. Thus, the S 
groups (both HS and LS] were exposed to the CSIS model over a 28-day 
period (Fig. 1). The mice were subjected to a highly unstable and un
predictable social situation, with alternating phases of isolation (1, 2, or 
3 days) and crowding (4 per cage, during 1, 2, or 3 days). During each 
crowding phase, we ensured that four different mice that had no pre
vious contact were placed together in a new clean cage. Meanwhile, 
control mice (NS) were housed in stable groups of three. 

2.4. Behavioral assessment 

Each animal’s movements and behavior were recorded with an 
overhead video camera (GZ-MG773; JVC, Yokohama, Japan) for sub
sequent assessment using the ANY-maze© computerized version 4.96 
video-tracking software program (Stoelting Europe, Dublin, Ireland). 
Behavioral assessment was performed during the dark phase (the 
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animals’ active period) at 09:00 h and at 12:00 h (darkness under dim 
red lighting). All behavioral tests were performed in opaque plexiglass 
open-field box arenas (plexiglass boxes; 40 × 40 × 30 cm), except for the 
SPT and the SIT, which were conducted in the transparent plastic cages 
in which the mice were usually housed. Objects were cleaned between 
trials with a solution of 0.5% acetic acid. 

2.4.1. Social interaction test (SIT) 
On day -1, the mice were recorded in their home cages for 5 min. The 

behaviors assessed were: the time each subject spent attempting to 
maintain social contact with another mouse (interaction emitted), the 
time other subjects spent attempting to maintain social contact with the 
subject under study (interaction received), the time spent in non-social 
exploration and the time spent immobile [31]. Mice that emitted and 
received more social interaction and spent less time exploring non-social 
zones were categorized as High Sociability (HS), whereas those that 
emitted and received fewer social interaction behaviors and spent more 
time exploring their environment were assigned to the Low Sociability 
(LS) group. A multivariate discriminant analysis was performed (Wilk’s 
Lambda method with step entry) to confirm the integrity of the groups 
derived from the cluster analysis and to determine which behavioral 
variables most efficiently discriminated between the clusters. In the NS 
group, the multivariate analysis carried out accounted for 100% of the 
cases obtained by the cluster solution, thereby confirming the statistical 
validity of the established groups. Social interaction emitted and 
received and non-social exploration were the variables that best 
discriminated between clusters (p < 0.001), followed by time spent 
immobile (p = 0.024). Regarding the S group, the discriminant model 
applied accounted for 89.6% of the cases obtained by the cluster solu
tion, thereby confirming the statistical validity of these groups, as well 
as their behavioral description. Social interaction emitted and 
non-social exploration were the variables that best discriminated be
tween clusters (p < 0.001), followed by social interaction received (p =
0.002). However, immobility made no significant contribution to the 
cluster differentiation (p = 0.372). 

2.4.2. Sucrose preference test (SPT) 
On day 28, all mice were individually housed and water bottles from 

the cages were removed. In their place, the mice were offered a free 
choice between two new bottles (both with a volume of 50 ml and 
identical in appearance to the mice’s regular water bottles, to avoid the 
novelty factor) for a period of 24 h. One of the new bottles contained a 
1% sucrose solution, and the other one contained water. The animals 
were not deprived of food or water before the test and the position of the 
bottles was counterbalanced to prevent the possible effect of a side 
preference. The consumption of the sucrose solution and water was 
measured by weighing the bottles at the beginning and at the end of the 

test. Each value was then divided by the mouse’s body weight to 
calculate the relative intake. The sucrose preference discrimination 
index was calculated as follows: (sucrose consumption-water con
sumption)/total consumption * 100. 

2.4.3. Open field test (OFT) 
On day 29, the OFT was performed to assess behavioral responses, 

such as anxiety-like behaviors and mice locomotion. Animals were 
placed in the arena and were allowed to explore for 5 min [33]. Time 
spent in the center and time spent in the peripheral zone (area along the 
walls) of the arena were analyzed, along with locomotor activity (dis
tance traveled). 

2.4.4. Novel object recognition test (NORT) 
On day 29, 1 hour after the OFT, NORT training was performed. The 

mice were placed in the open-field arena with 2 identical plastic caps, 
each measuring 4 cm in diameter. The caps served as familiar objects (F 
and F). The mice were allowed to explore the arena for 10 min, after 
which they were returned to their home cage. On day 30, the mice were 
returned to the same arena, but this time, one of the familiar objects (F) 
was replaced with a steel triangle that constituted the novel object (N). 
The total time spent exploring both objects was recorded over a 5 min 
period. Recognition memory was measured in terms of discrimination 
index: (time with N - time with F)/(time with N + time with F). Time 
spent in the F and N areas was also analyzed. 

2.5. Physiological determinations 

2.5.1. Sample collection 
On day 31, blood samples were obtained by facial vein puncture with 

a lancet. Samples (15 µL) were collected using lithium heparin tubes (BD 
Microtainer®) between 09:00 h and 10:00 h. Samples were then 
centrifuged at 1800 g for 15 min at 4◦C, and the resulting plasma was 
collected and stored in cryotubes (ClearLine®) (2 mL) at − 80◦C. Sub
sequently, the animals were sacrificed by cervical dislocation. The brain 
was removed and the hypothalamus, hippocampi, and striata were 
dissected under sterile conditions and stored at − 80 ◦C. 

2.5.2. Determination of plasma corticosterone concentrations 
Plasma corticosterone levels were quantified using an enzyme 

immunoassay (Corticosterone Elisa Kit, ADI-900–097, Enzo Life Sci
ences), in accordance with the manufacturer’s recommendations, and a 
Synergy HT microplate reader (BioTek Instruments, Inc., Winooski, VT, 
USA). Data were analyzed by means of a 4-parameter logistic curve fit 
using MyAssays (Data Analysis Tools and Services for Bioassays; avail
able at https://www.myassays.com/). The sensitivity of the assay was 
27.0 pg/ml, and the intra and inter-assay variation coefficients were 

Fig. 1. Experimental procedure.  
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between 7% and 8%. 

2.5.3. Real-time RT− PCR measurements of mRNA expression 
The total RNA of each structure was isolated using the NucleoSpin 

RNA Plus kit (Macherey Nagel, Germany). A spectrophotometric anal
ysis was performed at 260 nm to determine RNA concentrations, while 
the 260:280 absorbance ratio was utilized to assess nucleic acid purity 
(Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA). The total 
RNA was then reverse-transcribed using the PrimeScript RT reagent kit 
(Takara Bio Inc., Madrid, Spain). The resulting cDNA was quantified by 
SYBR Green-based (SYBR®Premix Ex TaqTM, Takara Bio Inc., Madrid, 
Spain) real-time PCR, and the formation of PCR products was monitored 
using the 7500 Real-Time PCR System (Applied Biosystems, Madrid, 
Spain). The cDNA sequences were obtained from GenBank at the Na
tional Center for Biotechnology Information (www.ncbi.nlm.nih.gov). 
Both hypoxanthine phosphoribosyl transferase (HPRT) and 
glyceraldehyde-6-phosphate dehydrogenase (GAPDH) were used as 
reference genes. Primer sequences were designed using Primer Express 
Software v3.0 (Applied Biosystems, Madrid, Spain) and obtained from 
Applied Biosystems (Appendix Table A.1). The relative gene expression 
was determined using the 2− DΔt method [34]). 

2.5.4. Determination of monoamines and their metabolites by high- 
performance liquid chromatography (HPLC) 

Brain structures were weighed and homogenized in a 60 μl solution 
(1% formic acid in acetonitrile). Zirconia Ceramic Balls (0.5 and 1.0 
mm) were inserted into the sample tubes and then placed in the Bullet 
Blender for 3 min to bust the brain tissue. Immediately afterwards, the 
tubes were vortexed for 5 min (Vortex Genie-2; Scientific Industries, 
Bohemia, NY, USA) and, subsequently, the samples were centrifuged for 
15 min at 15,000 × g and 4◦C. The supernatants were dried for 30 min 
with compressed air to concentrate the samples and were then recon
stituted with 30 μl of 0.05% trifluoroacetic acid. Next, the samples were 
again centrifuged for 20 min at 15,000 × g and 4◦C and placed in the 
autosampler unit for analysis. 

L-Phenylalanine (Phe), L-Tyrosine (Tyr), dopamine (DA), 3,4-Dihy
droxyphenylacetic Acid (DOPAC), noradrenaline (NA), 3‑methoxy-4- 
hydroxyphenylglycol (MHPG), Tryptophan (Tryp), kynurenine (Kyn), 
Kynurenic Acid (Kyna), 3-Hydroxykynurenine (3-HK), serotonin (5-HT), 
and 5-Hydroxyindoleacetic Acid (5-HIAA) were determined using 20 µL 
of each sample injected into the HPLC (Hewlett Packard 1100 System). 
The samples were separated on a Poroshell 120 EC–C18 column (100 ×
4.6 mm, 2.7 μm), with an Analytical Guard Column (12.5 × 4.6 mm, 5 
μm) being used for protection (Agilent Technologies). The mobile phase 
for this study comprised 0.05% trifluoroacetic acid (solvent A) and 
99.9% acetonitrile (solvent B). The flow was maintained at a constant 
rate of 0.5 ml/min. The column was maintained at 25◦C during the 
analysis, and the samples were maintained at 4◦C in an autosampler 
unit. The samples were analyzed and monitored either by a fluorescence 

detector (FLD) at an emission wavelength of 320 nm or by a variable 
wavelength detector (VWD). The Phe (Excitation wavelength (Ex) 212 
nm), NA, Tyr-and 5-HT (Excitation wavelength (Ex) 229 nm), and DA, 
MHPG and 5-HIAA (Excitation wavelength (Ex) 283 nm) effluents were 
monitored with the fluorescence detector at an Emission wavelength of 
320 nm. The 3-HK, Kyn, DOPAC, Kyna, and Tryp effluent was monitored 
with a variable wavelength detector set at 230 nm. The total sample 
analysis time was 27 min. The final data were expressed as ng/ml. 

2.6. Statistical analysis 

A cluster analysis (Low or High Sociability) was performed using the 
SPSS 28.0 for Windows software package (SPSS Inc., Chicago, IL, USA). 
Statistical analyses of the behavioral and physiological variables and 
graphic visualization and design were performed using GraphPad Prism 
software (9.0, GraphPad Software, Inc). Study variables were first 
transformed into Z-scores and outlier values were adjusted to the me
dian in accordance with the boxplot outlier labeling rule. Variables were 
analyzed using 2-way ANOVAs, the factors were stress and sociability. 
Specific comparisons between the NS/LS and S/LS groups, and between 
the NS/HS and S/HS groups were carried out using a post hoc Tukey test. 
Cohen’s d test for effect size was performed to estimate the strength of 
the effects between two groups (“d” values > 0.8 are considered indic
ative of large effects, values of between 0.5 and 0.8 are considered 
indicative of moderate effects, and values < 0.5 are considered to 
indicate small effects). Values of p < 0.05 were considered statistically 
significant (95% confidence). Data are expressed as mean ± standard 
error (SEM). Only significant differences between groups are presented 
in the results section and small effect sizes are not considered. 

3. Results 

3.1. Behavioral assessment 

No differences were found in either the SPT or the NORT (Fig. 2a, b). 
In contrast, in the OFT, stressed mice were observed to travel a greater 
distance (F(3,77) = 8.741; p = 0.004; η2 = 0.102) than their non-stressed 
counterparts (Fig. 2c). No differences were observed in the time spent in 
periphery or in the center (Fig. 2d). 

3.2. Biological assessment 

3.2.1. Neuroendocrine effects 
Overall, HS mice had higher corticosterone plasma levels than their 

LS counterparts (F(3,76) = 6424; p = 0.013; η2 = 0.078) (Fig. 3a). Hy
pothalamic GR mRNA relative gene expression was lower in stressed 
than in non-stressed animals (F(3,75) = 23.49; p < 0.001; η2 = 0.24) and 
the post hoc analysis revealed differences between the NS/HS and the S/ 
HS groups (p < 0.001; d = 1.20; Fig. 3b). Similarly, MR mRNA 

Table A1 
PCR Primer specification.  

Gene Function Primer sequences (5′− 3′) Analyzed structure Gen Bank accession No. 

GR Glucocorticoid receptor F: CCCATGGAGGTAGCGATTGT Hypothalamus 
Hippocampus 

DQ504162.1 
R: TGTAAAGGCTGCCCAATGTGT 

MR Mineralocorticoid receptor F: ACCTGCAGAGAGGACCAATGA Hypothalamus 
Hippocampus 

AJ311855.1 
R: GGAGTAATTCGTGTTTTTCTTTGCT 

IDO Rate-limiting enzyme of tryptophan catabolism F: AAAGCAATCCCCACTGTATCCA Hippocampus 
Striatum 

BC049931.1 
R: TGCCTTTTCCAATGCTTTCAG 

iNOS Inducible nitric oxide synthase F: GGATCTTCCCAGGCAACCA Hippocampus 
Striatum 

NM_010927.4 
R: CAATCCACAACTCGCTCCAA 

GAPDH Catalyzing enzyme of glycolysis F: CGGCCGCATCTTCTTGTG Hypothalamus 
Hippocampus 
Striatum 

NM_001289726.1 
R: GTGACCAGGCGCCCAATAC 

HPRT Catalyzing transferase of hypoxanthine F: TGGGAGGCCATCACATTCT Hypothalamus 
Hippocampus 
Striatum 

NM _013556.2 
R: TCCAGCAGGTCAGCAAAAGAAC  
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expression was lower in stressed than in non-stressed animals (F(3,75) =

5.119; p = 0.027; η2 = 0.064), although in this case, the post hoc 
analysis did not reveal any differences between groups (Fig. 3c). The 
MR/GR ratio was higher in stressed than in non-stressed animals (F(3,75) 
= 7.917; p = 0.006; η2 =0.095), and the post hoc analysis revealed 
differences between the NS/HS and the S/HS groups (p < 0.01; d = 1.04; 
Fig. 3d). As in the hypothalamus, hippocampal GR mRNA relative gene 
expression was lower in stressed than in non-stressed animals (F(3,75) =

27.85; p < 0.001; η2 = 0.27) and the post hoc analysis revealed differ
ences between the NS/LS and S/LS groups (p < 0.01; d = 1.19) and NS/ 
HS and the S/HS groups (p < 0.001; d = 1.18; Fig. 3e). MR mRNA 
expression was higher in HS animals compared to LS (F(3,75) = 4.359; p 
= 0.04; η2 = 0.06), although, the post hoc analysis did not reveal any 
differences between groups (Fig. 3f). Finally, hippocampal MR/GR ratio 
was higher in stressed than in non-stressed animals (F(3,75) = 14.10; p <
0.001; η2 = 0.16), and the post hoc analysis revealed differences be
tween the NS/LS and the S/LS groups (p < 0.05; d = 1.07; Fig. 3g). 

3.2.2. Hippocampal and striatal monoamines and their metabolite levels 

3.2.2.1. Catecholamine levels in the hippocampus. Regarding catechol
amines, the levels of both precursors, Phe (F(3,72) = 12.03; p < 0.001;; η2 
= 0.143; Fig. 4a) and Tyr (F(3,73) = 5.972; p = 0.017; η2 = 0.076; 
Fig. 4b), were significantly lower in stressed subjects than in controls. 
The post hoc analysis revealed that S/LS subjects had lower Phe-levels 
than their counterparts in the NS/LS group (p = 0.05; d = 1.00). No 
differences were observed in DA (Fig. 4c) or DOPAC levels (Fig. 4d), 
although the DOPAC/DA ratio was lower in the stressed group 
(4667.752 ± 742.232) than in the non-stressed one (16,388.747 ±
4320.515) (F(3,69) = 9.315 p = 0.006; η2 = 0.119). Furthermore, stressed 
animals were found to have higher NA levels (F(3,72) = 8.165; p = 0.006; 

η2 = 0.102; Fig. 4e) and lower MHPG levels (F(3,72) = 9.086; p = 0.004; 
η2 = 0.112; Fig. 4f) than the non-stressed ones. Stressed mice (14.519 ±
1.938) also presented lower MHPG/NA ratio (F(3,72) = 6.784; p = 0.011; 
η2 = 0.086) compared with non-stressed subjects (144.562 ± 71.441). 

3.2.2.2. Catecholamine levels in the striatum. The statistical analyses 
revealed no differences in the catecholamine precursors (Fig. 5a,b), 
although the stressed group (1.072 ± 0.045) had a higher Tyr/Phe-ratio 
than the non-stressed mice (0.907 ± 0.0546) (F(3,74) = 4.805; p = 0.032; 
η2 = 0.061). Stressed mice had higher DA levels than their non-stressed 
counterparts (F(3,75) = 11.35; p = 0.012; η2 = 0.131), and the S/HS 
group had significantly higher levels than NS/HS subjects (p = 0.015; d 
= 0.85; Fig. 5c). Moreover, although no differences were observed in 
DOPAC levels (Fig. 5d), stressed mice (7.104 ± 3.472) had a lower 
DOPAC/DA ratio than the non-stressed mice (283.491 ± 184.607) 
(F(3,70) = 4.248; p = 0.043; η2 = 0.057). Regarding NA, although no 
differences were observed in relation to the stress factor, they were 
observed in relation to the sociability factor (F(3,74) = 8.156; p = 0.006; 
η2 = 0.099), with NS/LS and S/LS animals having higher NA levels than 
their NS/HS and S/HS counterparts (t = 2.631; p = 0.013 and t = 2.040; 
p = 0.047, respectively; Fig. 5e). No differences were observed in MHPG 
levels (Fig. 5f). Interestingly, stressed mice (32.295 ± 4.008) were 
observed to have a lower MHPG/NA ratio than the non-stressed mice 
(102.596 ± 16.882) (F(3,73) = 15.873; p < 0.001; η2 = 0.179). 

3.2.2.3. Indolamine levels in the hippocampus. Regarding indolamine 
levels, stressed animals had lower Tryp levels (F(3,73) = 13.91; p < 0.001; 
η2 = 0.160), with differences being observed between the NS/LS and S/ 
LS groups (p = 0.03; d = 1.05; Fig. 6a). No differences were observed in 
Kyn levels (Fig. 6b), although stressed animals had lower levels of Kyna 
(F(3,71) = 5.077; p = 0.027; η2 = 0.67; Fig. 6c) and 3-HK (F(3,73) = 5.760; 

Fig. 2. a) SPT and b) NORT discrimination indexes, c) distance traveled, and d) the percentage of time spent in the center during the OFT. Stress factor significance is 
expressed as < or > according to directionality. Data are expressed as mean ±S.E.M. 
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Fig. 3. a) Plasma corticosterone levels (ng/ml) at day 31. Hypothalamic b) GR and c) MR mRNA gene relative expression levels, and d) MR/ GR ratio. Hippocampal 
e) GR and f) MR mRNA gene relative expression levels, and g) MR/ GR ratio. Stress factor significance is expressed as < or > according to directionality. Data are 
expressed as mean ±S.E.M. * p < 0.05, **p < 0.01 and ***p < 0.001. 
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p = 0.019; η2 = 0.073; Fig. 6d). They (0.010 ± 0.003) also showed a 
lower Kyna/3-HK ratio in comparison with non-stressed mice (0.017 ±
0.004) (F(3,71) = 3.998; p = 0.049; η2 = 0.053). Interestingly, the so
ciability factor was also significant for 3-HK (F(3,73) = 4.044; p = 0.048; 

η2 = 0.052), with LS animals having higher expression levels than their 
HS counterparts. Stressed mice had higher 5-HT levels (F(3,72) = 24.602; 
p < 0.001; η2 = 0.255), and differences were observed between the NS/ 
LS and S/LS groups (p = 0.001; d = 1.28) and between the NS/HS and S/ 

Fig. 4. Hippocampal a) L-Phenylalanine, b) L-Tyrosine, c) Dopamine, c) DOPAC, e) Noradrenaline, and f) MHPG levels expressed in ng/mg. Stress factor significance 
is expressed as < or > according to directionality. Data are expressed as mean ±S.E.M. *p < 0.05. 
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HS groups (p = 0.04; d = 1.10) (Fig. 6e). In contrast, stressed mice had 
lower 5-HIAA levels (F(3,72) = 5.692; p = 0.020; η2 = 0.073; Fig. 6f). 
Remarkably, stressed mice (0.232 ± 0.0417) were also found to have a 
higher 5-HT/Tryp ratio than non-stressed mice (0.189 ± 0.083) (F(3,72) 

= 6.676; p = 0.012; η2 = 0.85). Stressed group (0.228 ± 0.073) also 
showed a lower 5-HIAA/5H-T ratio compared with non-stressed subjects 
(1.338 ± 0.445) (F(3,72) = 10.009; p = 0.002; η2 = 0.122). 

Fig. 5. Striatal a) L-Phenylalanine, b) L-Tyrosine, c) Dopamine, c) DOPAC, e) Noradrenaline, and f) MHPG levels expressed in ng/mg. Stress factor significance is 
expressed as < or > according to directionality. Data are expressed as mean ±S.E.M. *p < 0.05. 
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3.2.2.4. Indolamine levels in the striatum. Regarding the indolamine 
pathway, no differences were observed in Tryp (Fig. 7a), Kyn (Fig. 7b) or 
Kyna levels (Fig. 7c), although stressed mice had higher 3-HK levels 
(F(3,75) = 8.483; p = 0.005; η2 = 0.105) than the non-stressed ones. 
Moreover, stressed group (0.003 ±< 0.001) showed a lower Kyna/3-HK 
ratio compared to non-stressed ones (0.007 ± 0.002) (F(3,75) = 4.139; p 
= 0.049; η2 = 0.103; Fig. 7d). Similarly, stressed subjects had higher 5- 
HT levels than non-stressed mice (F(3,74) = 13.561; p < 0.001; η2 =

0.155), and the post hoc analysis revealed differences between the NS/ 
HS and the S/HS groups (p = 0.01; d = 1.07; Fig. 7e). Stressed mice 
(0.172 ± 0.013) also had a higher 5-HT/Tryp ratio than the non-stressed 
subjects (0.092 ± 0.017) (F(3,72) = 6.676; p = 0.012; η2 = 0.85). In 
contrast, stressed mice had lower 5-HIAA levels (F(3,73) = 8.791; p =
0.004; η2 = 0.107) and, interestingly, differences were also found for the 
stress x sociability interaction (F(3,73) = 4.839; p = 0.031; η2 = 0.062). 
Post hoc analyses revealed significant differences between the NS/LS 

Fig. 6. Hippocampal a) Tryptophan, b), Kynurenine, c) Kynurenic Acid, d) 3-HK, e) 5-HT, and f) 5-HIAA levels expressed in ng/mg. Stress factor significance is 
expressed as < or > according to directionality. Data are expressed as mean ±S.E.M. *p < 0.05, and **p < 0.01. 
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and NS/HS groups (p = 0.036, d = 0.784), as well as between the NS/LS 
and S/LS groups (p = 0.008; d = 1.217; Fig. 7f). In terms of the ratio, 
stressed mice (0.553 ± 0.141) had lower 5-HIAA/5-HT levels than their 
non-stressed counterparts (2.895 ± 0.855) (F(3,73) = 6.638; p = 0.012; 

η2 = 0.83). 

Fig. 7. Striatal a) Tryptophan, b), Kynurenine, c) Kynurenic Acid, d) 3-HK, e) 5-HT, and f) 5-HIAA levels expressed in ng/mg. Stress factor significance is expressed as 
< or > according to directionality. Data are expressed as mean ±S.E.M. *p < 0.05, and **p < 0.01. 
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3.2.3. Hippocampal and striatal IDO and iNOS mRNA relative gene 
expression 

Regarding the hippocampus, stressed mice had lower IDO levels than 
non-stressed mice (F(3,76) = 10.133; p = 0.002; η2 = 0.118), and sig
nificant differences were observed between the NS/HS and S/HS groups 
(p < 0.05; d = 1.02; Fig. 8a). iNOS mRNA expression was also lower in 
stressed mice (F(3,76) = 6653; p = 0.012; η2 = 0.80; Fig. 8b). In the 
striatum, no differences were observed between the NS and S groups in 
terms of either IDO or iNOS mRNA expression, although the sociability 
factor was significant for IDO mRNA expression levels, with HS mice 
having higher IDO levels than their LS counterparts (F(3,76) = 4.109; p =
0.046; η2 = 0.051; Fig. 8c, d). 

4. Discussion 

4.1. CSIS in female mice with high or low sociability: effects on behavior 

The social instability stress model applied during 4 weeks did not 
produce the expected behavioral alterations in female mice, and no 
behavioral effects were observed as a function of sociability. We 

observed that females seem to be able to cope without inducing a 
depressive phenotype. These results underline the need, already pointed 
out by other authors [27,35], to establish a standardized CSIS protocol 
in order to achieve a more predictive model. 

Individual differences are a fundamental aspect to consider when 
studying the negative effects of social stress. Although there is evidence 
to suggest that higher sociability levels may have a protective effect, 
particularly under conditions of social stress [36,37], we found no effect 
of either high or low sociability on any of the behavioral tests performed 
after the application of a chronic social instability stress model in female 
mice. The absence of statistically significant results may be due to the 
fact that none of these post-stress behavioral tests assess sociability 
specifically; also (and perhaps more likely), it may be that the CSIS 
model applied was not sufficient to elicit an allostatic load reflecting 
changes in behavior [31]. Although substantial evidence suggests that 
stressful life events predispose individuals to depression and anxiety-like 
behaviors [38,39], our CSIS model did not reveal anhedonia, a key index 
of depression-like behaviors [40]. The application of this stress para
digm has revealed positive [41] and negative [42,43] anhedonic effects, 
probably due to methodological (stress or anhedonia protocol, light or 

Fig. 8. a) IDO and b) iNOS mRNA expression levels in the hippocampus, and c) IDO and d) iNOS mRNA expression levels in the striatum. Stress factor significance is 
expressed as < or > according to directionality. Data are expressed as mean ±S.E.M. *p < 0.05. 

A. Díez-Solinska et al.                                                                                                                                                                                                                         



Physiology & Behavior 270 (2023) 114306

12

dark phase behavioral testing) and individual (species, sex, stress coping 
strategies, phase of the females’ estrous cycle) differences. In this regard, 
our lack of results in the sucrose preference test should also be inter
preted with caution, since i) passive sucrose consumption tests without 
operant protocols may not be a good indicator of depressive-like 
behavior in laboratory mice [44], and ii) we did not use additional 
tests, such as forced swimming, because of their severity and because it 
is not clear whether immobility reflects a depressive phenotype or is a 
learned adaptive behavior [45]. 

Although stressed female mice displayed increased locomotor ac
tivity in the OFT, their lower thigmotaxis does not allow us to establish 
this observation as a symptom of anxiety-like behavior. Therefore, a 
more thorough assessment would have been necessary to rule out 
anxious behavior, using different test as elevated plus maze, zero maze 
or light and dark box [46]. Nevertheless, the active behavioral profile of 
female mice exposed to CSIS observed previously in our laboratory [26, 
31], and by other authors [28], has been interpreted as indicative of 
higher arousal and precludes us from ruling out the possibility of our 
findings being indicative of anxiety-like behaviors. In this regard, the 
specific hyper-activation observed in females following emotional stress 
has been interpreted as a transitional phase towards a pathological stress 
response [47], or alternatively, as an adaptive coping strategy designed 
to manage and regulate pressures, demands, and emotions in response to 
stress [48]. Furthermore, although previous work in our laboratory 
found no effect of the estrous cycle on behavior following social stress 
due to instability [26], this variable was not considered in this study, 
and we cannot, therefore, rule out the possibility of the estrous cycle and 
estrogen levels having some effect on the active behavioral profile 
observed in female mice exposed to CSIS [49,50]. 

4.2. CSIS in female mice with high or low sociability: neuroendocrine 
effects 

Consistently to that reported by other authors, stress did not alter 
corticosterone levels during exposure to CSIS [30,41,51]. As in previous 
studies conducted in our laboratory [31], among female mice, exposure 
to CSIS increased the MR/GR ratio, decreasing GR levels. Although 
stress has been commonly associated with a decrease in MR receptors 
relative to GR and a reduction in MR functionality, numerous studies 
have also observed sex differences in the physiological response to stress 
and its regulation [52]. Sex differences in the GR function also appear to 
make females more susceptible to dysregulation after a stressful event 
[53]. Following HPA axis activation, GRs are critical to the negative 
feedback process that inhibits additional glucocorticoid release. Thus, 
the significant reduction in GR expression previously observed in our 
laboratory in female mice [26,31] may attenuate the negative feedback 
process in response to a situation of chronic stress. Considering corti
costerone plasma levels at the end of the CSIS model, our paradigm may 
have caused habituation of the HPA axis response that is often observed 
upon repeated exposure to the same stressor. In this sense, we cannot 
rule out a down-regulation of GR receptors expression in stressed sub
jects caused by glucocorticoids. The differential expression of receptors 
observed between stressed and non-stressed mice could indicate regu
lation of the HPA axis, with different consequences, since it has been 
associated with both, deleterious [54] and protective effects [55] in 
stressful situations. Furthermore, it is important to note that in the only 
work in which the effects of GR receptor deletion were studied in both 
sexes, they observed only deleterious effects in males, suggesting alter
native mechanisms of GR regulation by females [56]. 

We did observe an effect of social connectedness, with high- 
sociability subjects having higher corticosterone levels and MR expres
sion in the hippocampus. This receptor at the hippocampal CA2 region 
has been associated with social behavior [57]. However, as we have 
measured the expression at the whole hippocampus, we cannot deter
mine if there are different expression patterns in the different regions of 
the hippocampus between groups. These results support the hypothesis 

that sociability may play a modulatory role in HPA activity, especially in 
situations of social stress [58–60]. If this were the case, the results ob
tained here would indicate that this change in female mice (allostatic 
load) depends on sociability. Considering that lower MR receptors 
expression has been commonly associated with mood disorders [61], 
and taking into account that we did observe a lower expression of MR 
receptors in the hypothalamus, the observed increased expression of 
these receptors in the hippocampus only in subjects with high sociability 
does not allow us to rule out a protective effect of high sociability in 
female mice submitted to CSIS model. 

4.3. CSIS in female mice with high or low sociability: neurochemical 
effects 

Although the release of catecholamines is a key initial event in 
response to stressors, it is now clear that different types of stressors and 
coping strategies elicit specific responses [62]. In our case, social 
instability resulted in an increase in NA in the hippocampus, as well as in 
a decrease in the levels of its metabolite MHPG and its precursors 
Phe-and Tyr, which rules out an over-activation of this pathway induced 
by social instability. In the striatum, we observed increased dopamine 
levels in subjects exposed to social instability, which may explain the 
increased locomotor activity observed in the OFT. However, as in the 
hippocampus, the reduced DA turnover observed in stressed subjects 
rules out the social instability-induced hyper-activation of the dopami
nergic pathway. Interestingly, this increase in dopamine levels was only 
observed in subjects with high sociability. In this sense, sociability has 
been described as a behavioral characteristic that reflects a tendency to 
affiliate and is associated with positive affect, as well as with differences 
in the sensitivity of brain DA systems. Furthermore, in the striatum, and 
independently of stress, NA levels were significantly reduced in those 
subjects with high sociability, supporting the idea of the protective ef
fect of this factor. 

It is also well known that stressful situations can impact the Tryp-Kyn 
pathway, through glucocorticoids and cytokine-induced activation [63]. 
The stress model applied in the present study did not produce the ex
pected changes in relation to the Tryp metabolic pathways. Social 
instability increased 5-HT levels in both the hippocampus and striatum, 
while reducing the levels of its metabolite 5-HIAA in both structures and 
its precursor Tryp in the hippocampus. Whereas in the hippocampus this 
effect was observed in subjects with high and low sociability, in the 
striatum it was only observed in subjects with high sociability, again 
highlighting the importance of this factor in the study of the negative 
effects of social stress. Although social stress has been commonly asso
ciated with an imbalance of the Tryp metabolic pathway, favoring Kyn 
synthesis over 5-HT, and therefore with an increase in its metabolites 
[64], our results reveal the opposite effect after the application of the 
social instability stress model. Interestingly, while no effect was 
observed in the Kyn/Tryp ratio, an activation biomarker of the Kyn 
pathway [65], increased activation of the 5-HT pathway (5-HT/Tryp 
ratio) was found in female mice subjected to CSIS. However, this 
increased serotoninergic production with respect to Kyn did not result in 
higher serotoninergic activity, since, similarly to that observed in the 
noradrenergic and dopaminergic pathways, a lower 5-HT turnover 
(5-HT/5-HIAA ratio) was observed in stressed subjects. Overall, these 
results do not allow us to rule out the possibility of a lower level of 
monoaminergic transmission in female mice subjected to social 
instability. 

Interestingly, although social instability was not observed to affect 
Kyn levels in any of the structures, a reduction in both Kyna and 3-HK 
levels was found in the hippocampus. Although an increase in 3-HK in 
the striatum was observed after the application of the social instability 
model, the opposite effect observed in the hippocampus, together with 
the behavioral, neuroendocrine, and neurochemical results outlined 
above, allows us to rule out the possibly that the social instability model 
applied to female mice for 4 weeks does not have a deleterious effect at 
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any of the levels analyzed. 
Stress-induced inflammatory activation is one of the main hypothe

ses in the study of the negative effects of social stress on health. Many 
studies have focused on the impact of pro-inflammatory cytokines on 
monoaminergic function, specifically through the activation of IDO. 
Firstly, this enzyme catalyzes the initial and rate-determining step of the 
Tryp metabolism via the Kyn pathway. And secondly, the nitric oxide 
(NO) produced by iNOS inhibits IDO activity by directly interacting with 
it and promoting its degradation. Contrary to the expected results, social 
instability stress decreased the synthesis of the IDO and iNOS enzymes 
when applied to female mice for 4 weeks. Consistently with the 
behavioral and neuroendocrine findings, these results support the idea 
that the social instability model applied did not elicit allostatic load. 
Although we did not observe any change in IDO or iNOS expression in 
the striatum, the lower expression of these enzymes in the hippocampus 
may reflect a resilient response to a mild stressor, regulating the IDO- 
mediated Tryp-degrading pathway. If this were indeed the case, it 
would indicate that the application of our psychosocial stress model did 
not promote the conversion of Tryp to Kyn and Kyna or 3-HK. The 
administration of IDO and iNOS inhibitors has been shown to alleviate 
the neurochemical and behavioral effects associated with chronic stress 
[66–68], and it has been suggested that social support may influence the 
expression of IDO [69]. Similarly, our results indicate that this reduction 
in IDO expression was significant only in those subjects with high 
sociability. 

According to the behavioral and neuroendocrine results presented 
above, the neurochemical profile observed after the application of the 
CSIS model is not in line with the expected results and does not rule out 
that the level of stress was insufficient. Although there is extensive ev
idence, that stress and corticosterone are able to change the biosyn
thesis, release, and reuptake of monoamines [70–72], the absence of 
behavioral changes and effects on corticosterone levels following the 
application of the social instability stress model makes it difficult to 
establish a relationship between these variables (behavior, neuroendo
crine and neurochemical). 

Finally, we would like to point out the need to have predictive and 
translatable animal models of chronic social stress. To this end, we 
believe that it is essential to study both sexes but applying the same 
social stressor. In this sense, it would be interesting to explore the model 
of social chronic defeat in both males [73] and females [74]. Likewise, it 
is necessary to do a deeper phenotyping, since in neuroscience we tend 
to use relatively simple and quick tests [75], but we should focus more 
on the ethogram of the mice and expand the battery of tests for each 
behavioral domain to be studied. 

In conclusion, although female mice exposed to CSIS showed 
increased arousal, there was no evidence of depressive-like behavior. 
Exposure to CSIS also did not affect corticosterone levels, although it 
increased the MR/GR ratio by decreasing GR expression. As a result of 
increased arousal, female mice exposed to CSIS had higher levels of NA 
and DA in the hippocampus and striatum respectively, although lower 
monoaminergic turnover was also observed. Contrary to the expected 
results, CSIS increased 5-HT levels in both the hippocampus and stria
tum, which may explain the lack of results in anhedonia. Similarly, and 
contrary to the expected results, CSIS was found to reduce kynurenic 
acid and 3-HK levels in the hippocampus, probably due to the observed 
decrease in the synthesis of the enzymes IDO and iNOS. Interestingly, 
the observed decrease in IDO synthesis and the increased 5-HT and DA 
levels in the striatum were only found in highly sociable subjects. 
Overall, our model has produced neuroendocrine and neurochemical 
but not behavioral changes, so it has not allowed us to study sociability 
in depth. Therefore, a model that induces both molecular and behavioral 
phenotypes should be applied to determine the role of sociability. 
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Muñoz-Culla: Investigation, Writing – original draft. Garikoitz Beitia- 
Oyarzabal: Validation, Writing – original draft, Funding acquisition. 
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