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Abstract

Child maltreatment disrupts trajectories of brain development, but the under-

lying pathways are unclear. Stressful stimuli in early life interfere with matura-

tion of local inhibitory circuitry and deposition of perineuronal nets (PNNs),

specialized extracellular matrix structures involved in the closure of critical

periods of development. Alterations in cortical PNN and parvalbumin

(PV) following early-life stress (ELS) have been detected in human and animal

studies. Aberrations in the anterior cingulate cortex (ACC) are the most con-

sistent neuroimaging findings in maltreated people, but the molecular mecha-

nisms linking ELS with ACC dysfunctions are unknown. Here, we employed a

mouse model of early social threat to test whether ELS experienced in a sensi-

tive period for ACC maturation could induce long-term aberrations of PNN

and PV development in the ACC, with consequences on plasticity and ACC-

dependent behavior. We found that ELS increased PNN but not PV expression

in the ACC of young adult mice. This was associated with reduced frequency

of inhibitory postsynaptic currents and long-term potentiation impairments

Abbreviations: ACAN, aggrecan; ACC, anterior cingulate cortex; CTR, unhandled control; ELS, early-life stress; fEPSP, field excitatory postsynaptic
potentials; IEI, inter-event intervals; IR, immunoreactivity; LTP, long-term potentiation; MEA, multielectrode array; mgv, mean grey value; mIPSC,
miniature inhibitory synaptic currents; PD, postnatal day; PNN, perineuronal net; PV, parvalbumin; sIPSC, spontaneous inhibitory synaptic currents;
SS, early-life social stress; TBS, theta burst stimulation; TTX, tetrodotoxin.
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and expression of intense object phobia. Our findings provide information on

the long-term effects of ELS on ACC functionality and PNN formation and

present evidence for a novel neurobiological pathway underlying the impact of

early adversity on the brain.

KEYWORD S
aggrecan, inhibitory postsynaptic currents, long-term potentiation, object phobia,
parvalbumin, predator odour

1 | INTRODUCTION

Dysfunction in emotion processing and regulation is a
prominent feature of many mental and neurological con-
ditions. Emotion dynamics are thought to function in
large-scale cortical–subcortical brain systems that inter-
act with perception, cognition, motivation and action
(Pessoa, 2017). Within these systems, the anterior cingu-
late cortex (ACC) occupies a key position: It is involved
in emotion and motivation processing used in decision-
making (Rolls, 2019) and integrates cognitive, affective
and social information to guide actions (Holroyd &
Umemoto, 2016; Lichenstein et al., 2016). The ACC con-
tributes to shaping personality traits (Umemoto &
Holroyd, 2016), and aberrant maturation of its connectiv-
ity and function has been associated with numerous neu-
ropsychiatric disorders, including attention-deficit
hyperactivity disorder, obsessive–compulsive disorder,
depression, substance use disorder, schizophrenia and
Parkinson’s disease (Holroyd & Umemoto, 2016;
Lichenstein et al., 2016). The ACC is part of the prefron-
tal cortical region, which undergoes a delayed maturation
ending in early adulthood. On the one hand, this long-
lasting process of maturation characterized by intense
synaptic plasticity is crucial to developing higher cogni-
tive and emotional functions in response to internal and
environmental stimuli. On the other hand, it constitutes
an extended window of vulnerability to the effects of
stressors (Andersen & Teicher, 2009). Notably, ACC is
the cortical region most frequently identified as abnormal
in people with a history of childhood maltreatment
(Teicher et al., 2016). Early-life trauma has been associ-
ated with alterations in ACC connectivity, volume and
thickness, and it has been hypothesized that
maltreatment leads to impaired ACC role in the threat
detection and response system, thus increasing vulnera-
bility to psychopathologies (McCrory et al., 2017;
McCrory & Viding, 2015; Teicher et al., 2016). ACC sensi-
tivity to ELS has been confirmed in animal studies
(Banqueri et al., 2021; Yoshida et al., 2018), which
showed that ACC bears long-term morphometric and
functional alterations following early adversity (Gos

et al., 2008; Helmeke et al., 2001, 2008; Salberg
et al., 2021; Spinelli et al., 2009). The molecular
mechanisms linking early stress with ACC dysfunctions
and psychopathological outcomes are still under
investigation.

Child maltreatment is thought to deviate normal tra-
jectories of neurological and psychological development
in a way that increases lifelong psychopathological risk
(Lo Iacono & Carola, 2018; Teicher et al., 2016). Concep-
tual models of how maltreatment becomes embedded in
the child’s brain have suggested that experiencing stress-
ful stimuli in early life produces particularly enduring
effects by interfering with developmental programmes of
heightened neuroplasticity, known as ‘sensitive periods’
(Dunn et al., 2019; Feldman, 2015; Gabard-Durnam &
McLaughlin, 2019; Lo Iacono & Carola, 2018). During
these periods, specific brain functions and/or structures
are extremely receptive to environmental and internal
stimuli and provide a highly adaptive mechanism for
shaping neural representations that will guide actions
later in life (Gabard-Durnam & McLaughlin, 2019;
Teicher et al., 2016). Such sensitive periods are windows
of elevated plasticity, characterized by experience-
dependent and ontogenetic processes programmed to be
expressed at a specific life stage, including maturation of
local inhibitory circuitry, intense synaptic refinement,
myelination and deposition of plasticity brakes, such as
perineuronal nets (PNNs) (Bucher et al., 2021; Gabard-
Durnam & McLaughlin, 2019; Takesian & Hensch, 2013).
PNNs are specialized extracellular matrix structures
enriched in chondroitin sulphate proteoglycans, hyaluro-
nic acid, tenascins and link proteins, which preferentially
enwrap GABAergic interneurons positive for the
calcium-binding protein parvalbumin (PV) (Härtig
et al., 1999; Hensch, 2005). It has been established that,
during development, activity-dependent accumulation of
mature PNN restricts plasticity of PV+ neurons, deter-
mining the closure of critical periods of visual and sen-
sory maturation (Hensch, 2005; Pizzorusso et al., 2002).
Moreover, PNN formation is emerging as an important
modulator of neural activity across different brain struc-
tures, participating in circuitry stabilization and limiting
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plasticity and remodelling of neural networks (Fawcett
et al., 2019; Sorg et al., 2016; Wang & Fawcett, 2012).
These mechanisms are thought to protect long-term asso-
ciations such as fear memories, whose consolidation is
dependent on PNN deposition in key structures including
the amygdala, hippocampus and ACC (Gogolla
et al., 2009; Shi et al., 2019; Tsien, 2013). Alterations in
PNN and PV neurons have been detected in the brain of
people diagnosed with psychiatric and neurological disor-
ders, including schizophrenia, depression, substance use
disorder and Alzheimer’s disease (Lasek et al., 2018;
Pantazopoulos & Berretta, 2016; Sorg et al., 2016; Spijker
et al., 2020). Crucially, a very recent post-mortem human
study showed for the first time that a history of severe
childhood adversity is associated with increased densities
and complexity of PNNs in the adult prefrontal cortex
(Tanti et al., 2022). Several preclinical reports have inves-
tigated the effects of early life stress on PV maturation
and PNN accumulation, reporting different results possi-
bly influenced by the timing and area of investigation,
the developmental timing of exposure to the stress and
the type of adversity (Guadagno et al., 2021; Laham &
Gould, 2022; Spijker et al., 2020). Only one report
assessed the impact of early stress on PNN formation in
the dorsal ACC, showing altered PNNs in adolescent
mice (Ueno, Suemitsu, et al., 2018). To our knowledge,
no study so far has evaluated if aberrant PNNs induced
by ELS in the ACC altered the functionality of the
structure.

Here, we investigated whether experiencing early-
life social stress in a sensitive period for PNN forma-
tion in the ACC (Horii-Hayashi et al., 2015) could
induce long-term aberrations of PNN and PV develop-
ment in the ACC. Moreover, we asked if this process
was associated with alteration of ACC plasticity and
ACC-dependent behavioural measures relevant to
psychiatry. Our findings support the role of PNNs as
remote tracks of ELS experience and provide novel
information on the long-term effects of ELS on ACC
functionality.

2 | MATERIALS AND METHODS

2.1 | Animals and breeding

Seven-week-old CD-1 male and DBA2/J @Ico (DBA)
male and female mice were purchased from Charles
River Laboratories (Calco, Italy). DBA male and female
mice were mated at 12 weeks of age, and fathers were
removed before parturition. Mice were kept at constant
temperature (21 � 1�C) and humidity (55 � 5%). Food
and water were provided ad libitum, and mice were

housed on a 12:12 light:dark cycle with lights on at
7:00 AM. All experiments were carried out in accor-
dance with the Italian national law (DL 26/2014) on
the use of animals for research based on the European
Communities Council Directive (2010/63/UE) and
approved by the ethics committee of the Italian Minis-
try of Health (license/approval ID: #42/2015-PR;
#677/2019-PR) and by local ethical committee of the
Santa Lucia Foundation. All efforts were made to
minimize the number of animals used and their
suffering.

2.2 | Early life social stress (SS)

The SS model is a previously validated model of early
life social stress (Lo Iacono et al., 2017) established in
our laboratory (Catale et al., 2020, 2021; Lo Iacono
et al., 2017, 2018). DBA litters with an average number
of five pups (minimum of four and maximum of six
pups) were included in the study. Litters were arbi-
trarily assigned to unhandled control (CTR) or SS group
at postnatal day (PD) 14. In each litter, maximum of
two mice/group were used for experiments shown here.
In the CTR group, mothers and offspring were left
undisturbed until sacrifice (PD 22). In the SS group,
each pup was housed in a cage with a resident adult
CD-1 male mouse for 30 min per day from PD 14 to
21 (Figure 1a) (Lo Iacono et al., 2017). To avoid physical
attacks to the pups, CD-1 males were gonadectomized
and single housed 1 month before the beginning of
early-life stress procedures. Limited cage cleaning was
performed in the offspring cage from birth to weaning
to avoid handling of the pups. At PD 60–70, DBA
mice either underwent behavioural testing or were
sacrificed for electrophysiological and immunohisto-
chemical experiments. Both female (F) and male
(M) mice were used, with similar F/M ratio between
CTR and SS groups. Separate cohorts of animals were
used for immunohistochemistry and behavioural
experiments.

2.3 | Immunofluorescence and confocal
microscopy

At PD 60–70, three CTR (2F/1M) and three SS (2F/1M)
mice per group were sacrificed by decapitation, brains
were postfixed in 4% paraformaldehyde in phosphate
buffer (PB) (0.1 M, pH 7.4) overnight at 4�C and then
immersed in a 30% sucrose-PB solution until sinking.
Afterwards, brains were cut into 30-μm-thick coronal sec-
tions using a freezing microtome. A total of six regularly
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spaced sections of anterior cingulate cortex (ACC,
between +1.70 mm and +0.74 mm from Bregma, based
on Franklin and Paxinos, 2001) were selected for each
animal. Sections were incubated for 48 h at 4�C with the
primary antibodies including rabbit anti-Aggrecan
(ACAN, 1:1000, #AB1031 Merck Millipore) to detect
PNNs and mouse anti-Parvalbumin (PV, 1:5000, #P3088,
Sigma-Aldrich) to detect PV+ neurons, followed by 2 h
incubation of secondary antibodies including Alexa Fluor
555 conjugated donkey anti-mouse (#A-31570, 1:200;
ThermoFisher Scientific) and Alexa Fluor 488 conjugated
donkey anti-rabbit (#A-21206). Primary and secondary
antibody solutions were prepared in PB 0.3% Triton X-
100, and each incubation step was followed by three
5 min rinses in PB. To avoid staining variability, sections
from all groups were concomitantly incubated with the
same cocktail of primary and secondary antibodies. Sec-
tions were rinsed, DAPI-counterstained, mounted using
an anti-fade medium (Fluoromount; Sigma-Aldrich) and
coverslipped. Samples were examined through a confocal
laser scanning microscope (Zeiss CLSM800) and acquired
with a 10�/0.30 objective (Plan-Apochromat, Zeiss; zoom
factor = 0.5). Five z-stack acquisitions with a step size of
6.37 μm (optimal) were captured for each section, for a
total thickness of 25.48 μm. All samples within each
experiment were captured using consistent settings for
laser power and detection gain, and parameters were set
as to avoid hypersaturation of the signal. For final fig-
ures, images were acquired through the 10� or oil
immersion 63� (insets) objectives, exported in TIFF for-
mat, and contrast (+20%) was adjusted equally across the
entire image and across groups.

2.4 | Quantitative analyses of
fluorescence intensity

Immunoreactivity and density analyses were performed
on confocal acquisitions (CZI format) by using the Ima-
geJ software (Schneider et al., 2012). The ACC was identi-
fied with the aid of atlases (Cg1 in Franklin &
Paxinos, 2001, and A24b in https://kimlab.io/brain-map/
atlas/; Chon et al., 2019) and previously published guide-
lines (Vogt & Paxinos, 2014) and manually drawn as
region of interest (ROI). Immunoreactivity analyses were
performed on maximum intensity projections and the
parameters of mean intensity, expressed as mean grey
value (mgv), and area covered (% total area) were col-
lected. To remove the background, a minimum threshold
value was set for each target protein, using the ImageJ
menu entry ‘Threshold’ (without selecting the command
‘Apply’). Mgv and area covered within the ROI were
obtained with the Analyze > Measure function, by select-
ing the ‘Limit to threshold’ option under the
Analyze > Set Measurement entry on ImageJ, so that all
values below the threshold (background) were excluded
from the analysis. Acquisitions from both groups were
analysed using the same threshold setting. Cellular
expression levels of ACAN within the ACC were quanti-
fied by manually outlining individual cell bodies, thresh-
olding and measuring mgv. The number of ACAN+ cells
and co-localizing ACAN+/PV+ cells within the ACC
were counted manually. Quantification of PV+ cells
within the ACC was performed in a semiautomated way,
as previously reported (Valentinova et al., 2019). Briefly,
PV and DAPI channel stacks were binarized by

F I GURE 1 Experimental workflow. (a) Social stress (SS) protocol was applied from postnatal days (PDs) 14 to 21, and animals were

weaned at PD 22. Control (CTR) mice were left undisturbed until weaning. Experiments were performed between PD 60 and 70.

(b) Schematic of coronal sections containing the anterior cingulate cortex (ACC, grey) as used for immunohistochemistry (c, top) and

electrophysiological (c, bottom) analyses (between +1.70 and +0.74 mm from Bregma, based on Franklin and Paxinos, 2001, and Chon

et al., 2019). (d) Animals were tested for fear responses to predator odour and novelty-induced behaviour. ACAN, aggrecan; IPSC, inhibitory

postsynaptic currents; LTP, long-term potentiation; PV, parvalbumin
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thresholding (selecting the command ‘Apply’) and multi-
plied to each other with the Image Calculator function.
The resulting thresholded stack was max-projected, and
PV+ cells on the focal plane were counted using the
function Analyze Particle. Cell density is expressed as
number of cells within the ROI/ROI area (mm2). All ana-
lyses were conducted by an experimenter blind to experi-
mental condition.

2.5 | Electrophysiology experiments

2.5.1 | ACC slice preparation

Coronal slices at an angle of 15� to the vertical line con-
taining the ACC (300 μm; VT1200S, Leica Biosystems)
were prepared according to recent published procedures
(D’Addario et al., 2021; Saba et al., 2019; Song
et al., 2015; Ting et al., 2018). Briefly, during continuous
halothane-induced anaesthesia, PD 60–70 mice (N = 3–
6/group/experiment) were transcardially perfused with
ice-cold NMDG-HEPES artificial cerebrospinal fluid
(aCSF) containing (in mM) 92 NMDG, 2.5 KCl, 1.25
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea,
5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2�2H2O, and
10 MgSO4�7H2O (pH 7.3–7.4 with 5 M HCl, 95% O2 and
5% CO2). After decapitation, brain slices were made with
a vibratome and quickly placed in a 250 ml holding
chamber filled with warm NMDG-HEPES aCSF for the
‘initial NMDG recovery protocol’ supplemented with
250–250–500–1000–2000 μl of 2 M NaCl in NMDG-
HEPES aCSF (every 5 min), in order to gradually reintro-
duce sodium into the aCSF. For long-term storage, slices
were put in a HEPES-based aCSF at room temperature,
containing (in mM) 92 NaCl, 2.5 KCl, 1.25 NaH2PO4,
30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-
ascorbate, 3 Na-pyruvate, 2 CaCl2�2H2O and
2 MgSO4�7H2O (pH 7.3–7.4; 95% O2 and 5% CO2). Slices
were maintained in this solution for at least 1 h prior to
usage. The recording solution for both field potentials
and patch-clamp recordings contains (in mM): 124 NaCl,
3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, glu-
cose (pH 7.3–7.4, 95% O2 and 5% CO2). Additionally,
1 μM glycine was added to the aCSF for recordings of
field potentials.

2.5.2 | Inhibitory postsynaptic currents

A single slice was placed into a recording chamber
(0.6 ml) of an upright microscope (BX51WI; Olympus)
and continuously perfused (2.5 ml/min; 33�C) with aCSF
saturated with a 95% O2/5% CO2 gas mixture. Whole-cell

patch-clamp recordings were performed from visually
identified principal neurons in the fifth layer of ACC
(Figure 3a). Identification of glutamatergic principal neu-
rons was performed on the basis of the following criteria:
a typical large pyramidal-shaped soma, a thick apical
dendrite oriented towards the pial surface (Stuart
et al., 1993), regular spiking and a membrane resistance
lower than 100 MΩ (Ito et al., 2010; Saba et al., 2019;
Suter et al., 2013). Patch-clamp recordings were per-
formed with thin wall pipettes (5–6 MΩ) filled with Cs-
based internal solution (in mM): 150 CsCl, 5 KCl, 0.1
EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP and pH 7.3.
Whole-cell currents (Vh �60 mV, with a MultiClamp
700B) were filtered at 1–4 kHz using the amplifier’s in-
built low-pass filter, digitized with Digidata 1322A and
computer-saved at a sampling rate of four times the filter
frequency. No liquid junction potential correction was
applied. Spontaneous (CTR: 3F/1M, SS: 2F/4M) and min-
iature (CTR: 2F/1M, SS: 2F/1M) inhibitory synaptic cur-
rents (sIPSC and mIPSC, respectively) were recorded in
the absence and presence of tetrodotoxin (TTX, 1 μM),
respectively, and detected with pClamp 9 and analysed
offline using the Clampfit Program (Molecular Device,
Sunnyvale, CA) (Guatteo et al., 2017). The inhibitory
events were pharmacologically isolated by applying
CNQX (10 μM) and APV (50 μM) and were blocked by
picrotoxin (100 μM, not shown). Membrane access resis-
tance was in the range of 10–15 MΩ, and data were dis-
carded if it exceeded 20 MΩ during recording.

2.5.3 | Late-phase long-term potentiation
(LTP)

A single coronal slice of the mouse cortex containing the
ACC was placed over an 8 � 8 array of planar microelec-
trodes (multielectrode array, MEA) (Aversa et al., 2018),
each 20 � 20 μm in size, with an interpolar distance of
100 μm (MED-P2105; Alpha MED Sciences, Kadoma,
Japan), so that most of the ACC area was covered by the
array (Figure 3h). The slice was positioned under visual
control through an upright microscope (Leica DM-LFS;
Leica Microsystems, Wetzlar, Germany) and fixed on
MEA with a nylon mesh glued to a platinum ring, under
a continuous flow of warm (34�C) carbonated aCSF
(7.5 ml�min�1). Microphotograph of one ACC slice posi-
tioned on the MED64 probe is shown in Figure 3h. Volt-
age signals were recorded and digitized at 20 kHz with
the MED64 System (Alpha MED Sciences) and filtered at
0.1–1 Hz with a 6071E Data Acquisition Card (National
Instruments) and Mobius software (Alpha MED
Sciences). After a 1-h recovery of the slice, one of the
64 available planar microelectrodes located in the deep
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layer (V) of the ACC, from which the best synaptic
responses can be induced in the II–III layer of the ACC,
was chosen as the stimulation site (red dot in Figure 3h)
(Wei et al., 2002), through a charge-coupled device cam-
era connected to the inverted microscope. Monopolar
and biphasic constant-current pulses (10–100 μA, 0.2 ms)
were applied to the stimulation site via the Mobius soft-
ware, and field excitatory postsynaptic potentials (fEPSP)
evoked at superficial layers II–III of the ACC were ampli-
fied by a 64-channel amplifier, displayed on the monitor
screen and saved for offline analysis. Channels in which
field potentials can be induced were considered as active,
and their responses were sampled every 1 min (Chen, Lu,
et al., 2014). After the baseline responses were stabilized
for at least 1 h, input–output protocol was performed by
measuring the fEPSP initial slope at increasing 5 μA steps
of afferent stimulation, delivered every 30 s, in order to
find the current intensity needed to achieve 50% of the
maximal response. After selection of the appropriate cur-
rent intensity, a 30 min baseline was obtained, prior to
application of a theta burst stimulation (TBS) protocol
(five bursts at 5 Hz, four pulses at 100 Hz for each burst,
repeated five times at 10 s interval) for the induction of
post-LTP (Song et al., 2015). The synaptic responses were
monitored for 1 h or 2 h to see the time course of post-
LTP. The degree of LTP was evaluated by the fEPSP
mean slope at 15, 35 and 55 min from the conditioning
train, normalized to the mean slope during baseline
(CTR: 3F/2M, SS: 2F/4M).

2.6 | Behaviour

Separate cohorts of animals were used for the predator
odour and the novelty-induced behaviour tests. For the
predator odour test, 11 CTR (6F/5M) and 10 SS (4F/6M)
PD 70 mice were used. For the novelty-induced behav-
iour test, 10 CTR (7F/3M) and seven SS (5F/2M) PD
70 mice were used. Animals were routinely tested during
the second half of the light phase of their light/dark
cycle.

2.6.1 | Predator odour test

Apparatus and odour preparation
The apparatus was modelled on previous publications
(Dewan et al., 2013). It consisted of a 24 � 20 cm cage
(with 20-cm-high walls) separated into two different-
sized compartments by a wall with a 6 � 10 cm door that
allowed passage (Figure 4a). Passage could be blocked by
placing a removable pane on the wall. In one compart-
ment, called ‘Stimulus side’ (20 � 11 cm), a 60 � 15 mm

petri dish was placed and taped to the base of the cage to
avoid removal by the animal. The other compartment
(20 � 13 cm) called ‘No stimulus side’ remained empty.
The petri dish was filled with clean standard rodent bed-
ding in the ‘Clean bedding’ phase (control stimuli) and
with the same type of bedding collected from house cages
(cage cleaning 2 days earlier) of male and female adult
rats in the ‘Rat bedding’ phase (freshly taken on the day
of the test). Rats are natural predators of mice, and rat
urine odour elicits intense fear in mice (Papes
et al., 2010; Tsunoda et al., 2018). Petri dishes were chan-
ged between the phases and between animals (sessions).

Procedure and behavioural measurements
Procedure was adapted from previous publications
(Dewan et al., 2013; Papes et al., 2010; Tsunoda
et al., 2018). The test consisted of three consecutive
phases characterized by the nature of the substance fill-
ing the petri dish: a ‘No filling’ phase, in which the dish
was empty, a ‘Clean bedding’ phase and a ‘Rat bedding’
phase (Figure 4a). On the day of the test, mice were
habituated to the experimental room for 45 min. Then, a
single experimental mouse was placed in the apparatus
with the middle door closed, in the No stimulus side, fac-
ing the wall opposite to the door. Wall was removed, and
animals were left to explore the apparatus for 5 min in
each phase. Between the phases, animals were confined
in the No stimulus side with the door closed to allow the
change of the petri filling (1 min). After testing, each
mouse was placed in a holding cage until all animals in a
cage had been tested, and the apparatus was cleaned with
70% ethanol and then water and dried completely
between sessions. Locomotion data and tracks were col-
lected by a video tracking system (EthoVision, Noldus
Information Technology, Wageningen, The Netherlands).
The locomotory parameters analysed were distance
moved and time spent in each compartment, from which
the aversion delta indices were calculated as follows:
aversion delta (seconds) = time spent in the Stimulus
side during the Rat bedding phase � time spent in the
Stimulus side during the Clean bedding phase; aversion
delta (distance) = % total distance moved in the Stimulus
side during the Rat bedding phase � % total distance
moved in the Stimulus side during the Clean bedding
phase. A positive aversion delta means attraction for the
Stimulus side during the Rat bedding phase, whereas a
negative aversion delta means avoidance of the Stimulus
side during the Rat bedding phase. Mice were also filmed
with a camera, and movies were scored blindly for etho-
logical measurements including digging of the bedding
(seconds), stretch attend postures (number), freezing
(seconds) and self-grooming (seconds), following previ-
ously published guidelines (Carola et al., 2002; Phillips &
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LeDoux, 1992; Pissiota et al., 2003) with the software
BORIS (Friard & Gamba, 2016). Digging and grooming
deltas were calculated as time spent digging/grooming in
the Rat bedding phase � time spent digging/grooming in
the Clean bedding phase. The latency of the first interac-
tion with the petri dish in the No filling phase was also
recorded. The behavioural parameters analysed were
chosen based on previously observed mice responses to
predator stimuli, which have been used as outputs to
model innate fear responses in rodents (Hebb et al., 2004;
Papes et al., 2010; Pérez-G�omez et al., 2015; Tsunoda
et al., 2018).

2.6.2 | Novelty-induced behaviour

Apparatus and objects
The apparatus consisted of a round arena (60 cm diame-
ter), with a white floor enclosed by a continuous 25-cm-
high wall made of opaque grey Plexiglass. In the ‘+
objects’ phase, two identical spherical wooden objects
(6 cm diameter) covered in grey acrylic paint with a
squared Plexiglass base were taped on the arena, placed
at opposite ends of the diameter (31 cm) of a virtual circle
positioned centrally in the arena (Figure 5a).

Procedure and behavioural measurements
The procedure was adapted from previous publications
(Madani et al., 2003; Sarowar et al., 2016, 2017).
The test consisted of two consecutive phases: an ‘Open
field’ phase (6 min long) and a ‘+ objects’ phase (3 min
long) (Figure 5a). On the day of the test, mice were
habituated to the experimental room for 45 min. Then, a
single experimental mouse was placed in the centre of
the apparatus, always facing the same wall, and left
free to explore the arena for 6 (Open field phase) or
3 min (+ object phase). Three minutes were selected
as the time needed for DBA2/J mice to explore new
objects (Cabib et al., 2003). Between the phases, the
mouse was placed in a holding cage for 3 min while the
objects were inserted in the apparatus. After testing, each
mouse was placed in a holding cage until all animals in
the cage had been tested, and the apparatus was cleaned
with 70% ethanol and then water and dried completely
between sessions. Locomotion data and tracks were col-
lected by a video tracking system (EthoVision, Noldus
Information Technology, Wageningen, The Netherlands).
The locomotory parameters analysed were distance
moved and time spent in the whole arena (total) and
around objects (a circular area with a diameter of 20 cm,
centred on each object) and the latency of first object
interaction, which is the time needed for a mouse to first
interact with one of the two objects. Distance moved and

time spent around the objects were expressed as % of
total. Mice were also filmed with a camera, and movies
were scored blindly for self-grooming behaviour
(seconds) (Kalueff et al., 2016) and sniffing (Carola
et al., 2002) with the software BORIS (Friard &
Gamba, 2016).

2.7 | Statistical analysis

Data were first checked for normality by graphical
inspection of the residuals’ distribution and for homoge-
neity of variances with the Levene’s test. Measures failing
these tests were analysed by the nonparametric Mann–
Whitney U test. Other parameters were subjected to para-
metric unpaired Student’s t test, nested one-way analysis
of variance (nested ANOVA), or repeated measures
ANOVA (RM-ANOVA). Significance was set at p < .05.
In case of main factor or interaction effect, RM-ANOVA
was followed by Tukey’s HSD (for L-LTP experiment) or
Duncan’s (behaviour) post hoc test. Nested ANOVA was
performed to take into account variability within samples
(between observations from the same animal) as well as
variability within and between groups (Krzywinski
et al., 2014). In nested ANOVA, the group (CTR vs. SS)
was considered as fixed factor, and the animals and
observations (cells/sections) were considered as random
factors; sample sizes (N of animals) in the groups and N
of observations per sample were kept equal. All data are
expressed as mean � standard error of the mean (SEM).
Statistica software version 12.0 (StatSoft, Tulsa, OK,
USA) was used to perform the statistical analyses.

3 | RESULTS

3.1 | Social stress in early life increases
PNN but does not affect PV in young adult
mouse ACC

To determine whether exposure to social stress in early
life had long-term impacts on PNN density in the ACC,
the level of aggrecan (ACAN) was quantified in SS and
CTR PD 60–70 mice by means of immunohistochemistry
(Figures 1a–c and 2a–e). ACAN is the major constituent
chondroitin sulphate proteoglycan of all mature PNNs
that surrounds both interneurons and cortical output
neurons (Fawcett et al., 2019). We observed increased
ACAN in the ACC of SS mice compared to CTRs
(Figure 2a) expressed as significantly higher cellular
intensity of ACAN (nested ANOVA, single cell mean
intensity [animal (group)]: F1,354 = 13.84, p < .001; N = 3
animals/group, six sections per animal, 10 cells per
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section) (Figure 2b) and increased number of ACAN
expressing cells (nested ANOVA, cells per
section [animal (group)]: F1,30 = 14.88, p < .001; N = 3
animals/group, six sections per animal) (Figure 2c). The
number of double-labelled ACAN+/PV+ cells was signif-
icantly augmented by SS (nested ANOVA, cells per
section [animal (group)]: F1,30 = 19.80, p < .001)
(Figure 2d), whereas no significant difference was

detected between groups in the number of ACAN+/PV�
cells (Mann–Whitney test: U = 3.00, p = .66) (Figure 2e),
demonstrating that the augmented number of ACAN+
cells was mostly PV+ interneurons. No significant effect
was detected in the density of PV+ cells (nested ANOVA,
cells per section [animal (group)]: F1,30 = 0.88, p = .35)
(Figure 2h) or PV immunoreactivity (nested ANOVA,
section mean intensity [animal (group)]: F1,30 = 1.53,

F I GURE 2 Early social stress alters perineuronal net (PNN) but not parvalbumin (PV) expression in the anterior cingulate cortex

(ACC) of young adults. (a) Representative single hemisphere acquisitions of aggrecan (ACAN) (green) and PV (red) expression in the ACC of

unhandled control (CTR) (top row) and social stress (SS) (bottom row) mice as revealed by immunofluorescence and confocal microscopy.

(b–e) Quantification of ACAN signal showed increased ACAN expression in SS mice compared to CTRs, expressed as significantly high

cellular intensity of ACAN (b) and increased number of ACAN-expressing cells (c) (nested ANOVA, ***p < .001). These ACAN+ cells were

mostly PV+ interneurons, as the number of double-labelled ACAN+/PV+ cells was significantly augmented by SS (d, nested ANOVA,

***p < .001), whereas no significant difference was detected between groups in the number of ACAN+/PV� cells (e, Mann–Whitney test:

U = 3.00, p = .66). (f–h) No significant effect was detected in PV immunoreactivity as measured by mean intensity (f) and area covered by

the signal (% total area, g), nor in the density of PV+ cells (h). N = 3 animals/group. Data are presented as mean � SEM; dots in the graphs

represent value for each cell (b) or section (c–h). Scale bars (on merge images) = 200 μm; (inset) 20 μm. IR, immunoreactivity; mgv, mean

grey value
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p = .23; section area covered [animal (group)]:
F1,30 = 0.68, p = .42) (Figure 2f,g). These data indicate
that more PV+ cells within the ACC of SS mice were
ensheathed by mature and highly expressed PNN with
respect to CTR.

3.2 | SS reduces GABAergic inhibitory
transmission to layer V pyramidal neurons
in the ACC of young adults

Following our finding that SS promotes the formation of
PNN enwrapping PV+ interneurons in the ACC of mice,

we assessed whether this condition affected the ability to
release GABA by local interneurons within ACC slices.
We characterized the feedback inhibition exerted by
GABAergic interneurons on postsynaptic, layer V pyra-
midal neurons of SS and CTR adult mice. Pharmacologi-
cally isolated spontaneous and miniature GABAergic
currents were recorded by means of whole-cell patch-
clamp recordings at �60 mV holding potential
(Figure 3a). We found that GABA release onto pyramidal
neurons was markedly reduced in SS ACC slices. Indeed,
both sIPSCs and mIPSCs inter-event intervals (IEI) were
increased by SS (t test, sIPSCs: t39 = �2.76, p = .0089,
CTR: 22 cells, SS: 19 cells; mIPSCs: t25 = �2.54, p = .018,

F I GURE 3 Early social stress impairs synaptic plasticity and inhibitory tone in the anterior cingulate cortex (ACC) of young adults.

(a) Spontaneous and miniature inhibitory postsynaptic currents (IPSCs) were recorded by means of whole-cell patch-clamp recordings at

�60 mV holding potential. (b) Example traces of sIPSCs recorded from layer V pyramidal neurons in ACC slices from unhandled control

(CTR) (top) and social stress (SS) (bottom) mice. (c, d) Mean value of sIPSC IEI is reduced (c, t test, **p < .01), whereas sIPSC amplitude is

not affected (d) by SS. (e) Example traces of mIPSCs recorded from layer V pyramidal neurons in ACC slices in the presence of tetrodotoxin

(TTX) from CTR (top) and SS (bottom) mice. (f, g) Mean value of mIPSC IEI is reduced (f) (t test, *p < .05), whereas mIPSC amplitude (g) is

not affected by SS. (h) Microphotograph (left) and schematic diagram (right) of a cortex slice containing ACC (white dotted lines) placed on

a probe with 64 electrodes (MED 64, 8 � 8 array). (i) Example traces of fEPSP before (black) and 60 min after (blue) TBS in CTR (left) and

SS (right) ACC. (j) Plot of fEPSP slope, expressed as percentage of baseline value, recorded in layer II–III in response to stimulation of deep

layer V (red dot in the microphotograph in h). TBS protocol was delivered after 30 min of baseline. A significant effect of stress on the mean

potentiation of active channels at 15, 35 and 55 min after TBS was detected (RM-ANOVA time � group effect, ###p < .001), with SS ACC

slices showing significantly reduced L-LTP at 15, 35 and 55 min after TBS (univariate analysis, group effect, ***p < .001). N = 3–6 animals/

group/experiment. Data are presented as mean � SEM; dots in the graphs (c–g) represent value for each cell. fEPSP, field excitatory

postsynaptic potentials; IEI, inter-event intervals; L-LTP, late-phase LTP; mIPSCs, miniature inhibitory postsynaptic currents; sIPSCs,

spontaneous inhibitory postsynaptic currents; TBS, theta burst stimulation
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CTR: 11 cells, SS: 16 cells) (Figure 3b,c,e,f), indicating a
reduced frequency of GABAA-mediated spontaneous and
miniature synaptic currents. By contrast, sIPSC and
mIPSC amplitude were not significantly affected by SS
(t test, sIPSCs: t39 = �1.86, p = .07; mIPSCs: t26 = �0.56,
p = .58) (Figure 3d,g). These data suggest that the
increased expression of PNN in SS mice reduces the prob-
ability of GABA release by local interneurons within
ACC, without affecting postsynaptic GABAergic current
amplitudes.

3.3 | SS impairs late phase-long term
potentiation in the ACC of young adults

The plasticity of neural circuits in the cerebral cortex
depends on the fine balance between excitatory and inhib-
itory circuitry. This process is strongly influenced by PV+
GABAergic interneurons (Xue et al., 2014) most of which
are wrapped by PNNs (Deepa et al., 2006). Based on our
findings that SS increases PNN expression around PV+
GABAergic interneurons and reduces GABA release in
ACC, we aimed at unravelling how these modifications
impact cortical network synaptic plasticity. We recorded
field excitatory postsynaptic potentials in layers II/III of
ACC slices, elicited by electrical stimulation of the deep
layer V (Wei et al., 2002) (Figure 3h, red dot), by means of
a MEA 64 device (Aversa et al., 2018). Following 30 min
baseline, we applied TBS to evoke late-phase LTP (L-LTP),
a form of synaptic plasticity that is dependent on protein
synthesis/expression (Chen, Lu, et al., 2014; Chen, O’Den,
et al., 2014). In accordance with literature (Chen, Lu,
et al., 2014; Wei et al., 2002), TBS stimulation of layer V in
ACC of CTR mice caused a slow-onset LTP of the fEPSP
slope that reached an average of 134.1 � 3.27% of the
baseline 35 min after TBS and an average of
143.9 � 3.88% 55 min after TBS (Figure 3i,j). We found
that in ACC slices of SS mice L-LTP was impaired, as the
fEPSP slope was comparable 35 min and 55 min after
TBS, reaching an average of 117.1 � 1.49% and
117 � 2.76%, respectively (Figure 3i,j). There was a statisti-
cally significant difference between the groups in the
mean potentiation of active channels at 15, 35 and 55 min
after TBS (RM-ANOVA, time � group interaction:
F2,86 = 13.89, p < .001; time effect: F2,86 = 37.01, p < .001;
group effect: F1,43 = 32.30, p < .001; CTR: 19 active chan-
nels, SS: 27 active channels). The percentage of fEPSP
slope potentiation in SS ACC was significantly lower than
CTR at all the selected time points after TBS application
(univariate analyses, group effect: 15 min F1,43 = 13.40,
p < .001; 35 min F1,43 = 27.90, p < .001; 55 min
F1,43 = 33.67, p < .001, Figure 3j). Post hoc comparisons
showed a significant increase in fEPSP slope in CTR but

not SS mice (Tukey HSD test, CTR: 15 min vs. 35 min,
p < .001; 35 min vs. 55 min, p = .0014; SS: 15 min
vs. 35 min, p = .11; 35 min vs. 55 min, p = 1.00). These
data indicate that SS-induced increased PNN expression in
the ACC is associated with a reduction in cortical network
plasticity in response to TBS.

3.4 | SS experience does not impair
innate fear response but increases self-
grooming behaviour in stressful conditions
and reduces approach to novel objects

Since the ACC is involved in the regulation of emotional
behaviours, we evaluated behavioural responses to innate
fearful stimuli (predator odour, Figure 4a) (Dewan
et al., 2013; Papes et al., 2010) and putative neutral stim-
uli that could elicit neophobia (novelty-induced behav-
iour, Figure 5a) (Madani et al., 2003; Sarowar et al., 2016)
in CTR and SS young adult mice. In the predator odour
test, both CTR and SS animals displayed avoidance of the
rat bedding (Figure 4b–d), as both showed high negative
levels of aversion delta, spending less time (Figure 4c)
and moving lower distances (Figure 4d) in the stimulus
area during the Rat bedding phase than the Clean bed-
ding phase. No significant differences were detected in
avoidance behaviour between the groups (t test, aversion
delta time: t19 = 0.49, p = .63; aversion delta distance:
t19 = 0.68, p = .51; N = 10–11 animals/group). Exposure
to clean bedding elicited digging behaviour in both
groups, whereas rat bedding inhibited digging
(Figure S1A). The difference in time spent digging in the
Rat bedding phase and time spent digging in the Clean
bedding phase (digging delta) is comparable between the
groups (t test: t19 = 0.60, p = .56) (Figure 4e). Analysis of
stretch attend and freezing behaviours (Figure 4f,g)
showed no significant effect of the phase (RM-ANOVA
phase effect, stretch attend: F2,38 = 2.50, p = .096; freez-
ing: F2,38 = 0.75, p = .48) or interaction between groups
and phases (RM-ANOVA phase � group interaction,
stretch attend: F2,38 = 0.49, p = .61; freezing:
F2,38 = 1.27, p = .29). However, a significant group effect
was detected (RM-ANOVA group effect, stretch attend:
F1,19 = 9.72, p = .0057; freezing: F1,19 = 4.48, p = .048),
as SS mice displayed overall lower number of stretch
attend episodes and reduced freezing time than CTR
mice (Figure 4f,g). Analysis of self-grooming behaviour
showed a tendency for an interaction between groups
and phases (RM-ANOVA, phase � group interaction:
F2,38 = 3.05, p = .059) (Figure 4h), but no main effect of
group (RM-ANOVA, group effect: F1,19 = 0.0024,
p = .96) or phase (RM-ANOVA, phase effect:
F2,38 = 1.46, p = .24). In the No filling phase, CTR and
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SS mice showed similar levels of self-grooming
(Figure 4h). Nevertheless, grooming time in the two
groups differed in the Clean bedding and Rat bedding
phase, with SS mice exhibiting high and comparable
levels of grooming in the two phases (Duncan test:
p = .55) and CTR mice showing higher grooming in the
Rat bedding phase than the Clean bedding phase
(Duncan test: p = .014) (Figure 4h). The difference in
time spent grooming in the Rat bedding phase and time
spent grooming in the Clean bedding phase is plotted in
the grooming delta graph and is statistically different
between the groups (t test: t19 = 2.91, p = .0090)

(Figure 4i). Distance moved and time spent in the two
sides of the apparatus were comparable between the
groups across all phases (Figure S1B–D) and showed a
phase-dependent change in both groups, with increased
distance moved and time spent in the Stimulus side (and
decreased in the No stimulus side) during the Clean and
Rat bedding phases (Figure S1B,C). During the No filling
phase, the time needed for mice to first interact with the
petri dish (latency of the first interaction) was similar
between CTR and SS mice (Figure S1E).

Following these results, we evaluated behaviours
induced by exposure to a novel environment and to

F I GURE 4 Effects of early social stress on responses to predator odour. (a) Predator odour protocol used to detect innate fear responses

to a threatening stimulus. The apparatus consisted of a cage divided in two compartments: a No stimulus side and a Stimulus side

containing a petri dish empty (no filling) or filled with either clean bedding (yellow) or rat bedding (brown, red alarm signal indicating

threat), depending on the phase of the test. (b) Trajectory plots of the position of representative unhandled control (CTR) (top, grey) and

social stress (SS) (bottom, blue) mice in the Clean bedding (left) and Rat bedding (right) phases (5 min each) (coloured circle: Petri dish).

(c, d) Avoidance of the threatening rat bedding was quantified with the aversion delta indices, measured as the difference between the time

spent (c) or % total distance moved (d) in the stimulus side during the Rat bedding phase and the Clean bedding phase. Both groups show

avoidance of the stimulus side during the Rat bedding phase compared with the Clean bedding phase. (e) A negative digging delta, expressed

as difference in time spent digging the bedding in the Rat bedding phase and the Clean bedding phase, confirms reduced engagement with

the petri dish filled with rat bedding in both CTR and SS mice. (f, g) Number (n) of stretch attend postures (risk assessment behaviour, e)

and freezing time (seconds, f) in the whole arena across the phases. SS mice displayed overall lower number of stretch attend postures and

reduced freezing time than CTR mice (RM-ANOVA group effect, £p < .05; ££p < .01). (h) Plots of the time spent grooming (seconds) suggest

a group difference across the phases (RM-ANOVA, phase � group effect, p = .059), as only CTR mice show higher grooming in the Rat

bedding phase than the Clean bedding phase (Duncan test: *p < .05). (i) Grooming delta, expressed as the difference in time spent grooming

in the Rat bedding phase and the Clean bedding phase, is significantly different between the groups (t-test, **p < .01), confirming that CTR

but not SS mice had a phase-dependent increase in self-grooming. N = 10–11 animals/group. Data are presented as mean � SEM; dots in

the graphs represent the value for each animal. Hab, habituation.
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putative neutral objects (Figure 5a). In both the Open
field and the object phase, SS and CTR mice displayed
comparable levels of total distance moved, with lower
distance moved by the groups in the object phase com-
pared with the Open field (Figure 5b; Figure S2A).
When the objects were placed in the arena, SS mice
appeared to avoid them (Figure 5b, right) and showed
higher latency to approach the objects with respect to
CTR mice (Mann–Whitney test: U = 15.00, p = .079,
CTR = 10 animals; SS = 7 animals) (Figure 5c), with
an average of 60 s (over a total of 180 s of test) needed
for SS mice to first interact with the objects. Conse-
quently, the time spent exploring the objects and dis-
tance moved around them were reduced in SS mice
(t test, time: t15 = 2.14, p = .049; distance: t15 = 1.80,

p = .092) (Figure 5d,e). During the exploration, the time
spent sniffing the objects (expressed as % total time of
objects exploration) was comparable between CTR and
SS (Figure S2B). Finally, a significant main effect of
group (RM-ANOVA, group effect: F1,15 = 4.89, p = .042)
and the interaction between group and phase were
observed on the self-grooming behaviour (RM-ANOVA,
phase � group interaction: F1,15 = 5.38, p = .035). SS
mice displayed significantly higher levels of grooming
than CTR mice in the object phase (univariate analysis,
group effect: F1,15 = 9.84, p = .0068) (Figure 5f). More-
over, they showed increasing self-grooming through the
phases, with higher scores in the object phase com-
pared with the Open field (Duncan test: p = .019)
(Figure 5f).

F I GURE 5 Early social stress elicits intense object phobia. (a) Protocol used to detect novelty-induced behaviour in unhandled control

(CTR) and social stress (SS) mice. In the Open field phase, mice freely explored the empty arena for 6 min, whereas in the ‘+ objects’ phase,
they were free to interact with two identical spherical objects for 3 min. (b) Trajectory plots of the position of representative CTR (top, grey)

and SS (bottom, blue) mice in the Open field (left) and + objects (right) phases (black circles: objects). (c–e) SS mice show intense phobia for

the objects, as demonstrated by an increased latency to approach them (c, Mann–Whitney test, p = .079) and decreased object exploration as

measured by exploration time (d, % total time, t test, *p < .05) and distance moved around them (e, % total distance, t test, p = .092). (f) Plots

of the time spent grooming (seconds) show a significant group difference across the phases (RM-ANOVA, phase � group effect #p < .05) and

a main effect of group (RM-ANOVA, group effect, £p < .05). In the presence of objects, SS mice displayed significantly higher levels of

grooming with respect to CTR mice in the object phase (Univariate analysis, group effect, **p < .01), and to CTR and SS mice in the Open

field phase (Duncan test: *p < .05). CTR = 10 animals; SS = 7 animals. Data are presented as mean � SEM, dots in the graphs represent the

value for each animal.
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4 | DISCUSSION

Adverse childhood experiences are thought to alter tra-
jectories of brain development and increase risk for psy-
chopathology, but the underlying mechanisms are still
not well characterized. In this study, we discovered that
repeated exposure to social threat early in life induces
accumulation of mature PNN and alterations in synaptic
plasticity and inhibitory function of the ACC in young
adult mice. These changes were associated with altered
ACC-dependent behaviours, specifically object ‘phobia’
but not innate fear. Our results shed light on the possibil-
ity that PNN accumulation mediates the long-lasting
effects of ELS on ACC functionality, suggesting a novel
neurobiological pathway underlying the impact of early
adversity on the brain.

The observed increased recruitment of ACAN+ PNN
in the ACC of SS mice may represent a mechanism by
which memories of the early stressful experience are con-
served and consolidated in the brain. Indeed, PNN depo-
sition in structures that are responsive to fearful
experiences, including the ACC, is thought to protect
remote fear memories (Gogolla et al., 2009; Shi
et al., 2019; Thompson et al., 2018; Tsien, 2013), and it
has been shown that ACC is crucial for consolidation of
such memories (Frankland et al., 2004). Our finding is in
accordance with previous studies showing increased PNN
across cortical and subcortical areas in different models
of early-life adversity (Gildawie et al., 2020; Guadagno
et al., 2020; Murthy et al., 2019) and with recent evidence
of higher PNN reactivity in the ventromedial prefrontal
cortex of people with a history of severe childhood adver-
sity (Tanti et al., 2022). Our result is however discordant
with other reports that found reduced or unchanged
PNN after exposure to ELS (Page & Coutellier, 2018;
Richardson et al., 2021; Santiago et al., 2018). This dis-
crepancy is likely due to methodological issues, including
the different natures of stress, the timing of stress appli-
cation and the age of PNN evaluation (Guadagno
et al., 2021; Laham & Gould, 2022; Spijker et al., 2020).
These methodological differences could account for the
discrepancy between our finding and the only other ani-
mal study that investigated PNN in the ACC following
early adversity, which found no change in the number of
PNNs but reduced PNN intensity in adolescent mice, fol-
lowing juvenile mild chronic stress (Ueno, Suemitsu,
et al., 2018). Discordance between this result and ours
may be also due to the method employed to detect PNN,
as Ueno, Suemitsu, et al. (2018) visualized such PNNs
through immunostaining with the lectin Wisteria flori-
bunda agglutinin, which nonspecifically marks all chon-
droitin sulphate proteoglycans (Fawcett et al., 2019),
whereas we specifically detected ACAN expression.

We found that the ACC of young adult mice who
underwent SS presented higher intensity of ACAN+
PNN staining and increased number of PNN+/PV+ cells,
two features that are thought to reflect an advanced mat-
uration level of the PNN (Sigal et al., 2019). It has been
hypothesized that perturbations of critical period pro-
cesses do not derail the structural trajectory of PNNs but
rather affect their rate of maturation (Sigal et al., 2019).
Therefore, it is tempting to speculate that the observed
increase in PNNs induced by SS may be the sign of a pre-
cocious maturation in stressed pups. Indeed, chronic
adversity in childhood has been suggested to accelerate
the pace of brain development, inducing earlier matura-
tion that may have deleterious effects on learning and
plasticity mechanisms (Bath et al., 2016; Tooley
et al., 2021). However, previous studies evaluating the
effects of ELS exposure on PNN formation at different
ages after the stress did not find developmentally antici-
pated accumulation of PNN in stressed mice (Gildawie
et al., 2020; Guadagno et al., 2020; Richardson
et al., 2021). Moreover, it has been shown that PNN levels
in the ACC increase up to PD 20 and then remain stable
until at least PD 90 (Cabungcal et al., 2013), suggesting
that ACC PNN levels at PD 60–70, our time point of
investigation, have already reached a developmental pla-
teau. Nevertheless, it should be noted that the majority of
these studies detect PNN by Wisteria floribunda aggluti-
nin staining and therefore could have a different func-
tional implication when compared to our study, which
focuses specifically on ACAN. Indeed, ACAN deposition
follows a different temporal trajectory with respect to
other lecticans (Ueno, Fujii, et al., 2018) and, for
instance, is known to continuously increase up until PD
60 in the hippocampus (McRae et al., 2010). A deeper
characterization of SS effects on ACAN+ PNN in the
ACC at different ages is crucial to exploring this
hypothesis.

We did not find alterations in PV number or PV
intensity in the ACC of SS mice. This result is in accor-
dance with literature, demonstrating that the vulnerabil-
ity period for maturational cell death of cortical
interneurons ends at PD 10 (Wong et al., 2018), and
therefore the developmental timing of SS application
(PD 14–21) may be past the susceptibility window of PV
neurons’ death. Our result mirrors similar previous find-
ings from animal models and humans (Gildawie
et al., 2020; Tanti et al., 2022).

As expected, increased PNN around PV+ neurons
was associated with altered plasticity and GABAergic
tone impairment in the ACC of SS mice. Indeed, it has
been demonstrated that manipulation of PNNs (by either
enzymatic digestion or viral infection) heavily affects
neuronal excitability and synaptic plasticity in many
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areas of the brain (Hayani et al., 2018; Shi et al., 2019).
First, we observed that SS exposure altered GABAergic
transmission within the ACC by reducing sIPSC and
mIPSC frequency onto layer V pyramidal neurons. This
effect should not be due to a decrease in the number of
GABAergic interneurons, since our stress model does not
reduce the density of PV+ interneurons in the ACC and
should not alter the number of other interneurons either
(Wong et al., 2018). The observed effect is in line with
reports showing that, in the hippocampus, augmentation
of PNN by infection with pAAV-Hapln1-mCherry virus
causes a decrease of sIPSC frequency onto CA1 pyrami-
dal neurons (leaving sIPSCs amplitudes unaffected),
whereas hippocampal PNN removal by enzymatic diges-
tion caused an increase of sIPSC frequency onto CA1 and
CA2 neurons (Hayani et al., 2018; Shi et al., 2019).
Although we did not record directly from PV+ interneu-
rons but rather from postsynaptic, layer V pyramidal neu-
rons, one possibility to explain the reduced sIPSC
frequency is that it might depend on altered excitability
of GABAergic neurons. Indeed, in PV+ hippocampal
(Hayani et al., 2018) and PV+ cortical interneurons
(Miyata et al., 2012), PNN expression manipulations
affect their intrinsic excitability. Additionally, it has been
reported that the PNN component brevican controls the
localization of potassium channels and AMPA receptors
on PV+ neurons in an activity-dependent manner, thus
shaping their intrinsic properties and synaptic inputs
(Favuzzi et al., 2017). In the light of this evidence, we
may hypothesize that the condensed form of PNN around
PV+ interneurons induced by SS reduces GABAergic
neurons excitability, thus decreasing the probability to
release GABA onto pyramidal neurons in the ACC. Alter-
natively, the opposite phenomenon could account for a
causative interaction between SS, PNN density and neu-
ronal firing alterations. Neuronal activity has been
reported to affect PNN maturation in different cortical
and subcortical areas (Carstens et al., 2021; Devienne
et al., 2021). Metalloproteinases, the extracellular matrix-
degrading enzymes, are upregulated by intense neuronal
activity, whereas their reduction promotes PNN forma-
tion (Carstens et al., 2021). Therefore, SS-induced impair-
ment in GABAergic/PV+ neurons activity may lead to
the observed augmentation of PNN density. More experi-
ments are needed to understand whether altered
GABAergic transmission is either causative or the conse-
quence of increased PNN, enwrapping PV+ GABAergic
neurons in the ACC of SS mice.

Secondly, we detected reduced L-LTP in the ACC of
young adult SS mice. This result appears to contradict the
reduced sIPSC and mIPSC frequency finding, as a
decrease of L-LTP would correlate with an increase of
GABA release (Shi et al., 2019). However, the observed

impairment in cortical L-LTP might not be the direct
consequence of reduced GABA release onto pyramidal
neurons. Protein synthesis-dependent late-phase LTP
(L-LTP) (Chen et al., 2017; Chen, Lu, et al., 2014; Park
et al., 2017) induced by TBS (Frankland et al., 2001; Wei
et al., 2002) (see Section 2) depends on several pathways
downstream of NMDA receptor activation (Chen, Lu,
et al., 2014), including voltage-activated calcium channels
(Liauw et al., 2005), protein kinase M zeta (Li
et al., 2010), AMPA receptor phosphorylation and traf-
ficking to membrane (Song et al., 2017), calcium-
activated adenylyl cyclase 1 and FMRP (Chen, O’Den,
et al., 2014). Due to the fact that the neuronal network in
the ACC is formed by a complex synaptic organization
across layers I, II–III and V–VI, which involves both
pyramidal cells and local excitatory and inhibitory inter-
neurons (Lu et al., 2014), the observed increase of PNN
enwrapping PV+ GABAergic interneurons following SS
may affect the expression of proteins and/or ion channels
necessary for the induction and expression of LTP. While
a number of reports have demonstrated the involvement
of PNN in regulating synaptic plasticity in the hippocam-
pus, few have investigated its role on ACC synaptic plas-
ticity (Shi et al., 2019). To the best of our knowledge, this
is the first evidence showing that ACC network plasticity
is reduced in a mouse model of early life stress in which
PNN expression is augmented.

Finally, analysis of ACC-dependent behaviours
showed selective differences between CTR and SS mice.
In the predator odour test, SS mice did not show
impaired innate fear responses, as they were able to
detect the threat and avoid the rat bedding, similar to
CTRs. In the whole test, SS mice displayed overall
reduced stretch attend postures, a risk assessment behav-
iour (Carola et al., 2002), freezing time and a fear-
induced behaviour (Hebb et al., 2004), when compared to
CTRs. Since the distance moved was equal between the
groups, this difference may be due to SS mice engaging in
different behaviours (e.g., grooming). Notably, the fre-
quency of stretch attend postures and freezing was
extremely low in CTR mice too and did not show a
phase-dependent modulation, possibly indicating that
such behaviours are not preferentially employed in this
test. This may be due to the protocol used, since different
protocols have different effects on the expression of freez-
ing behaviour (Wallace & Rosen, 2000) or to the stimulus
chosen, as it has been shown that rat urine may not elicit
risk assessment episodes (Tsunoda et al., 2018). In the
novelty-induced behaviour test, SS mice displayed an
increased latency to approach the objects and decreased
object exploration with respect to CTR mice. This beha-
vioural inhibition is not likely the result of reduced moti-
vation/ability to explore novel stimuli, since (1) SS mice
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do not show impaired exploration of a novel environment
in the Open Field session; (2) in the + objects phase, the
time spent sniffing the objects during their exploration is
comparable between CTR and SS, suggesting intact
exploratory capability; (3) in the predator odour test, SS
mice show normal exploratory/interactive behaviour
(digging) of a new but ‘familiar’ object such as clean bed-
ding. Therefore, the deficits in objects approach and
exploration observed in SS mice may be the expression of
an intense fear/anxiety driven by the objects in the
novelty-induced behaviour test. This avoidance behav-
iour has been previously described as ‘object phobia’ and
has been detected in mouse models of neuroserpin defi-
ciency (Madani et al., 2003) and synaptic dysfunction
(Sarowar et al., 2016, 2017). Phobias are considered an
expression of increased and persistent anxiety (Cryan &
Sweeney, 2011). Both object phobia and innate fear
responses engage the ACC, but they represent two dis-
tinct behaviours that can be expressed independently
(Sarowar et al., 2017). Crucially, the ACC in humans is
strongly activated by phobogenic stimuli (Pissiota
et al., 2003; Straube et al., 2006). Interestingly, SS mice do
not present deficits in the approach (latency of the first
interaction) and exploration of the petri dish in the No
filling phase of the predator odour test. This suggests that
even if the petri dish represents a completely novel physi-
cal stimulus (never encountered before) similarly to the
novel objects in the novelty-induced behaviour test, it
does not elicit phobia. The discrepancy in SS mice behav-
iour may be due to the different size and nature of the
objects used in the two tests, the number of objects con-
currently used (1 vs. 2) and/or the position of the objects
in the arena, since the petri dish is located in proximity
of a corner (of a square arena), which constitutes a pref-
erential place for mice, whereas the two objects are posi-
tioned in the centre of a round arena. Nonetheless, in
both behavioural tests, SS mice displayed high levels of
self-grooming that seemed to be specifically driven by
objects. In the predator odour test, in which all phases
were characterized by the presence of a petri dish either
empty or filled with neutral/fearful bedding, grooming
was elevated in SS mice in all phases, whereas in CTR
mice, it showed a phase-dependent increase. In the
novelty-induced behaviour test, SS mice showed higher
grooming only when exposed to the novel objects phase
and not in the Open field, during which grooming behav-
iour was comparable between CTR and SS mice. Since
self-grooming behaviour is expressed by rodents under
highly stressful conditions (Kalueff et al., 2016), these
results suggest that SS mice may perceive putative neu-
tral objects, but not a simple novel environment, as dra-
matically stressful. Translationally, this response may be
similar to the greater sensitivity to stress and higher

perceived stress that is consistently present in individuals
with a traumatic childhood (Hong et al., 2018; Hyman
et al., 2007).

This study did not investigate sex differences. Results
from female and male mice were pooled, with an over-
representation of female animals in all experiments. This
may limit our investigation since sex effects in both the
consequences of early stress and perineuronal nets have
been documented (Bath, 2020; Ciccarelli et al., 2021;
Gildawie et al., 2020; Griffiths et al., 2019; Guadagno
et al., 2020; White & Kaffman, 2019). Future experiments
using sex as a biological variable are needed to evaluate
the presence of possible sex differences in the parameters
analysed here. It should also be noted that we used DBA
mice, a stress-sensitive strain with behavioural and some
neurochemical differences to the widely used C57BL/6
strain (Cabib et al., 2000, 2002). This should be taken into
consideration when comparing the results presented here
to other analyses. Other limitations of this study include
its associative nature, which precludes drawing causal
relationships between the observed results. More
research is needed to examine the contribution of PNNs
to the observed electrophysiological and behavioural
responses to SS, for example, by in vivo prevention of
matrix accumulation or removal through chondroitinase
enzyme treatment (Pizzorusso et al., 2002) in the ACC
during or after stress exposure. However, focal delivery in
the brains of pups is extremely difficult due to their small
size. Finally, it would be interesting to explore the biolog-
ical mechanisms underlying increased PNN deposition in
the ACC after SS and how it affects circuitry and ACC
interaction with other brain structures, in particular the
hippocampus, whose dysfunction has been associated
with both self-grooming (Cannon et al., 1992) and fear of
novel objects (Bliss-Moreau et al., 2010).

Overall, our results provide novel insight into the
neurobiology of early-life adversity, expanding knowl-
edge on the effects of ELS on ACC plasticity and suggest-
ing an involvement of PNN accumulation in the
mediation of long-term effects of ELS. Future studies are
needed to investigate whether the observed stress-
induced plasticity and behavioural alterations are the
result of developmental adaptations to PNN accumula-
tion or a direct effect of increased PNN presence. Explo-
ration of PNN aberration following ELS and its effect on
the brain is essential to understand the functional signifi-
cance of this specialized matrix and to establish new ther-
apeutic approaches that improve treatment of patients
with a history of maltreatment.
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