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Research article
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A B S T R A C T

The prefrontal cortex (PFC) plays an important role in social behavior and is sensitive to stressful circumstances. 
Challenging life conditions might change PFC function and put individuals at risk for maladaptive social 
behavior. The excitation-inhibition (EI) balance of prefrontal neurons appears to play a crucial role in this 
process. Here, we examined how a challenging life condition in C57BL/6JolaHsd mice, i.e. group-housing 6 mice 
in a complex environment for 10 days in adulthood, changes the EI-balance of infralimbic prefrontal neurons in 
layer 2/3, compared to standard pair-housing. Slices were prepared from “undisturbed” mice, i.e. the first mouse 
taken from the cage, or mice taken ~15 min later, who were mildly aroused after removal of the first mouse. We 
observed a housing-condition by arousal-state interaction, with in the complex housing group an elevated EI- 
balance in undisturbed and reduced EI-balance in mildly aroused animals, while no differences were observed 
in standard housed animals. The change was explained by a shift in mIPSC and mEPSC frequency, while am-
plitudes remained unaffected. Female mice showed no housing-by-state interaction, but a main effect of housing 
was found for mIPSCs, with a higher frequency in complex- versus standard-housed females. No effects were 
observed in males who were complex-housed from a young age onwards. Explorative investigations support a 
potential mediating role of corticosterone in housing effects on the EI-balance of males. We argue that taking the 
arousal state of individuals into account is necessary to better understand the consequences of exposure to 
challenging life conditions for prefrontal function.

1. Introduction

Housing animals in an enriched environment from weaning onwards 
allows them to show more of their natural behavior, having increased 
space to move around, including access to running wheels, cognitive 
stimulation by changing configurations and living with more peers [11]. 
Such an environment stimulates plasticity [56] and would lead to results 
that are meaningful within a social network in a context that is more 
stimulating compared to the relatively poor environment of standard lab 
cages [33]. Changing the housing of male mice in adulthood however, 
from standard housing in pairs to group-housing in a complex envi-
ronment could prove challenging and would need a period of adapta-
tion, where a new hierarchy is formed and territorial possibilities 
explored [41]. This is reminiscent of the complex social society we live 

in and could represent a model for the challenges that exposure to the 
complexity of human environments like cities bring [33]. Such experi-
ences can shape brain and behaviour, indeed, individual differences in 
(social) stress coping and thriving in life are partly defined by such life 
experiences, that can shape both brain and behavior and can play a part 
in the vulnerability or resilience to mental health problems [9,19].

A crucial brain region for the cognitive and social aspects of an 
enriched environment is the prefrontal cortex (PFC), that, in connection 
with sub-cortical areas like the ventral striatum and amygdala, plays an 
important role in social behavior, including motivation to interact, so-
cial recognition, and dominance hierarchy in both mice and men [6,20, 
39,43]. For instance, it was shown that the connection between the 
infralimbic PFC (IL-PFC) and the nucleus accumbens shell is sensitive to 
social isolation and important for social recognition [43]. A higher firing 
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rate of prefrontal pyramidal neurons has been shown to correspond to 
increased social motivation in mice and this firing rate can be modulated 
by different interneurons and influenced by different neuromodulators 
[6]. An optimal balance of excitation and inhibition (EI-balance) in 
cortical circuits is important for information processing and changes in 
the EI-balance of pyramidal neurons regulate its activity during specific 
social behaviors. In particular, GABAergic interneurons in the PFC play 
an important role in the EI-balance, affecting cognitive performance and 
social interaction [12].

Alterations in PFC functioning have been linked to neuro-
developmental disorders involving social deficits, like autism spectrum 
disorder, schizophrenia and depression [38,59]. More specifically, an 
EI-imbalance has been proposed to account for various behavioral and 
electrophysiological phenotypes in autism and schizophrenia [10,47]. 
This is supported by findings in mouse models. For instance, an eleva-
tion of the EI-balance in the mouse medial PFC was found to be asso-
ciated with an impairment in cellular information processing and social 
deficits as seen in autism [60] and most schizophrenia mouse models 
replicate the endophenotype of altered EI-balance [48].

The EI-balance in the IL-PFC is also targeted by acute and chronic 
stress in rodents as well as humans, which could facilitate the onset of 
psychiatric disorders in predisposed individuals [2,3,35]. We found that 
in mice, acute exposure of adult infralimbic IL-PFC layer 2/3 cells to 
corticosteroids suppresses excitability within minutes [29], while others 
have shown that later on (when examined after >1 h, allowing genomic 
effects to take place), GABA release onto principal neurons in layer 5 of 
the prelimbic region is suppressed [18]. More prolonged changes in the 
stress such as occur after adverse early postnatal conditions in mice, 
accelerate the maturation of the EI-balance in IL-PFC layer 2/3 pyra-
midal cells [30,25] and reduce the ratio between AMPA- and 
NMDA-receptor-mediated excitatory responses later in life [30]. Chronic 
unpredictable stress in adulthood downregulates glucocorticoid recep-
tor (GR) expression specifically in a subset of IL-PFC interneurons, 
thereby increasing inhibition and decreasing the EI-balance in IL-PFC 
layer 5 cells, associated with impaired prefrontal-mediated behavior 
[36].

Housing groups of male mice in a complex environment during 
adulthood is an example of a challenging condition that affects the PFC. 
In recent years, several models have been developed to study the effect 
of a complex environment on physiology and behavior, such as the 
Visible Burrow System (VBS) [7,17] and the Marlau cage [11,24,46], in 
which animals are exposed to more complexity and have more space to 
interact compared to the standard housing condition. In a recent study 
by Bove et al. [7], using the HPLC technique to determine amino acid 
concentrations in the PFC, group-housing of adult C57Bl/6J and BTBR 
mice for 8 days in the visible borrow system was reported to drastically 
change extracellular GABA and glutamate concentrations. It is presently 
unclear, though, whether these changes in extracellular amino acid level 
align with or differ from changes in IL-PFC synaptic function.

We presently aimed to determine to what extent a challenging, 
complex-housing condition (CH) of groups of male mice during adult-
hood affects the EI-balance in layer 2/3 pyramidal IL-PFC cells 
compared to that of standard pair-housed (SH) animals. To that purpose, 
adult male mice were group-housed (with 6 peers) for 9–11 days in a 
Marlau cage (CHadult group) and brain slices were prepared from ani-
mals directly taken out of the complex or standard housed condition. 
The frequency and amplitude of miniature excitatory and inhibitory 
postsynaptic currents (mEPSC and mIPSC respectively) were recorded 
from layer 2/3 pyramidal cells, yielding a reliable measure for the EI- 
balance. Earlier data in the hippocampus have shown that the conse-
quences of prolonged periods of challenging conditions for excitability 
may depend on the organism’s current (corticosteroid) state (e.g [26,28, 
55]). Therefore, we examined cells from both undisturbed and mildly 
aroused mice, thus taking state into account. Furthermore, we examined 
putative housing (condition) and arousal (state) effects in female mice, 
for which adult complex housing might be a less stressful condition, 

since female hierarchy establishment involves less aggression [5]. In the 
same line of reasoning, we tested male mice, group-housed in a Marlau 
cage from adolescence (postnatal day (PND)28) onward (CHyoung), 
allowing stable social hierarchies to be established [5]. Finally, in an 
explorative attempt, we investigated a potential mediating role of 
corticosterone in the changes observed for EI-balance in males.

2. Material and methods

2.1. Animals

Wildtype female and male C57BL/6JolaHsd mice were obtained 
from Envigo (Inotiv, The Netherlands). They underwent an acclimati-
zation period of at least 2 weeks in the animal facility after arrival. All 
mice were housed in a temperature (21◦C)- and humidity (40–60 %)- 
controlled environment, with a 12-hour light-dark cycle (lights on at 
8:00 a.m.), and had ad libitum access to food and water. Unless other-
wise stated animals were housed pair-wise in standard type II-L (long) 
Macrolon cages (31×16 cm).

All experiments were performed following the EU directive (2010/ 
63/EU) for animal experiments and approved by the Central Authority 
for Scientific Procedures on Animals in the Netherlands (CCD approval 
AVD1110020186004).

Breeding involved housing two females with one male for 7 days, 
after which the male was removed. After these 7 days, the two female 
mice remained together for an additional 7 days before being individ-
ually housed in type II Makrolon breeding cages (21.5 ×16 cm) with 
sawdust bedding and a cotton Nestlet (5×5 cm, Technilab-BMI, Som-
eren, The Netherlands) for nesting material. The cages were checked 
daily at 10:00 a.m. to monitor the appearance of a litter. The birth 
discovery day was designated as PND1. On the following day (PND2), 
the litters were weighed and checked for sex balance. Only litters with 
5–8 pups and at least 2 male and 2 female pups were used. For the results 
described in this study, we used (part of) the litters of 11 dams (offspring 
used for this study: n=42 mice, i.e. 30 males and 12 females, the 
remaining offspring was used in other experiments). The pups were 
weaned at 21 days of age.

2.2. Complex housing using Marlau cages

After weaning, pups stayed together with their littermates for 
another week, and were then assigned to the different experimental 
groups. No more than two pups from the same dam were assigned to a 
particular condition.

SH animals were housed in standard type II-L (long) Macrolon cages 
(31×16 cm) in pairs from PND26–28 onwards, and remained in these 
housing conditions until they were used for the electrophysiological 
experiment. During complex housing, 6 animals were housed in a 
MarlauTM cage (Viewpoint, Lyon, France, see paragraph below). For 
our main research question, regarding group housing in adult male mice, 
the group-housing started in adulthood (PND 90), leaving the mice in 
the Marlau cage for 10 days (CHadult) until they were killed for the 
electrophysiological experiment. To examine the generalizability and 
specificity of the effects we observed in male mice placed in a CH 
environment during adulthood, we introduced two extra comparisons: I) 
We compared female mice, housed for 10 days in a complex envrion-
ment during adulthood (CHadult) with controls pair-housed in standard 
cages (SH). And II) we compared male mice that were complex housed 
starting at adolescent age (PND26–28), i.e. 1 week following weaning 
and staying in the Marlau cage until the electrophysiological experi-
ments in adulthood (CHyoung) with the control SH group. During the 
CH period, all mice were weighed and carefully examined daily for any 
potential injuries, while the control SH mice underwent these assess-
ments every other day.

Marlau cages are large, enriched cages (length: 580 mm ×

Width:400 mm x Height: 320 mm) that have 2 floors and provide a 
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complex and challenging environment for the mice. The first floor in-
cludes a small food compartment and a larger compartment, containing 
three running wheels, a shelter, unrestricted access to water, two 
woodblocks, ample nesting material and climbing stairs leading to the 
second floor. One-way doors are positioned between the compartments 
on the first floor, allowing mice to move from the small compartment to 
the larger one. To access the small compartment, mice are required to 
climb to the second floor and navigate through a maze, which leads to a 
tube connecting to the food-compartment on the first floor. The maze 
was changed every three days to ensure novel and sustained cognitive 
stimulation.

2.3. Electrophysiology

2.3.1. Slice preparation
For electrophysiological experiments, two animals per day were 

taken from their home cage between 8:30 and 9:00 a.m. (around the 
circadian nadir of corticosterone release), with an interval of ~15 mi-
nutes between the first and the second mouse. The experimenter per-
forming the electrophysiology was blind to the experimental condition.

Control mice from the SH condition were housed 2 per cage and both 
were decapitated on the same day to prevent isolated housing of the 
remaining mouse, which is known to be stressful [13]. The interval 
between decapitation of the first and second mouse was ~15 min, a 
period that is known to cause arousal or mild stress (see e.g. [53].

The limitation of our electrophysiological approach is that no more 
than 2 mice can be recorded on a single day by one investigator. 
Therefore, the six mice from the CH groups housed in a Marlau cage 
were recorded on three consecutive days. Of note, particularly in the 
CHadult group, this introduced a slight variation: The first two mice 
were decapitated after 9 days of CH, the 3rd and 4th after 10 days CH, 
and the 5th and 6th after 11 days CH. On all three days, a 15-minute 
interval was allowed between decapitation of the first and second 
mouse of the pair.

The experiments were performed in two series: the male SH and male 
CHadult were tested in both series (2 x n=6 per group), while the female 
SH, female CHadult and the male CHyoung groups were only tested in 
one series (n=6 per group). As a control group for the male CHyoung 
group, we only used the male SH animals (n=6) that were tested in the 
same series.

After decapitation, the brain was quickly removed from the skull and 
stored in ice cold slicing medium containing: 120 mM choline chloride, 
3.5 mM KCl, 0.5 mM CaCl2, 6 mM MgSO4, 1.25 mMNaH2PO4, 25 mM D- 
glucose and 25 mM NaHCO3. Coronal slices of 350 μm thickness were 
made with a vibratome (Leica VT 1000S, Germany) and placed in arti-
ficial cerebrospinal fluid (ACSF) containing: 120 mM NaCl, 3.5 mM KCl, 
1.3 mM MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 25 mM D-glucose 
and 25 mM NaHCO3 and heat shocked at 32 ◦C for 20 min. Slices were 
then transferred to a storage bath at room temperature, and after staying 
there for at least 1 h, one slice at a time was used for the recordings.

2.3.2. Exploration of a potentially mediating role by corticosterone
After decapitation, trunk blood was collected to later determine 

blood corticosterone levels using an ELISA kit (RE52211, IBL Interna-
tional, Germany).

In a follow up experiment, using a limited number of naïve adult 
male mice (10–12 weeks old, n=20), we treated brain slices with either 
corticosterone (CORT 100 nM), the MR-agonist aldosterone (ALDO 
10 nM), the GR-agonist RU28362 (RU283 100 nM, Roussel-Uclaf) or 
vehicle (VEH, saline with 0.09 % ethanol), to study the genomic effect of 
corticosteroid receptor activation on glutamatergic and GABAergic 
transmission; these concentrations are based on earlier studies in the 
hippocampus and IL-PFC [27,29]. To that purpose, each of the com-
pounds was added to the slice for 20 minutes, and properties of mEPSCs 
an mIPSCs were determined >1 h after treatment, to allow enough time 
for genomic effects to develop.

2.3.3. mEPSC and mIPSC recordings
For recording, one slice at a time was transferred to the recording 

bath, and continuously perfused with ACSF at 32 ◦C. Cells were visu-
alized with an upright microscope (Zeiss Aksioskop) with infrared DIC, a 
40x water immersion objective, a 10× video lens, and a microscopy 
camera (Qimaging, Rolera bolt). All electrophysiological recordings 
were made from pyramidal-shaped neurons located in the infralimbic 
(IL) mPFC layer 2 or 3. All chemicals described below were obtained 
from Sigma-Aldrich (USA) unless otherwise specified.

The pipette solution to record mEPSCs and mIPSCs was composed as 
follows: 120 mM Cs methanesulfonate, 17.5 mM CsCl, 10 mM Hepes, 
5 mM BAPTA, 2 mM MgATP, 0.1 mM GTP (295 mOSM; pH 7.3 adjusted 
with CsOH). Whole-cell voltage-clamp recordings were made with an 
Axopatch 200B amplifier (Axon Instruments). Miniature postsynaptic 
currents mediated by glutamate and GABA were recorded in neurons in 
the presence of 0.5 μM TTX (Latoxan, France).

After the whole cell patch configuration was established, recordings 
of the mEPSCs and /or mIPSCs were started as soon as the recording 
remained stable for at least 5 minutes. Spontaneous electrical activity 
was filtered at 5 kHz and digitized at 10 kHz (Digidata 1322 A; Axon 
Instruments). First, mEPSCs were recorded for 5 minutes, followed by a 
5-minute recording of mIPSCs (for examples see Fig. 1). The mEPSCs 
(AMPA receptor-mediated currents) were recorded at a holding poten-
tial (Vh) of � 65 mV, i.e. the reversal potential for chloride so that the 
mIPSC amplitude is negligible. Subsequently, in the same neuron, the 
GABAergic mIPSCs was recorded at Vh of +10 mV, which is the reversal 
potential for glutamate, assuming that the mEPSC amplitude was 
negligible. All data was stored and afterwards analyzed with Clampfit 
10.7. The events were detected with a template search and then 
analyzed for frequency and amplitude.

2.4. Statistics

Statistical analysis was performed with IBM SPSS Statistics 23.0. 
Data is presented as mean ± SEM. Normality of data distribution was 
tested with the Shapiro-Wilk test.

To assess whether complex housing and acute arousal state affected 
the electrophysiological measurements (EI-balance, mEPSCs and 
mIPSCs), we applied a two-way ANOVA, with housing condition and 
arousal state as main factors, thereby also analyzing interaction effects. 
Bonferroni corrected pairwise comparisons were performed to investi-
gate post-hoc differences. We primarily focused on differences in the 
male CHadult versus standard housed (SH) groups, followed up by ef-
fects in female CHadult versus SH (sex effect) and males complex housed 
from adolescence onwards (CHyoung) versus SH. The same analyses 
were used for CORT plasma levels measured in the SH and CHadult 
mice. Due to technical difficulties, we were unable to retrieve data from 
2 females.

When analyzing the acute corticosteroid effects (CORT, ALDO and 
RU283) on the electrophysiological properties of IL-PFC neurons in sli-
ces from naïve male mice, we employed a univariate ANOVA, using 
contrast testing for differences of the compounds compared to the 
vehicle (VEH) medium.

For all comparisons, statistical significance was assumed with 
p<0.05. We also report on differences at trend level (0.05<p<0.08).

Analysis per cell is a common approach in electrophysiological ex-
periments, if however many cells per animal are recorded in a limited 
amount of animals, this might create bias. In our experiments, only 2–3 
cells were recorded per animal and group sizes in our main focus groups 
(i.e. male CHadult and SH groups) were relatively large. However, to 
control for a possible bias, we ran a repeated measures design for our 
main outcomes, including only the first two recordings obtained for each 
animal.
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3. Results

3.1. EI-balance in adult male mice exposed to 10 days of complex housing

The excitation-inhibition balance in IL-PFC layer 2/3 neurons of 
males that were exposed to 10 days of complex housing (Fig. 2A, fre-
quency measures) was different from the standard housed males, 
depending on arousal state (interaction effect: housing con-
dition*arousal state F(1,67)=10.52, p<0.01, ⴄ2=.14). This is a robust 
effect: If we performed the statistical analysis with the animal (instead of 
cell) as experimental unit, a comparable interaction was observed 
(housing condition*arousal F(1,20)=5.04, p<0.05, ⴄ2=.20). We then 

also found an effect of the repeated measure within an animal (F(1,20)=
6.16, p<0.05, ⴄ2=.24), yielding slightly lower values in the second re-
cordings, but this effect was not different over the different conditions 
(repeat*housing condition F(1,20)=0.15, p=0.71 and repeat*arousal: F 
(1,20)=1.20, p=0.66) and did not influence the interaction effect we 
observed (repeat*housing condition*arousal: F(1,20)=1.86, p=0.19).

Follow-up investigations revealed a clear difference in the CHadult 
group between the EI-balance measured in the first (non-aroused) 
compared to the second (aroused) mouse of each pair recorded on the 
same day (p<0.001), which was not seen in the SH group. Compared to 
the SH animals, the CH exposure gave a higher EI-balance in the non- 
aroused S1 subjects (p<0.01) and a slightly lower EI-balance in the 

Fig. 1. (A) Location of recordings of layer 2/3 IL-PFC neurons depicted with arrow and red color in the Nissl (left) and anatomical annotations (right) pictures from 
the Allen Mouse Brain Atlas and Allen Reference Atlas - Mouse Brain (atlas.brain-map.org) [1]. (B) Typical examples of mIPSC and mEPSC recordings of IL-PFC layer 
2/3 pyramidal cells (right).

Fig. 2. Electrophysiology measures in IL-PFC layer 2/3 pyramidal cells of males (M) that were either standard housed in pairs (SH) or complex housed for 10 days in 
adulthood (CHadult). (A-C) Frequency of mEPSCs and mIPSC and EI-balance were influenced by 10 days of complex housing in adulthood interacting with acute 
state of testing (see main text for statistics). (D-F) No effects of housing or acute state of testing were observed on any of the amplitude measures. Number of recorded 
cells (n): SH non-aroused/aroused n=18/18, CHadult non-aroused/aroused n=18/14. Graphs represent mean ± SEM.*p<0.05, **p<0.01, ***p<0.001 for pairwise 
comparisons.
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aroused S2 subjects, (trend level, p=0.074). When assessing the un-
derlying excitatory and inhibitory components, we also found an 
interaction effect for mEPSC frequency (Fig. 2B) (housing con-
dition*arousal state F(1,67)=4.901, p<0.05, partial ⴄ2=.071). Here, 
compared to the aroused SH animals, the aroused CH subjects showed a 
lower mEPSC frequency (p<0.01). For the mIPSC frequency (Fig. 2C) we 
found a housing condition effect (F(1,67)= 5.21, p<0.05, partial 
ⴄ2=.075), with a trend towards an interaction effect (housing con-
dition*arousal (F(1,67)=3.21, p=0.078, partial ⴄ2=.048). Like for the 
EI-balance, the non-aroused and aroused subjects of the CHadult group 
differed in mIPSC frequency (p<0.05), and the non-aroused CH animals 
had a lower mIPSC frequency compared to the non-aroused SH animals 
(p<0.01). No effects were observed in amplitude measures (Fig. 2D-F).

3.2. Specificity of housing effects on EI balance

Group-housing is known to be more stressful in male compared fe-
male rodents, and social housing can enhance stress coping in female 
rats, while it can increase adverse effects of stress in male mice [52,58]
Also, compared to group housing in adulthood, group housing from 
weaning onwards might be less stressful in males since this allows for a 
stable hierarchy to develop [5]. Therefore, we also examined if housing 
condition -in interaction with the acute (arousal) state- affects excit-
ability in IL-PFC layer 2/3 pyramidal cells of i) female mice or ii) male 
mice complex housed from adolescence onwards (Fig. 3).

We observed no significant effects of housing or arousal state in EI- 
balance or mEPSC frequency in females (Fig. 3A-B). We did observe a 

main effect of housing condition in female mIPSCs (F1,21)=5.95, 
p<0.05, partial ⴄ2=.25), irrespective of arousal state, with slightly 
higher frequencies of mIPSCs in CHadult compared to SH animals 
(Fig. 3C). No effects were observed with respect to mEPSC or mIPSC 
amplitude in female mice (see supplementary Fig S1A-C).

The electrophysiological characteristics of IL-PFC layer 2/3 pyra-
midal cells in males housed together in complex cages from adolescence 
onwards were not different from standard housed animals; also the 
arousal state did not influence results (Fig. 3D-F). Like in all other 
groups, the amplitude was not affected in male CHyoung animals (see 
supplementary Fig S1D-F).

Overall, the effects of housing and arousal state on EI balance 
observed in male CHadult animals seem specific for this group, since we 
did not find similar effects in female or CHyoung animals.

3.3. Exploration of a potentially mediating role by corticosterone

High levels of corticosteroids, circulating in vivo due to a stressor or 
stressful circumstances, can induce genomic actions that persist after 
slice preparation, as has been described e.g. for hippocampal [26] and 
prelimbic layer 5 pyramidal neurons [61]. The observed electrophysi-
ological findings in the male CHadult mice could therefore be explained 
if i) the present condition and/or acute state alters the CORT level and ii) 
such altered CORT levels affect the EI-balance of IL-PFC neurons.

In agreement with the first part of this assumption, we found an 
increase in CORT plasma level in the CHadult compared to SH group 
(Fig. 4, housing condition F(1,23)=10.2, p<0.01, partial ⴄ2=.34). In the 

Fig. 3. Testing the specificity of effects by looking at electrophysiology measures in IL-PFC layer 2/3 pyramidal cells of (A-C) females (F) that were either standard 
housed in pairs (SH) or complex housed for 10 days in adulthood (CHadult), testing sex specificity; or (D-F) males (M) that were either standard housed in pairs (SH) 
or complex housed from adolescence onwards (CHyoung), testing timing specificity, that is, a possible adaptation to the CH condition. In females an effect of housing 
was found in mIPSC frequency in female subjects housed in complex cages in adulthood for 10 days. In male subjects that were housed in complex cages from 
adolescence onwards, we observed no effects of housing or acute state of testing in any of the mIPSC or mEPSC frequency measures. No effects were observed in any 
of the mIPSC or mEPSC amplitude measures, see Fig S1. Number of recorded cells (n): SH (F) non-aroused/aroused n=6/6, CHadult (F) non-aroused/aroused n=5/5. 
SH (M) non-aroused/aroused n=10/9, CHyoung (M) non-aroused/aroused n=9/9. Graphs represent mean ± SEM. #p<0.05 main housing effect: CHadult versus SH.
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SH condition, the second subject tested showed increased CORT levels 
compared to the first subject (F(1,11) = 18.4, p<0.01, partial ⴄ2=.65). 
This was not seen in the CH condition, where the variation in CORT was 
quite strong, possibly reflecting prior circumstances in the cage.

To test the second part of the assumption, i.e. the notion that higher 

CORT levels can influence the EI-balance of layer 2/3 IL-PFC neurons, 
we perfused 100 nM CORT -as well as the MR agonist aldosterone and 
the selective GR agonist RU28362- in vitro to slices prepared from 
(naïve) male mice at the nadir of the circadian rhythm. As shown in 
Fig. 5C, exposure to corticosteroids clearly impacted the mIPSC fre-
quency recorded >1 h later (F(3,37)=4.20, p <0.05, partial ⴄ2 =.27), 
while the mEPSC frequency (Fig. 5B) was unaltered. Contrast testing 
using the vehicle as the reference group, revealed a decrease in mIPSCs 
by both 100 nM CORT (p<0.01) and RU283 (p<0.01). The change in EI- 
balance based on mEPSC:mIPSC frequency (Fig. 5A) was not signifi-
cantly affected by the change in mIPSCs, although still explaining some 
of the variance (F(3,37)=1.76, p=0.17, partial ⴄ2=.14). Contrast testing 
revealed an increased EI-balance at trend level for CORT (p=0.064), but 
not RU (p=0.10). No effect of corticosteroids was observed in any of the 
amplitude measures (Fig. 5D-F).

Overall i) CORT levels are increased by the challenging housing 
conditions and ii) high concentrations of CORT in vitro can -with a delay 
of >1 hr- decrease mIPSC frequency in IL-PFC layer 2/3 pyramidal 
neurons. This is compatible with -though no proof for- the notion that 
the effects on electrophysiology observed in the CHadult animals, might 
occur secondary to changed levels of CORT at the moment of slice 
preparation.

4. Discussion

We here report a significant interaction between the complex hous-
ing of adult male mice in a Marlau cage on the one hand and acute 
(arousal) state on the other hand, concerning the EI-balance of IL-PFC 
layer 2/3 pyramidal neurons. The effect is explained by a state- 

Fig. 4. Corticosterone plasma levels (ng/ml) at the moment of sacrifice in 
males (M) that were either standard housed in pairs (SH) or complex housed for 
10 days in adulthood (CHadult). The first animal that was taken from a cage 
was considered non-aroused, while the animal that was taken ~15 min later 
was considered mildly aroused. n=12 animals in total for each housing con-
dition (SH and CHadult). Graphs represent mean ± SEM. **p<0.01 compared 
to non-aroused SH, ##p<0.01 housing effect: CHadult versus SH.

Fig. 5. Electrophysiology measures in IL-PFC layer 2/3 pyramidal cells in slices of naïve adult male mice that were treated for 20 minutes with vehicle, cortico-
sterone (CORT), the MR-agonist aldosterone (ALDO) or the GR-agonist RU28362 and recorded >1 h after treatment. (A-C) Frequency of mIPSC, but not mEPSC was 
influenced by both CORT and the GR agonist RU28362. (D-F) No effects were observed on any of the amplitude measures. Number of recorded cells (n): VEH n=10, 
CORT n=10; ALDO n=9 and RU283 n=9. Graphs represent mean ± SEM.**p<0.01.
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dependent modulation of mIPSC and mEPSC frequency rather than 
amplitude. Complex housing of males from weaning onward did not 
change the EI-balance, nor did the balance of female mice that were 
complex housed in adulthood change compared to standard housed 
animals, although the relatively small group sizes in these control ex-
periments might hamper generalization of the findings. Corticosterone 
plasma levels were higher in male complex housed versus standard 
housed animals and in vitro exposure of slices to corticosterone and a 
specific GR agonist could partly replicate the findings. The data em-
phasizes that taking the (acute) state of individuals into account is 
necessary to better understand the consequences of prolonged exposure 
to challenging life conditions for prefrontal function and its possible 
effects on important PFC related behaviors like learning, memory and 
social behavior, necessary for successful coping (resilience).

4.1. Why study both condition and state?
In earlier studies on dentate granule cells, where GRs are abundantly 

present, we observed a stress condition-by-corticosterone interaction 
effect in AMPA and Ca-currents [26,54,55]. That is, the AMPA- and 
Ca-currents in granule cells from chronically stressed rats recorded at 
the nadir of the circadian CORT rhythm did not differ from those in the 
control unstressed group. However, when cells of the stressed group 
were recorded >1 h after in vitro administration of CORT, both types of 
currents were increased compared to vehicle-treated cells, while CORT 
treatment did not affect slices from unstressed animals. In CA1 pyra-
midal neurons, chronic stress by itself did increase the amplitude of 
Ca-currents [28]. In the CA1 area, adding 100 nM CORT in vitro 
increased Ca-current amplitude in slices prepared from control rats and 
mice [8,31], but decreased it in chronically stressed rats [28]. Collec-
tively, these studies support that the (acute) “state” of tissues -in this 
case of CORT- might be important to fully appreciate the influence of the 
animal’s life history on their excitability.

We, therefore, examined IL-PFC cells from complex- and standard- 
housed mice both under undisturbed (i.e. the mouse was taken 
directly from the home cage at the nadir of the circadian cycle) and 
(acute) aroused conditions, the latter referring to mice taken 
~15 minutes later from the home cage, a procedure that might actually 
be quite common in laboratories. Manipulating the (acute) state of the 
animal instead of applying CORT in vitro (as in our earlier studies) has 
the advantage of a higher ecological value. However, the interpretation 
of the findings in terms of hormonal contribution is less straightforward 
(see also below). Nonetheless, when considering the control standard 
housed group, we found that CORT levels were indeed very low, indi-
cating that these mice were not aroused or stressed, while the second 
animal of each pair (taken ~15 min later) showed slightly higher 
-though still quite low- CORT levels, supporting that the earlier 
manipulation in the home cage indeed imposed some form of arousal 
[53]. Moreover, complex housing in adulthood increased CORT levels to 
a higher level independent of arousal condition, which is in line with the 
assumption that adult complex housing might cause a chronically 
stressful condition in mice, which can affect HPA-axis responsivity, as 
seen e.g. after chronic variable stress [16]. The variation in CORT level 
in the complex-housed group was found to be quite high, which might 
depend on hierarchy status [5,14]. Higher CORT levels might change 
plasticity in the IL-PFC and pave the way to direct arousal effects to take 
place. Although group sizes for corticosterone level in the female and 
male CHyoung animals did not allow for statistical analysis, we have 
added preliminary data to the supplementary information (Fig S2). In 
female animals, we observed a low corticosterone level in the animals 
taken directly from the cage in both the SH and CHadult group, while 
corticosterone levels were higher in the mice that were subject to the 
arousal effect of being taken out ~15 min later. Most CHyoung male 
animals showed low CORT levels, irrespective of the order of testing. 
These data can, however, only be viewed as preliminary and should be 
interpreted with the utmost caution.

Interestingly, in CHadult males, the CORT level of the second mouse 

of each pair tested for electrophysiology did not differ from the first. One 
could argue that, for mice, the manipulation of removing the only cage 
mate is more arousing than that of removing one of several cage mates. 
However, earlier observations [53] show that the rise in CORT level is 
comparable for each mouse taken from the home cage, irrespective of 
how many animals are left. Alternatively, the data indicates that 
HPA-axis responsivity itself may have been affected by the housing 
condition, as was e.g. demonstrated for chronic variable stress [16]. Of 
note, our CORT measurements were based on a single time-point 
observation, which is a very limited reflection of potential changes in 
HPA activity over the entire 24 hours of the day.

4.2. A potential mediating role of CORT. We performed an exploratory 
analysis to probe if changes in circulating CORT levels might contribute 
to the observed electrophysiological phenomena. Strong stressors 
induce the release of corticosteroid-binding globulin from the liver, 
hampering rapid access of CORT into the brain, but this does not pertain 
to the current situation of mild arousal [45]. Therefore, we assume that 
steroids secreted from the adrenal cortex did enter the brain during the 
15-minute delay between the intervention and preparation of the slices.

We showed in naive male mice brain slices that high CORT levels 
(100 nM), presumably via a gene-mediated and GR-dependent mecha-
nism, reduce the mIPSC frequency of IL-PFC layer 2/3 pyramidal neu-
rons. None of the mEPSC properties were affected, which is in line with 
earlier studies showing that stress (or CORT application) increases the 
readily releasable pool of glutamate-containing vesicles in the PFC for a 
prolonged period [40] but this does not result in detectable changes in 
glutamatergic synaptic responses [51]. A reduced mIPSC frequency by 
CORT was earlier also described for layer 5 neurons [18]. This was 
accompanied by enhanced paired-pulse responsiveness, which points to 
a reduced release probability of GABA-containing synaptic vesicles. 
Interestingly, we too noticed -in a side project- enhanced paired-pulse 
responsiveness in the CHadult compared to SH groups (unpublished 
observation). If complex housing increases the overall circulating levels 
of CORT, the reduced mIPSC frequency (and enhanced EI-balance) seen 
in the undisturbed complex-housed animals may reflect a property 
adjusted to more permanently elevated CORT levels, as has been 
described for many parameters after chronic unpredictable stress (see 
for overview [22].

Importantly, while arousal state affected EI-balance in the CH adult 
group, it did not significantly affect CORT levels. This in itself already 
indicates that the currently observed effects on EI-balance are unlikely 
to be solely explained by altered circulating CORT levels. Instead, our 
experimental manipulations (arousal state and housing condition) likely 
caused the release of a myriad of stress signals, including monoamines, 
and peptides, next to corticosteroids [4,21,50]. Changes in one or more 
of these stress signals may have contributed to the altered EI-balance. 
Clearly, future studies would need to explore the potential role of all 
of these molecules to gain more insight.

4.3. Functional relevance of change in EI-balance. Neurons in the PFC 
-next to other areas like the amygdala and hippocampus- play a role in 
HPA-axis regulation [35]. Particularly manipulation of GR expression in 
the prelimbic cortex was found to be effective in terms of CORT release 
in combination with chronic variable stress [37]. The same group also 
reported that chronic variable stress decreases the EI-balance in IL-PFC 
layer 5 neurons [36], comparable to our aroused complex housed ani-
mals. Possibly, these animals tested after chronic variable stress were 
indeed slightly aroused when slices were prepared. Of course, we cannot 
exclude that the observed discrepancies are caused by differences in 
species (rat versus mouse), layer (5 versus 2/3), or chronic condition 
(variable stress versus complex housing). In line with the latter, repeated 
stress in juvenile male rats was also reported to decrease glutamatergic 
transmission in prelimbic layer 5 neurons [62] while chronic isolation 
stress caused sex-dependent functional changes [57].
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The EI-balance in the mouse IL-PFC is also important for social 
behavior [60]. Thus, an optogenetically achieved increase in the IL-PFC 
E/I balance caused impaired cellular information processing and was 
associated with specific behavioral impairments and altered 
high-frequency power activity similar to those seen in some clinical 
conditions in humans. Selectively increasing GABAergic transmission in 
the IL-PFC restored the deficits, which is in line with the observation that 
particularly GABAergic interneurons in the PFC play an important role 
in the EI-balance and cognitive performance [12,34]. Our female com-
plex housed animals showed increased mIPSC frequencies, irrespective 
of arousal state, which could be indicative of the beneficial (social 
supportive) effects of social housing in females. Indeed, social housing 
can enhance stress coping in female rats, while it can increase adverse 
effects of stress in male mice [52,58]. Although we did not include a 
female group that was CH from weaning onwards, we would hypothe-
size to see similar results, but this would need to be confirmed in future 
studies. In a recent study with (mixed-sex) complex-housed litters, BTBR 
and C57Bl/6 J male mice were exposed to a visible burrow system for 5 
days in adulthood [7]. The C57Bl/6J mice showed increased GABA and 
reduced glutamate in whole mPFC as measured by HPLC. The latter 
might rather reflect the available pool of neurotransmitter than the 
synaptic properties of individual cells. Still, if these data are compared 
with the present, they would more resemble the aroused complex 
housed animals.

The fact that complex housing of male mice from the adolescent age 
onwards did not influence any of the electrophysiology measures, might 
be a result of the fact that a stable hierarchy had time to develop. Indeed, 
social hierarchy in mice entails quite some inter-male aggression and an 
unstable hierarchy might be stressful for both subordinate as well as 
dominant animals [5]. The data observed in the CHyoung animals 
strengthens the idea that stress-related processes are involved in the 
complex housing effects found in CH adult animals. Inherent to using the 
complex housing paradigm is that we cannot attribute the changes we 
observed to one specific factor. It might be that changing one aspect, like 
a bigger cage, pair- versus group-housing, or introducing a running 
wheel, might have already caused changes. It would be practically very 
challenging to control all of these aspects. This was also not the main 
goal of this approach. The rationale for using enriched environments is 
to expose animals to meaningful contexts in which more species-related 
behavior can be expressed. Our data shows that a meaningful and 
challenging social environment, reminiscent of socially complex human 
situations like cities, induces changes in brain structures important for 
social functioning.

Overall, in this study we have found that exposure to a challenging 
social environment can influence EI-balance in the IL-PFC, which is 
known to be crucial for coping in social situations. It has been hypoth-
esized that a disturbed, neuropsychiatric disease-related social interac-
tion may occur when the PFC cellular EI-balance is elevated [32,49]. We 
propose that, at least in male mice, challenging housing conditions can 
contribute to a phenotype of changed PFC EI-balance, which might 
underlie subsequent individual differences in social stress coping, which 
might explain thriving or perishing. Interestingly, in humans, living in 
complex urban circumstances can be a risk factor for neuropsychiatric 
disorders such as schizophrenia and depression [9,15,23], among other 
factors [42,44]. In light of the present findings in an animal model, it 
might be of interest for future studies in humans to not only take the 
(cumulative) stress exposure into account but also the acute (stress) state 
in which subjects are examined.
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enhance L-type calcium current amplitude and affect calcium channel subunit 
expression in the mouse hippocampus, J. Neurophysiol. 97 (1) (2007) 5–14, 
https://doi.org/10.1152/jn.00821.2006.

[9] J.A. Costa e Silva, R.E. Steffen, Urban environment and psychiatric disorders: a 
review of the neuroscience and biology, Metabolism 100 (2019) 153940, https:// 
doi.org/10.1016/j.metabol.2019.07.004.

[10] S.J. Dienel, K.E. Schoonover, D.A. Lewis, Cognitive dysfunction and prefrontal 
cortical circuit alterations in schizophrenia: developmental trajectories, Biol. 
Psychiatry 92 (6) (2022) 450–459, https://doi.org/10.1016/j. 
biopsych.2022.03.002.

[11] R.P. Fares, A. Belmeguenai, P.E. Sanchez, H.Y. Kouchi, J. Bodennec, A. Morales, 
B. Georges, C. Bonnet, S. Bouvard, R.S. Sloviter, L. Bezin, Standardized 
environmental enrichment supports enhanced brain plasticity in healthy rats and 
prevents cognitive impairment in epileptic rats, PLoS One 8 (1) (2013) e53888, 
https://doi.org/10.1371/journal.pone.0053888.

[12] B.R. Ferguson, W.-J. Gao, PV interneurons: critical regulators of E/I balance for 
prefrontal cortex-dependent behavior and psychiatric disorders, Front. Neural 
Circuits 12 (2018), https://doi.org/10.3389/fncir.2018.00037.

[13] C.L. Ferland, L.A. Schrader, Cage mate separation in pair-housed male rats evokes 
an acute stress corticosterone response, Neurosci. Lett. 489 (3) (2011) 154–158, 
https://doi.org/10.1016/j.neulet.2010.12.006.

[14] H.D. Fulenwider, Y. Zhang, A.E. Ryabinin, Characterization of social hierarchy 
formation and maintenance in same-sex, group-housed male and female C57BL/6 J 
mice, Horm. Behav. 157 (2024) 105452, https://doi.org/10.1016/j. 
yhbeh.2023.105452.

H. Karst et al.                                                                                                                                                                                                                                   Behavioural Brain Research 476 (2025) 115233 

8 

https://doi.org/10.1016/j.bbr.2024.115233
https://doi.org/10.1038/s41386-021-01063-w
https://doi.org/10.1038/s41386-021-01063-w
https://doi.org/10.1016/j.ijdevneu.2011.02.006
https://doi.org/10.1016/j.ijdevneu.2011.02.006
https://doi.org/10.1073/pnas.1901513116
https://doi.org/10.1016/j.neubiorev.2020.03.033
https://doi.org/10.3389/fpsyg.2015.01805
https://doi.org/10.3389/fpsyg.2015.01805
https://doi.org/10.1016/j.bbr.2018.02.003
https://doi.org/10.1016/j.bbr.2018.02.003
https://doi.org/10.1152/jn.00821.2006
https://doi.org/10.1016/j.metabol.2019.07.004
https://doi.org/10.1016/j.metabol.2019.07.004
https://doi.org/10.1016/j.biopsych.2022.03.002
https://doi.org/10.1016/j.biopsych.2022.03.002
https://doi.org/10.1371/journal.pone.0053888
https://doi.org/10.3389/fncir.2018.00037
https://doi.org/10.1016/j.neulet.2010.12.006
https://doi.org/10.1016/j.yhbeh.2023.105452
https://doi.org/10.1016/j.yhbeh.2023.105452


[15] C. Gasse, T. Wimberley, Y. Wang, O. Mors, A. Børglum, T.D. Als, T. Werge, 
M. Nordentoft, D.M. Hougaard, H.T. Horsdal, Schizophrenia polygenic risk scores, 
urbanicity and treatment-resistant schizophrenia, Schizophr. Res. 212 (2019) 
79–85, https://doi.org/10.1016/j.schres.2019.08.008.

[16] A.L. Heck, J.A. Sheng, A.M. Miller, S.A. Stover, N.J. Bales, S.M.L. Tan, R. 
M. Daniels, T.K. Fleury, R.J. Handa, Social isolation alters hypothalamic pituitary 
adrenal axis activity after chronic variable stress in male C57BL/6 mice, Stress 23 
(4) (2020) 457–465, https://doi.org/10.1080/10253890.2020.1733962.

[17] J.P. Herman, K.L. Tamashiro, The visible burrow system: a view from across the 
hall, Physiol. Behav. 178 (2017) 103–109, https://doi.org/10.1016/j. 
physbeh.2017.01.021.

[18] M.N. Hill, R.J. McLaughlin, B. Pan, M.L. Fitzgerald, C.J. Roberts, T.T.-Y. Lee, I. 
N. Karatsoreos, K. Mackie, V. Viau, V.M. Pickel, B.S. McEwen, Q. Liu, B. 
B. Gorzalka, C.J. Hillard, Recruitment of prefrontal cortical endocannabinoid 
signaling by glucocorticoids contributes to termination of the stress response, 
J. Neurosci. 31 (29) (2011) 10506–10515, https://doi.org/10.1523/ 
JNEUROSCI.0496-11.2011.

[19] N.E. Holz, H. Tost, A. Meyer-Lindenberg, Resilience and the brain: a key role for 
regulatory circuits linked to social stress and support, Mol. Psychiatry 25 (2) 
(2020) 379–396, https://doi.org/10.1038/s41380-019-0551-9.

[20] W.-C. Huang, A. Zucca, J. Levy, D.T. Page, Social behavior is modulated by 
valence-encoding mPFC-amygdala sub-circuitry, Cell Rep. 32 (2) (2020) 107899, 
https://doi.org/10.1016/j.celrep.2020.107899.
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[31] H. Karst, W.J. Wadman, M. Joëls, Corticosteroid receptor-dependent modulation of 
calcium currents in rat hippocampal CA1 neurons, Brain Res. 649 (1) (1994) 
234–242, https://doi.org/10.1016/0006-8993(94)91069-3.

[32] C. Kehrer, N. Maziashvili, T. Dugladze, T. Gloveli, Altered excitatory-inhibitory 
balance in the NMDA-hypofunction model of schizophrenia, Front. Mol. Neurosci. 
1 (2008), https://doi.org/10.3389/neuro.02.006.2008.

[33] G. Kempermann, Environmental enrichment, new neurons and the neurobiology of 
individuality, Nat. Rev. Neurosci. 20 (4) (2019) 235–245, https://doi.org/ 
10.1038/s41583-019-0120-x.

[34] D.A. Lewis, A.A. Curley, J.R. Glausier, D.W. Volk, Cortical parvalbumin 
interneurons and cognitive dysfunction in schizophrenia, Trends Neurosci. 35 (1) 
(2012) 57–67, https://doi.org/10.1016/j.tins.2011.10.004.

[35] J.M. McKlveen, R.D. Moloney, J.R. Scheimann, B. Myers, J.P. Herman, Braking” 
the prefrontal cortex: the role of glucocorticoids and interneurons in stress 
adaptation and pathology, Biol. Psychiatry 86 (9) (2019) 669–681, https://doi. 
org/10.1016/j.biopsych.2019.04.032.

[36] J.M. McKlveen, R.L. Morano, M. Fitzgerald, S. Zoubovsky, S.N. Cassella, J. 
R. Scheimann, S. Ghosal, P. Mahbod, B.A. Packard, B. Myers, M.L. Baccei, J. 
P. Herman, Chronic stress increases prefrontal inhibition: a mechanism for stress- 
induced prefrontal dysfunction, Biol. Psychiatry 80 (10) (2016) 754–764, https:// 
doi.org/10.1016/j.biopsych.2016.03.2101.

[37] J.M. McKlveen, B. Myers, J.N. Flak, J. Bundzikova, M.B. Solomon, K.B. Seroogy, J. 
P. Herman, Role of prefrontal cortex glucocorticoid receptors in stress and 
emotion, Biol. Psychiatry 74 (9) (2013) 672–679, https://doi.org/10.1016/j. 
biopsych.2013.03.024.

[38] A.N. Mohapatra, S. Wagner, The role of the prefrontal cortex in social interactions 
of animal models and the implications for autism spectrum disorder, Front. 
Psychiatry 14 (2023) 1205199, https://doi.org/10.3389/fpsyt.2023.1205199.

[39] M. Murugan, H.J. Jang, M. Park, E.M. Miller, J. Cox, J.P. Taliaferro, N.F. Parker, 
V. Bhave, H. Hur, Y. Liang, A.R. Nectow, J.W. Pillow, I.B. Witten, Combined social 
and spatial coding in a descending projection from the prefrontal cortex, Cell 171 
(7) (2017) 1663–1677.e16, https://doi.org/10.1016/j.cell.2017.11.002.

[40] L. Musazzi, P. Tornese, N. Sala, M. Popoli, Acute stress is not acute: sustained 
enhancement of glutamate release after acute stress involves readily releasable 
pool size and synapsin I activation, Mol. Psychiatry 22 (9) (2017) 1226–1227, 
https://doi.org/10.1038/mp.2016.175.

[41] I.A.S. Olsson, K. Dahlborn, Improving housing conditions for laboratory mice: a 
review of “environmental enrichment, Lab. Anim. 36 (3) (2002) 243–270, https:// 
doi.org/10.1258/002367702320162379.

[42] V. Paquin, M. Lapierre, F. Veru, S. King, Early environmental upheaval and the risk 
for schizophrenia, Annu. Rev. Clin. Psychol. 17 (Volume 17, 2021) (2021) 
285–311, https://doi.org/10.1146/annurev-clinpsy-081219-103805.

[43] G. Park, C. Ryu, S. Kim, S.J. Jeong, J.W. Koo, Y.-S. Lee, S.J. Kim, Social isolation 
impairs the prefrontal-nucleus accumbens circuit subserving social recognition in 
mice, Cell Rep. 35 (6) (2021) 109104, https://doi.org/10.1016/j. 
celrep.2021.109104.
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