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Anorexia nervosa (AN) is an eating disorder characterized by restricted energy intake, severely underweight
status, and frequent hyperactivity. Previous research has shown structural and functional alterations in the
medial prefrontal cortex (mPFC) and hippocampus of AN patients. To investigate the pathological mechanism of
AN, we analyzed the expression and distribution of parvalbumin (PV) interneurons and perineuronal nets

Ibumi
lc)z::iiosltlz;ie (PNNs), which are implicated in the pathology of neuropsychiatric disorders, in the mPFC and hippocampus
prefrontal cortex dorsal (HPCd) and ventral (HPCv) using an activity-based anorexia (ABA) mouse model. We found that PNN
hippocampus expression and density increased in the mPFC, with minor alterations in the HPCd and HPCv of ABA mice. The

expression and distribution of PV neurons were unchanged in the brains of ABA mice, except for a regional
decrease in PV-expressing neuron density in the HPCd. Co-localization analysis showed an increased number of
PNNs enwrapping PV-negative neurons in the mPFC of ABA mice. Furthermore, the upregulation of PNN
expression in the mPFC was positively correlated with elevated blood corticosterone levels, a well-known stress
indicator, in ABA mice. Our findings suggest that the increased expression and distribution of PNNs surrounding
PV-negative neurons in the mPFC may indicate the pathological mechanisms of AN.

1. Introduction

Anorexia nervosa (AN) is an eating disorder characterized by the
restriction of energy intake, leading to significantly low body weight
(BW), intense fear of gaining weight, and disturbance in the way in
which one’s BW or shape is experienced (American Psychiatric Associ-
ation, 2013). AN mainly affects adolescent females, with the highest
incidence at approximately age 15 years and female-to-male ratio as
high as 13-14:1 (van Eeden et al., 2021). Abnormally high levels of
physical activity can be observed in up to 80 % of AN patients (Melissa
etal., 2020), indicating that hyperactivity is a major symptom of AN. AN
is a severe disease, with a lifetime prevalence of up to 4 % in women and

sixfold increased mortality risk (van Eeden et al., 2021). AN treatment
lacks strong scientific evidence, with a recovery rate below 50 %
(Brockmeyer et al., 2018) and a relapse rate of approximately 25 %
(Khalsa et al., 2017). To date, no clear predictive markers for AN
development have been identified (Charrat et al., 2023), hindering the
development of effective target-based treatments.

Given the high prevalence, high mortality rate, and lack of phar-
macological treatments for AN, a deeper understanding of the under-
lying mechanisms is urgently needed. The activity-based anorexia (ABA)
animal model was established in rats by Hall and Hanford in 1953 and
was later expanded to other species, including mice (Klenotich and
Dulawa, 2012). By providing an animal running wheel and restricting
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feeding time, they start to display characteristic signs similar to those of
patients with AN: a rapid decrease in BW, reduced food intake, and
hyperactivity (Schalla and Stengel, 2019). The ABA model has become a
valuable tool for AN studies, such as those on the brain and its molecular
pathology (Foldi, 2024).

The perineuronal net (PNN) is a type of brain extracellular matrix
with a condensed lattice-like structure enwrapping the neuron soma and
dendrites (Oohashi et al., 2015; Fawcett et al., 2019). Previous studies
have demonstrated that PNNs are involved in many aspects of brain
physiology and function, including ion buffering (Morawski et al.,
2015), molecular signaling (Beurdeley et al., 2012; Dick et al., 2013),
plasticity (de Vivo et al.,, 2013; Miyata and Kitagawa, 2015), and
memory (Romberg et al., 2013; Happel et al., 2014; Carulli et al., 2020).
PNNs predominantly enwrap parvalbumin (PV) interneurons (Lupori
et al., 2023), the most common subtype of GABAergic interneurons that
are critical for maintaining normal excitatory and inhibitory neuro-
transmission and regulating neural activity (Ferguson and Gao, 2018;
Hu et al., 2014; Packer and Yuste, 2011). PNNs not only influence and
maintain PV neuron activity (Dityatev et al., 2007; Balmer, 2016;
Favuzzi et al.,, 2017), but also serve as protective barriers against
harmful elements such as oxidative stress (Cabungcal et al., 2013;
Suttkus et al., 2014). Owing to their functional importance, PNNs and
PV neurons have been one of the main areas of interest in the psychiatric
research field, with evidence of PV neuron vulnerability and PNN al-
terations in stress-related disorders in human and animal models
(Pantazopoulos and Berretta, 2016; Selten et al., 2018; Wen et al., 2018;
Perlman et al., 2021). However, the roles of PNNs and PV neurons in AN
and ABA pathologies remain unclear.

The medial prefrontal cortex (mPFC) and hippocampus (HPC) are
two brain areas that are highly involved in AN pathology, with evidence
showing structural and functional alterations in AN patients (Burkert
et al., 2015; Scharner and Stengel, 2019; Keeler et al., 2020; Tose et al.,
2024). The mPFC and HPC are involved in stress- and food-related be-
haviors and are extensively interconnected (Fanselow and Dong, 2010;
Sigurdsson and Duvarci, 2015; Fuglset et al., 2016; Le Merre et al.,
2021). The HPC is a complex brain area with different anatomical
structures and functions between the dorsal hippocampus (HPCd) and
ventral hippocampus (HPCv) (Bannerman et al., 2004). However, the
HPCd and HPCv can interact via several routes (Fanselow and Dong,
2010), and both are involved in stress modulation (Bittar and Labonté,
2021; Shi et al., 2023). Neuronal mapping studies have demonstrated
that both HPCd and HPCv send direct neuronal inputs to the mPFC area
(Ahrlund-Richter et al., 2019; Qiu et al., 2024). Furthermore, as part of
the limbic system, the mPFC and HPC can modulate the
hypothalamic-pituitary-adrenocortical (HPA) axis and release of corti-
costeroid hormones as a stress response (Mora et al., 2012). AN patients
showed higher cortisol levels than healthy adolescents (Luz Neto et al.,
2019), with evidence of chronic HPA axis activation in many AN pa-
tients (Lawson et al., 2009; Misra et al., 2006, 2004). Corticosteroid
hormones are known to affect synaptic transmission and plasticity in
HPC (Champagne et al., 2008; Gould and Tanapat, 1999) and the PFC
(Lamanna et al., 2021; Maroun and Richter-Levin, 2003; Treccani et al.,
2014), indicating a possible link between stress hormones and PV neu-
rons as well as PNNs in these brain areas.

Using these findings, we investigated the potential changes in PV
neurons and PNNs in the mPFC and HPC of adolescent female mice
under the ABA paradigm by quantifying the intensity and number of PV-
expressing neurons and PNNs in the mPFC, HPCd, and HPCv areas. We
analyzed each area by regions and layers, because the distribution of PV
neurons and PNNs in the mouse brain has been reported to be region-
and layer-specific (Ueno et al., 2017b; Yamada et al., 2015). The
mesh-like structure of PNNs makes traditional segmentation methods
difficult; therefore, we utilized artificial intelligence (AlI)-assisted Pol-
ygonAl software (Slaker et al., 2016) for better consistency and repro-
ducibility of the measurement. We also measured corticosterone levels
in ABA and control mice to examine the potential correlations between
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corticosterone, PV neurons, and PNNs. Our findings reveal
region-specific changes in these markers in the ABA brain, providing
insights into the neurobiological mechanisms underlying AN
pathophysiology.

2. Materials and methods
2.1. Animals

Six-week-old female C57BL/6 J mice were purchased (CLEA Japan,
Inc., Japan). Adolescent female mice were selected because of the high
prevalence of AN in females and their greater susceptibility to ABA
(Klenotich and Dulawa, 2012). Mice were housed under controlled
conditions: inverted 12 h dark-light cycle, dark phase 10:00-22:00 and
light phase 22:00-10:00; room temperature (RT): 22 + 2°C; and relative
humidity 50 + 10 %. Regular food (MF diet; Oriental Yeast Co., Ltd.,
Japan) was provided. All procedures were conducted in strict accor-
dance with the Policy on the Care and Use of Laboratory Animals,
Okayama University. The study protocol was approved by the Animal
Care and Use Committee of Okayama University (protocol number:
OKU-2024176).

2.2. Generation of ABA mouse model

The protocol for the ABA paradigm was based on instructions by
Klenotich and Dulawa (Klenotich and Dulawa, 2012). Mice were
randomly assigned to either the ABA or control group. The ABA group
mice were individually housed in specialized cages with a running wheel
system (Bioseb, France). During the 5-day acclimatization period, the
ABA mice had free access to running wheels, food, and water. BW was
measured daily at 10:00. At the end of the acclimatization period, we
initiated the food restriction (FR) period for the ABA group (FR day
0 [FRO]), in which food was removed from the cage at 12:00 on the same
day and stored in separate containers. For the subsequent FR period,
ABA mice were provided food for 2 h each day from 10:00-12:00, while
maintaining access to running wheels and water. The ABA criterion was
defined as BW < 75 % of the baseline (BW measured on FR0O). ABA mice
meeting these criterion were sacrificed immediately after BW mea-
surement at 10:00. Control mice were kept separately in standard mouse
cages, without running wheels, with standard food and water ad-libitum;
these conditions remained unchanged throughout the experiment. At
the conclusion of the experiment (FR7), all remaining ABA mice and
control mice were sacrificed. The ABA group mice that did not meet the
ABA criteria were excluded. The final analysis included n = 8 for the
ABA group and n = 5 for the control group. Fig. 1 contains summarized
animal protocol (Fig. 1A) and recorded parameters of the mice
(Fig. 1B-D), which ABA group showed typical signs of ABA mouse model
(Gabloffsky et al., 2022).

2.3. Tissue preparation

The tissue preparation protocol was based on a previous study
(Nojima et al., 2021). Mice were anesthetized with isoflurane (262KSQ,
Viatris, Japan), followed by blood collection via the abdominal vena
cava. Transcardial perfusion was performed with 30 mL of ice-cold
phosphate-buffered saline (PBS) followed by 40 mL of 4 % para-
formaldehyde (PFA) in PBS for each mouse. Brains were dissected and
post-fixed overnight in 4 % PFA in PBS at 4°C, then cryoprotected by
incubation in 30 % sucrose in PBS for 48 h at 4°C. The brains were then
embedded in optimal cutting temperature compound and frozen. Cor-
onal brain sections (30 pm in thickness) containing mPFC and HPC area
were cut using a cryostat (Leica CM1860, Leica Biosystems, Germany),
collected in series and preserved at —30°C until immunohistochemistry
was performed.
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Fig. 1. Generation of ABA mouse model. (A) Schematic for animal experiment. Female mice were divided into ABA and control groups. Mice BW was measured daily
at 10:00. ABA mice were provided running wheels, free food and water during acclimatization period, then limited to 2 h of feeding per day (10:00-12:00) from the
start of FR period — FRO. ABA group mice reaching ABA criterion (BW < 75 % baseline) were sacrificed after BW measurement. Control group mice were individually
housed in standard mouse cages and provided food and water freely throughout the experiment. At FR7, all remaining ABA and control mice were sacrificed. Mice
brain and blood samples were collected for analysis. (B) Change of mice BW from baseline and (C) amount of daily consumed food by ABA and control group mice,
with ABA mice decreased their BW and food consumption from the start of FR. (D) Diurnal activity transition of ABA group mice during FR, which the mice increased
activity level significantly during dark phase (gray background) and light phase (white background) compared to acclimatization period. Each dot represents the
mean and error bars represent standard error in each group. Data were analyzed using Mann-Whitney U test. Statistical significance is represented by asterisk: *

p < 0.05, ** p < 0.01. BW, bodyweight; ACC, acclimatization; FR, food restriction.

2.4. Corticosterone quantification

Plasma was obtained by centrifugation of whole blood at 845 x g for
15 min at RT, then stored at —80°C. Plasma corticosterone level was
measured using a corticosterone enzyme immunoassay kit (cat # ADI-
900-097, Enzo Life Sciences, USA). All samples were analyzed in
duplicate in a single fluorometry assay using a Multiskan FC microplate
photometer (Thermo Fisher, USA), according to the manufacturer’s
guidelines.

2.5. Immunohistochemistry

For each animal, three brain sections per investigated brain area
were randomly selected for staining (mPFC slices: Bregma 1.94-2.1 mm,
HPCd slices: Bregma —1.58 to —2.18 mm, HPCv: Bregma —3.28 to
—3.40 mm), total number of selected sections for each area: 24 for ABA
group, 15 for control group. The sections were washed twice in PBS for
5 min and treated with 0.2 % TritonX-100 in PBS for 10 min at RT.
Sections were then washed three times in PBS for 5 min, then incubated
with 10 % donkey serum (D9663, Sigma Aldrich, Japan) in PBS for 1 h
at RT. After serum solution removal, sections were incubated with rabbit
anti-parvalbumin antibody (PV25, Swant, Switzerland, 1:1000) and

biotinylated Wisteria floribunda agglutinin (WFA) (B-1355, Vector lab-
oratories, USA, 1:100) in PBS overnight at 4°C. After washing in PBS, the
sections were incubated with Alexa Fluor 647-conjugated donkey anti-
rabbit IgG (ab150075, Abcam, Cambridge, United Kingdom, 1:400) to
visualize PV neurons and Alexa Fluor 488-conjugated streptavidin
(S11223, Thermo Fisher Scientific, Japan, 1:400) to visualize WFA-
stained PNNs [WFA (+) PNNs] in PBS for 2 h at RT. After washing
with PBS, the sections were incubated in Neurotrace Nissl 530/615
(N21482, Thermo Fisher Scientific, Japan, 1:200) in 0.03 % TritonX-100
in PBS for 1 h at RT. The sections were then washed in PBS, mounted on
glass slides (MAS-01, Matsunami, Japan), dehydrated, cleaned with
clean water, and coverslipped using Dako fluorescent mounting medium
(S3023, Agilent Technologies, USA).

2.6. Image analysis of PV neurons and WFA (+) PNNs

A confocal microscope (Olympus FV3000, objective lens: 10 x, nu-
merical aperture 0.4, airy disk x 3) was used to acquire images con-
taining the entire desired analysis area, and the image capture
conditions were adjusted to avoid signal saturation and kept constant
across images in the same brain area. PolygonAl software (formerly
PIPSQUEAK) was used for image analysis, which employs an Al-based
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engine allowing automated region of interest (ROI) detection using a
preloaded detection model (Slaker et al., 2016). PV neuron and WFA (+)
PNN ROIs were marked using PolygonAl in semi-automated mode.
Background subtraction was performed across images in the same
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Table 1
Abbreviations used in figures legends.

Area Region Layer

setting, followed by detection of ROIs using a software preloaded M::;ii: refrontal  IL1 Infraimbic H Layer 1
“Parvalbumin” and “WFA” detection model. After automated detection, PLI Prelimbic L2/ Layer 2/3
the ROIs were manually reviewed and corrected. The numbers of an- 3
notated PV neuron and WFA (+) PNN ROIs in each group are listed in dAC  Dorsal anterior L5/ Layer 5/6
Supplemental Table. 1. Colocalization between PV neurons and WFA cingulate 6
MOs Secondary motor
(4+) PNNs was detected using the “Colocalize” function in PolygonAI cortex
(determined as > 80 % ROI overlap), which was used to classified ROIs Hippocampus CAld  CA1 dorsal SO Stratum oriens
into different populations: PV-stained neurons with WFA (+) PNNs CA3d  CA3 dorsal Sp Stratum pyramidale
enwrapping [PNN (+) PV neurons], PV-stained neurons without WFA DeGd dDemalte gyrus SR Stratum radiatum
(+) PNNs enwrapping [PNN (-) PV neurons], WFA (+) PNNs that CAlv c(;\rlsaventral SM Stratum lacunosum-
enwrap PV neurons [PV (+) PNNs], WFA (+) PNNs that enwrap non-PV moleculare
stained neurons [PV (-) PNNs]. The exported data from the PolygonAl CA3v  CA3 ventral MO  Molecular layer
results files were combined using a custom macro script in FILJI Subv  Subiculum $G  Granular layer
(Schindelin et al., 2012). Regional and layer borders were determined ventral 0 p
olymorph layer
from the Nissl channel using the Van De Werd criteria (Van De Werd
etal., 2010) for the mPFC (Fig. 2A), and the Reference Mouse Brain Atlas
of Allen Brain Atlas (https://atlas.brain-map.org/ n.d.) and Thompson
et al. and Dong et al. criteria (Thompson et al., 2008; Dong et al., 2009)
for the HPCd and HPCv (Fig. 2B, C). Table 1 listed the abbreviations of
A issi Medial
prefrontal
(cr:);t':e():() C Nissl Hippocampus

ventral (HPCv)

Regions

Hippocampus dorsal (HPCd)

Rgions

Fig. 2. Representative images of analyzed mouse brain areas and expression of PV and WFA in the brain areas. Representative images of the mPFC (A), HPCd (B), and
HPCv (C). Lower magnification images (A and C, top panel; B, left panel) show Nissl-stained image of each brain area. The yellow box indicates the approximate area
of the higher magnification images (A and C, bottom panel; B, right panel). Higher magnification images display mouse brain regions and layers. Double staining
using PV (magenta) and WFA (green) shows the distribution of PV neurons and WFA (+) PNNs. Scale bar: 500 um (A and C, top panel; B, left panel) and 200 um (A

and C, bottom panel; B, right panel). See Table 1 for abbreviations.
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areas and layers used in figures.
2.7. Data analysis

Data were extracted and calculated from the PolygonAl result files.
For expression analysis, the fluorescence intensity of each PV neuron
and WFA (+) PNN ROI was calculated as the ROI mean gray value
x area; WFA background intensity was subtracted from the fluorescence
intensity of each PNN, while no background subtraction was performed
for PV neurons because non-specific staining was negligible (Yamada
and Jinno, 2013). For density analysis, the density of PV neurons and
WFA (+) PNNs in each layer of each region was calculated by dividing
the number of detected ROIs by the layer area. The enwrapping status of
PV neurons and WFA (+) PNNs was determined from the ROI colocal-
ization results. The average value per mouse was used for group com-
parisons. Statistical significance between the ABA and control groups
was determined using the Mann-Whitney U test. Correlations with
blood corticosterone level were calculated using Spearman’s rank cor-
relation test. Statistical tests were performed using GraphPad Prism 10.
*, p < 0.05; **, p < 0.01; and ***, p < 0.001. The statistical threshold
was set at p < 0.05.

3. Results

3.1. ABA paradigm caused regional PNNs enhancement, while PV
neurons were not affected in the mPFC area

We first analyzed PV neurons and WFA (+) PNNs in the mPFC of ABA
mice, which was impaired in AN patients. We analyzed layer 2/3 (L2/3)
and L5/6 of the mPFC, while L1 was excluded because of the lack of
detectable WFA and PV signals (Fig. 3A). The ABA mice showed a sig-
nificant increase in WFA intensity in L2/3 of the prelimbic (PLI), L2/3 of
the dorsal anterior cingulate (dAC), and L2/3 and L5/6 of the secondary
motor cortex (MOs) compared with control mice (Fig. 3B). PNNs density
also significantly increased in L2/3 of the PLI and dAC in ABA mice
(Fig. 3C). However, no significant difference was found in PV intensity
(Fig. 3D) or PV neuron density (Fig. 3E) across all analyzed regions and
layers of the mPFC area. These results suggest that the ABA paradigm
causes regional PNN enhancement in the mPFC, whereas the PV neurons
are generally unaffected.

The ratio of PNNs formed around the PV neurons is another indica-
tion of plasticity (Hensch, 2005). The function of PV neurons can change
depending on whether they are enwrapped by PNNs, as previously re-
ported for PV neurons in the cortex (Carulli et al., 2010; Hou et al.,
2017), and PV neurons lacking PNNs may be more vulnerable (Morishita
et al., 2015). Therefore, we separated PV neurons and PNNs based on
enwrapping status and investigated whether the ABA paradigm could
shift the ratio of PNNs enwrapping PV neurons and its potential effect on
each population. We found a minor alteration in the PNN (+) PV neuron
ratio over PV neurons and PNNs in ABA mice (Supplementary Fig. 1),
suggesting that the distribution of PNN-enwrapped PV neurons was
almost unaffected by the ABA paradigm. In the PV (4) PNNs group of
ABA mice, there was an increase in WFA intensity in L2/3 of the PLI and
L5/6 of the MOs (Fig. 3F) but no change in PNN density (Fig. 3G). In
contrast, in the PV (-) PNNs group, WFA intensity increased in L2/3 of
the PLI and dAC (Fig. 3H), and a higher PNNs density was observed in
L5/6 of the infralimbic (ILI), L2/3 of the PLI, and L2/3 of the dAC in ABA
mice (Fig. 3I). We found no changes in PV intensity or PV neuron density
between ABA and control mice in the PNN (+) and PNN (-) PV neuron
groups in individual layers, except for L5/6 of the PLI (Supplementary
Fig. 2). Taken together, these results suggest that the ABA paradigm
enhances the PNN in PV-negative neurons in the mPFC area, although it
does not affect PV neurons whether with or without PNN enwrapping.
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3.2. ABA paradigm caused regional PV neurons reduction with PNN
alteration in HPCd area

The HPC is another potentially key brain area of ABA pathology,
which showed area-specific and differential longitudinal changes in AN
patients (Bahnsen et al., 2024); therefore, we next examined the
expression and density of PV and WFA in the dorsal part of the HPC in
ABA mice. We analyzed each layer of the CA1 dorsal (CA1d), CA3 dorsal
(CA3d), and dentate gyrus dorsal (DeGd) regions of the HPCd area,
except for the stratum lacunosum-moleculare (SM) layer in the CAld
and CA3d regions because of weak fluorescent signals in both ABA and
control mice (Fig. 4A). Quantitative analysis showed a significant in-
crease in WFA intensity in the stratum radiatum (SR) layer of CA1, with
no significant change in the other layers in ABA mice (Fig. 4B). PNN
density was higher in the SR but lower in the stratum pyramidale (SP) of
CAld in ABA mice (Fig. 4C). The PV intensity was similar between ABA
and control mice (Fig. 4D), and PV neuron density was reduced in the SP
of the CA3d, granular layer (SG), and polymorph layer (PO) of the DeGd
in ABA mice (Fig. 4E). These findings suggest a layer-dependent PNN
alteration and a reduction in the number of regional PV neurons in the
HPCd of ABA mice.

Next, we analyzed whether the populations of PNNs and PV neurons
were specifically altered in ABA mice. We compared the ratio of PNN (+)
PV neurons to the numbers of PV neurons and PNNs between ABA and
control mice, which showed no significant change (Supplementary
Fig. 3), suggesting that the ABA paradigm did not alter the formation of
PNNs enwrapping PV neurons in the HPCd. Analysis of different pop-
ulations of PNNs showed higher WFA intensity and lower PNN density of
PV (+) PNNs in ABA mice than in control mice in the same layers (SP of
CA3d and SG of DeGd) (Fig. 4F, G). We found alterations in WFA in-
tensity in limited layers (SP of CAld and SG of DeGd) and a higher
density of PNN in one layer (SR of CA1d) of PV (-) PNNs (Fig. 4H, I).
These changes in PNNs were not detected in these HPCd regions when
the overall PNNs population was analyzed (Fig. 4B, C). Lower PV neuron
density was observed in some layers of both PNN (+) PV neurons (SP of
CA3d and SG of DeGd) and PNN (-) PV neurons (SP of CA3d and PO of
DeGd) in ABA mice without PV intensity alteration (Supplementary
Fig. 4). This result was consistent with the decrease in the total PV
neuron density in the same layers (Fig. 4E). Together, these results
suggest that the ABA paradigm causes a subtle alteration in both PNNs
enwrapping PV-positive and PV-negative neurons, and that regional PV
neuron reduction is independent of the PNN enwrapping status in the
HPCd.

3.3. ABA paradigm caused regional increase in PNN distribution and
expression, but not PV neurons in HPCv

Following the analysis of the HPCd, we analyzed the HPCv area to
investigate the potential changes in PNNs and PV neurons along the HPC
longitudinal axis in ABA mice. We analyzed the CA1l ventral (CA1v),
CA3 ventral (CA3v), and subiculum ventral (Subv) regions of the HPCv,
excluding the SM layer, since the fluorescent signals of PV and WFA
were relatively weak (Fig. 5A). PNN changes in the ABA group mice
were found in the Subv region: a significant increase in WFA intensity in
the SP and SR layers of the Subv (Fig. 5B) and a significant increase in
PNN density in the SP layer of the Subv (Fig. 5C). No significant changes
in PNNs were observed for CAlv or CA3v. The PV fluorescence intensity
or neuron density remained unchanged throughout the analyzed regions
of the HPCv (Fig. 5D, E). These findings suggest that in the ABA para-
digm, PNNs are specifically enhanced in the Subv region, whereas PV
neurons are not affected in the HPCv.

Similar to the HPCd, there was no significant difference in the per-
centage of PNN (4) PV neurons over total PV neuron or total PNN
number between ABA and control mice in the HPCd (Supplementary
Fig. 5). We analyzed different populations of PNNs, excluding the SR
layer in CAlv, stratum oriens layer in CA3v, and SR layer in the Subv
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Fig. 3. Region-specific analysis of WFA (+) PNN and PV neuron expression and density in mPFC area of ABA mice. (A) Representative images of mPFC regions
stained with anti-PV (magenta) and WFA (green) in ABA and control groups. (B-E) The fluorescence intensity of WFA (B) and PV (D), and the density of WFA (+)
PNNs (C) and PV neurons (E) in individual layers of the mPFC were compared between ABA and control mice. (F-I) The fluorescence intensity of WFA (F, H) and the
density of WFA (+) PNNs (G, I) were analyzed in the PNNs enwrapping PV-positive neuron group (F, G) and PNNs enwrapping PV-negative neuron group (H, I). The
expression and density values of individual layers were compared between ABA and control mice. The plotted data are expressed as individual data point for each
mouse (n = 8 for ABA, n =5 for control). The black bars in each plot represent the mean in each mouse group. Data were analyzed using Mann-Whitney U test.
Etatistical significance is represented by asterisk: * p < 0.05, ** p < 0.01. See Table 1 for abbreviations.

regions because of the very low PNN count in these layers. In the PV (+)
PNN group, WFA intensity was increased in the SP of the Subv (Fig. 5F)
and PNN density was increased in the SP of the CA3v (Fig. 5G) in ABA
mice. In the PV (-) PNN group, PNN intensity and density were un-
changed between ABA and control mice (Fig. 5H, I). No changes in PV
neurons were found, except for an increase in PV intensity in the SP of
CAlv in the PNN (+) PV neuron group and the SP of Subv in the PNN (-)
PV neuron group (Supplementary Fig. 6). These findings suggest that PV
neuron-enwrapping PNNs preferably contribute to the increase in PNNs
expression, and that PV neurons are unaffected in the HPCv of ABA
mice.

3.4. ABA paradigm caused an increase in blood corticosterone level,
which preferably correlated with the alteration of PNNs

Our results showed that ABA mice had significantly higher blood
corticosterone levels than control mice (Fig. 6), suggesting that ABA
conditions are stressful for adolescent female mice. To determine the
relationship between the increase in corticosterone levels and the
alteration of PNNs and PV neurons, we performed a correlation analysis
between blood corticosterone levels and WFA (+) PNN and PV neuron
expression and density, and the results are listed in Table 2. In the mPFC
area, our results showed a significant and strong positive correlation
between blood corticosterone levels and WFA fluorescence intensity (in
L2/3 of PLI, L2/3 of dAC, and L2/3 and L5/6 of MOs) and PNNs density
(in L5/6 of ILI, L2/3 of PLI, and L2/3 of dAC). No significant correlation
was found between corticosterone levels and PV neuron fluorescence
intensity or density throughout the analyzed regions of the mPFC area.
In the HPCd and HPCv areas, only a limited number of analyzed layers
showed a significant correlation with corticosterone: positive correla-
tion with WFA intensity in the SR of Subv and SP of CA3v and PNNs
density in the SR of CAld, and negative correlation with PV neuron
density in the SP of CA3d. These results suggest that the ABA paradigm
causes an elevation in blood corticosterone levels, and there was a strong
correlation between corticosterone level increase and the upregulation
of PNN expression observed in the mPFC area.

4. Discussion

Our results showed that the ABA paradigm caused a regional
enhancement of PNNs in the mPFC area. PNNs expression and density
were significantly increased in all analyzed regions of the mPFC, except
for the ILI region in the ABA group. PNNs are flexible and their structure
and components can shift in response to changes in brain activity
(Nakamura et al., 2009; Carulli et al., 2010; McRae et al., 2012). Stress
generally causes PNN reduction in the mPFC in animal models (Perlman
et al,, 2021), however this is usually a result of long-term stress
(Gildawie et al., 2021; Ueno et al., 2017a). The seemingly unexpected
increase in PNN density in our results might be due to the shorter
duration of applied stress (maximum of 7 days under the ABA para-
digm). In agreement with this hypothesis, PNNs in the PFC were re-
ported to undergo a biphasic change: the PNN number initially increased
on day 7 and then decreased after 35 days of social isolation stress in
adolescent male rats (de Aratijo Costa Folha et al., 2017). Therefore, it is
possible that the PNNs of the mPFC were in an increasing phase when we
investigated ABA mouse brains. Interestingly, these newly formed PNNs
were likely found around neurons that were not stained with the PV
antibody. Further studies are required to identify the type of

PNN-bearing neurons and their roles in the pathophysiology of ABA.

In the HPC area, our results show that the ABA paradigm has a re-
gion- and layer-specific effect on PNNs, as well as dorsoventral differ-
ence. Complex changes in PNNs in the HPC have also been reported in
review studies on animal stress models (Laham and Gould, 2022; Perl-
man et al., 2021). There was a tendency for increased intensity and
density of PNNs in the HPC of ABA mice, albeit less obvious than in the
mPFC area, therefore HPC plasticity is likely reduced under the acute
ABA paradigm, which is consistent with previous reports on HPC plas-
ticity using the ABA model (Chowdhury et al., 2014b, 2014a; Mottarlini
etal., 2024). The decrease in PNN density observed in the SP layer of the
CA1d could be a result of excessive running in ABA mice, as exercise
alone can decrease PNNs density in the CAld (Terstege et al., 2024), and
the CAl area usually shows early PNN reduction in the stress model
(Ueno et al., 2017a; Koskinen et al., 2020). Circadian rhythm is another
potential factor. Previous reports have provided evidence of altered
circadian rhythm in AN patients (Carollo et al., 2023; Herpertz et al.,
1998) and ABA mice (Gabloffsky et al., 2022; Salaiin et al., 2024). The
mPFC and HPC showed a diurnal rhythm of WFA (4) PNNs density
(Pantazopoulos et al., 2020). As ABA mice run much more during the
light phase (Beeler et al., 2021; Kuriyama et al., 2023), there is a pos-
sibility that the PNNs in the brains of ABA mice have an abnormal
rhythm, as shown in our results, as we collected and analyzed brain
samples from both ABA and control mice during the same time period.

As for PV neurons, our results showed that PV neurons in the mPFC
and HPC areas of the ABA mouse brain were generally not affected. PV
interneurons are highly vulnerable to stressors because of their sub-
stantial energy requirements, strong excitatory drive, and unique
developmental trajectory (Rymar and Sadikot, 2007; Kann et al., 2011;
Whittaker et al., 2011; Lu et al., 2014). Generally, stress is one of the
main causes of PV neuron vulnerability, as reported from an extensive
number of studies: a decrease in PV protein expression in the adolescent
mPFC, with little evidence of changes in the HPC, and mixed results in
PV neuron density (reviewed by Perlman et al., 2021). The modest
reduction in PV neurons in our study can again be related to the duration
of the ABA paradigm. PV neuron loss usually occurs after continuous
chronic stress (Ueno et al., 2018), or as a sequence of stresses during the
early age stage (Cabungcal et al., 2013; Gildawie et al., 2021). In fact,
the effect of stress during adolescence on PV interneurons in the mPFC
and HPC can be extremely variable, depending on the type of stressor,
age at which the animals are exposed, and sex (Perez-Rando et al.,
2022). Although not using adolescent age model, the number of PV
neurons in the HPC area was reported to decrease after chronic stress,
not acute stress in the male rat (Filipovic et al., 2013). Therefore, the
duration of the ABA paradigm in our study may not have been long
enough to manifest a more substantial reduction in PV neurons.
Furthermore, there is evidence that chronic stress has a greater impact
on PV neurons in the HPCd than in the HPCv (Czéh et al., 2015; Rossetti
et al., 2018), which could explain why a reduction in PV neuron number
was found in the HPCd but not in the HPCv in our results. Another
possibility is that diminishing PV neurons are due to the downregulation
of protein markers, which causes them to be undetected by immuno-
histochemistry rather than neuronal death, and is a region-specific
adaptive response against stress (Csabai et al., 2016; Czéh et al.,
2018). The alteration of PV neurons observed in our study could be a
sign of such a response when the mice were exposed to ABA stress.

We showed that the acute ABA paradigm in adolescent female mice
caused a significant increase in blood corticosterone levels, which has
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Fig. 4. Region-specific analysis of WFA (4) PNN and PV neuron expression and density in HPCd area of ABA mice. (A) Representative images of HPCd regions
stained with anti-PV (Magenta) and WFA (green) in ABA and control groups. (B-E) The fluorescence intensity of WFA (B) and PV (D), and the density of WFA (+)
PNNs (C) and PV neurons (E) in individual layers of the HPCd were compared between ABA and control mice. (F-I) The fluorescence intensity of WFA (F, H) and the
density of WFA (4) PNNs (G, I) were analyzed in the PNNs enwrapping PV-positive neuron group (F, G) and PNNs enwrapping PV-negative neurons group (H, I). The
expression and density values of individual layers were compared between ABA and control mice. The plotted data are expressed as individual data point for each
mouse (n = 8 for ABA, n =5 for control). The black bars in each plot represent the mean in each mouse group. Data were analyzed using Mann-Whitney U test.
Statistical significance is represented by asterisk: * p < 0.05, ** p < 0.01. See Table 1 for abbreviations.



H.D. Nguyen et al. Neuroscience Research 218 (2025) 104922

A Hippocampus ventral (HPCv)

ABA
C A Control

o)

5
<
>15000 <800 : :
® € : :
8§ £ 600 A : :
£10000 > 8 : :
£ G 400 : :
o 7} & A ;
g 0% " 200 ¥ ;
] z : LYY
z ° S R Y o o =
H n v uo o O » O »
CA1lv CA3v Subv
§ T
15000 £ 800 :
- 2 600 :
ﬁwooo ] & ﬁ A ; i &
€ 3 400 2y
[ {2} < 1 - %
g 0% § 200 . 5 &
- 3 i b4 % H
g 0 2 ° i o :—j :
= 2> o ¥ o o o
z o S & & & 2 & &
CA1lv CA3v Subv CA1lv CA3v Subv
F PV (+) PNNs " G PV (+) PNNs
2 g
Sy TR g0y
£ 15000 * E4001 2 ﬁﬁ
£ S f i ¢ i —_ 2300 Al
£10000 & = 4 ® 2 A
8 4 4 £200 & & P
£ s T 54
2 0 = 0 : : e :
e o ¥ ¥ o o @ o o oL
H 2 &5 5 5 6 3 & % 2 & 5 65 6 3 & &
CA1v CA3v Subv CA1v CA3v Subv
H PV (-) PNNs | PV (-) PNNs
2
10000 - : £200 : :
% S : = At :
g 80 0 A S50 o0 .00
< 6000 Qi - Lol B
$ 4000 il 3 $ sio i — 4
o : 5 H 3
£ 2000 : 2 %0 i : : ¥
: 2 T L £, : iR :
<
o ¥ x o o @ o xx ¥ o o
£ 2 &5 5 %5 6 3 & & 2 &5 5 %5 6 3 & %
CA1v CA3v Subv CA1v CA3v Subv

Fig. 5. Region-specific analysis of WFA (4+) PNN and PV neuron expression and density in HPCv area of ABA mice. (A) Representative images of HPCv regions
stained with anti-PV (magenta) and WFA (green) in ABA and control groups. (B-E) The fluorescence intensity of WFA (B) and PV (D), and density of WFA (+) PNNs
(C) and PV neurons (E) in individual layers of the HPCv were compared between ABA and control mice. (F-I) The fluorescence intensity of WFA (F, H) and the density
of WFA (+) PNNs (G, I) were analyzed in the PNNs enwrapping PV-positive neuron group (F, G) and PNNs enwrapping PV-negative neurons group (H, I). The
expression and density values of individual layers were compared between ABA and control mice. The plotted data are expressed as individual data point for each
mouse (n = 8 for ABA, n =5 for control). The black bars in each plot represent the mean in each mouse group. Data were analyzed using Mann-Whitney U test.
Statistical significance is represented by asterisk: * p < 0.05. See Table 1 for abbreviations.



H.D. Nguyen et al.

:-E‘ p = 0.002
S % %k

£ 800

2

S 600 I_T_?

2 400 ¢ i

[e]

S 200 | I -
t A
8 o

B ABA  Control
o]

o

Fig. 6. Blood corticosterone levels in ABA and control mice. Blood corticoste-
rone levels in ABA and control mice were measured and compared. The plotted
data are expressed as individual data point for each mouse (n =8 for ABA,
n = 5 for control). The bar charts in each plot represent the mean, and the error
bars represent the standard deviation in each mouse group. Data were analyzed
using the Mann-Whitney U test. Statistical significance is represented by
asterisk: ** p < 0.01.

also been reported in previous ABA studies using adolescent animals
(Belmonte et al., 2016; Mottarlini et al., 2024). Correlation analysis
showed that corticosterone levels were positively correlated with PNN
intensity and density in certain PNN populations, focusing on the mPFC.
However, no significant correlation was found between corticosterone
levels and PV neuron intensity and density in the analyzed areas. These
results imply that corticosterone may play a role in regional changes in
PNNs and, less likely, PV neurons in the ABA model. Corticoid receptors

Table 2
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are abundantly expressed in neurons of the mPFC and HPC (de Kloet
etal., 2005; Kraus et al., 2022), both of which show changes in neuronal
activity and play a role in regulating glucocorticoid release in response
to stress (Mora et al., 2012). PV neuron vulnerability is often accom-
panied by long-term corticosteroid treatment (Buret and van den Buuse,
2014; Hu et al., 2024); therefore, the shorter duration of increasing
corticosterone in the acute ABA paradigm might not cause substantial
changes in PV neurons. Acute glucocorticoid treatment may enhance
GABAergic transmission in HPC (Hu et al., 2010). It is possible that
corticosterone influences PNNs via glial cells, as they can synthesize and
break down PNNs components (Crapser et al., 2019; Ribot et al., 2021;
Tansley et al., 2022), and there is evidence linking stress and gluco-
corticoids to glial cell function (Jauregui-Huerta et al., 2010; Tewari
et al., 2022). Studies exploring the effect of corticosterone on PNNs in
the mPFC and HPC are still lacking; however, corticosterone treatment
for 2 weeks resulted in a significant increase in the level of brevican, one
of the main PNN components (Favuzzi et al., 2017), and a significant
increase in PNN intensity in the HPC (Alaiyed et al., 2020). Further
studies are required to uncover the molecular pathway underlying the
effect of corticosterone on PV neurons and PNNs.

The main limitation of this study is the lack of characterization and
neuronal function analysis, such as neuron subtypes identification, PNN
components evaluation, excitatory-inhibitory neurotransmission bal-
ance measurement. Therefore, additional investigations such as
comprehensive gene expression analysis and evaluation of neural ac-
tivity are required.

In conclusion, our results demonstrated the effect of the ABA para-
digm in adolescent female mice on PNNs, which showed a regional

Correlation analysis between blood corticosterone level and the expression and density of WFA (4) PNNs and PV neurons.

mPFC Correlation with corticosterone level
WFA fluorescence intensity WFA (+) PNN density PV fluorescence intensity PV neuron density
Region Layer Spearman r ) Spearman r P Spearman r P Spearman r P
ILI L2/3 0.451 0.125 0.426 —0.291 0.334 0.225 0.459
L5/6 0.099 0.751 0.027 0.022 0.949 0.379 0.203
PLI L2/3 0.769** 0.003 0.0004 —0.082 0.793 0.126 0.683
L5/6 0.341 0.255 0.067 —0.181 0.554 0.242 0.426
dAC L2/3 0.753** 0.004 0.003 0.368 0.217 0.126 0.683
L5/6 0.291 0.334 0.554 0.165 0.591 0.440 0.135
MOs L2/3 0.830%** 0.001 0.061 0.192 0.529 0.225 0.459
L5/6 0.659* 0.017 0.426 —0.055 0.863 0.121 0.696
HPCd Correlation with corticosterone level
WFA fluorescence intensity WFA (+) PNN density PV fluorescence intensity PV neuron density
Region Layer Spearman r p Spearman r P Spearman r P Spearman r P
CAld SO —0.247 0.415 0.286 0.344 -0.313 0.298 0.137 0.656
SP 0.033 0.921 —0.550 0.055 0.374 0.210 —0.440 0.135
SR 0.506 0.081 0.764** 0.003 0.242 0.426 0.555 0.053
CA3d SO -0.115 0.710 0.335 0.263 0.258 0.394 —-0.110 0.723
SP 0.176 0.566 —0.368 0.217 0.308 0.306 —0.615* 0.028
SR 0.077 0.806 0.236 0.437 0.275 0.363 —0.187 0.541
DeGd MO —0.038 0.906 —0.225 0.459 0.308 0.306 —0.093 0.765
SG 0.324 0.280 —0.434 0.141 0.511 0.078 —0.528 0.067
PO 0.412 0.164 —0.506 0.081 —0.071 0.821 —0.539 0.061
HPCv Correlation with corticosterone level
WFA fluorescence intensity WFA (+) PNN density PV fluorescence intensity PV neuron density
Region Layer Spearman r P Spearman r P Spearman r P Spearman r P
CAlv SO 0.027 0.935 0.027 0.935 0.478 0.101 —-0.187 0.541
SP 0.291 0.334 —-0.187 0.541 0.390 0.189 —0.467 0.110
SR —0.149 0.636 —0.026 0.939 —0.066 0.835 —0.313 0.298
CA3v SR 0.033 0.921 0.093 0.765 0.165 0.591 —-0.220 0.470
SP —0.033 0.921 —0.071 0.821 0.566* 0.047 0.005 0.993
SO —0.225 0.455 —0.249 0.409 0.286 0.344 —0.324 0.280
Subv SP 0.517 0.074 —0.033 0.921 0.445 0.130 -0.121 0.696
SR 0.591* 0.037 0.478 0.102 0.093 0.765 0.093 0.765

Data were analyzed using Spearman’s rank correlation test. Statistical significance is represented by asterisk: * p < 0.05, ** p < 0.01, *** p < 0.001. See Table 1 for

abbreviations.
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increase of PNNs preferably in the mPFC and positively correlated with
blood corticosterone level, and PV neurons which were generally un-
affected. We hypothesized that these changes represent the adaptive
responses of PV neurons and PNNs in the acute phase of stress-driven
ABA in mice. Our results provide insights into the roles of PV neurons
and PNNs in ABA and AN molecular pathophysiology and their potential
as markers for intervention.
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