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ABSTRACT

BACKGROUND: Psychiatric disorders often emerge during late adolescence/early adulthood, a period with increased
susceptibility to socioenvironmental factors that coincides with incomplete parvalbumin interneuron (PVI) develop-
ment. Stress during this period causes functional loss of PVIs in the ventral hippocampus (vHip), which has been
associated with dopamine system overdrive. This vulnerability persists until the appearance of perineuronal nets
(PNNs) around PVis. We assessed the long-lasting effects of adolescent or adult stress on behavior, ventral tegmental
area dopamine neuron activity, and the number of PVIs and their associated PNNs in the vHip. Additionally, we tested
whether PNN removal in the vHip of adult rats, proposed to reset PVIs to a juvenile-like state, would recreate an
adolescent-like phenotype of stress susceptibility.

METHODS: Male rats underwent a 10-day stress protocol during adolescence or adulthood. Three to 4 weeks
poststress, we evaluated behaviors related to anxiety, sociability, and cognition, ventral tegmental area dopamine
neuron activity, and the number of PV* and PNN™ cells in the vHip. Furthermore, adult animals received intra-
vHip infusion of ChABC (chondroitinase ABC) to degrade PNNs before undergoing stress.

RESULTS: Unlike adult stress, adolescent stress induced anxiety responses, reduced sociability, cognitive deficits,
ventral tegmental area dopamine system overdrive, and decreased PV" and PNN™ cells in the vHip. However, intra-
vHip ChABC infusion caused the adult stress to produce changes similar to the ones observed after adolescent
stress.

CONCLUSIONS: Our findings underscore adolescence as a period of heightened vulnerability to the long-lasting
impact of stress and highlight the protective role of PNNs against stress-induced damage in PVis.

https://doi.org/10.1016/j.bpsgos.2024.100338

Adolescence is a period of heightened susceptibility to the
development of psychiatric disorders (1,2). During this period,
neural structures are highly plastic and particularly sensitive to
adverse socioenvironmental factors (3). Clinical evidence in-
dicates that there is an association between psychosocial
adversities and trauma during adolescence with the onset of
mental illnesses, such as depression, anxiety disorders, and
schizophrenia (4-8).

Adolescent stress affects brain regions that are essential for
regulating stress response, such as the prefrontal cortex (PFC),
basolateral amygdala, and ventral hippocampus (vHip) (9-11).
Alterations in the activity of these regions caused by adoles-
cent stress have been linked to impairments in parvalbumin-
expressing GABAergic (gamma-aminobutyric acidergic) in-
terneurons (PVIs) (2,12), which play a critical role in synchro-
nizing the activity of glutamatergic pyramidal neurons and,
consequently, in maintaining an excitatory-inhibitory balance
(13,14).

During adolescence, PVIs exhibit higher plasticity in terms
of excitatory drive and functional activity (3,15), which ren-
ders them particularly vulnerable to stress-induced damage
(2). The period of vulnerability for PVIs persists until adulthood
and the full emergence of perineuronal nets (PNNs), a
glycosaminoglycan extracellular matrix (16,17) surrounding
the PVIs, which coincides with their maturation (18). PNNs act
as a physical barrier that offers stability to glutamatergic in-
puts and shields PVIs from oxidative and metabolic damage
(19,20). Therefore, during adolescence, when PNNs are not
entirely formed, PVIs are more susceptible to stress-induced
damage, which could contribute to the development of psy-
chiatric disorders (2,18). We previously found that, unlike
stress applied to adult animals, stress during adolescence
caused PVI deficits in the vHip, which were associated with
behavioral abnormalities, increased activity of pyramidal
neurons in the vHip, and ventral tegmental area (VTA) dopa-
mine system overdrive (18,21,22).
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Here, we evaluated the impact of stress during adolescence
and adulthood on behavior, including responses related to
anxiety, sociability, cognitive function, VTA dopamine system
activity, and the number of PV" and PNN™ cells in the vHip. In
addition, because PNNs have a protective role against damage
to PVlIs, we tested whether the chemical removal of PNNs in
the vHip through the local infusion of ChABC (chondroitinase
ABC), an enzyme that degrades PNNs (23), in adulthood (a
period during which PNNs are fully formed around PVIs) would
recreate an adolescent-like phenotype of stress susceptibility.

METHODS AND MATERIALS

Animals

Male Sprague Dawley rats obtained from Central Animal
House of the University of Sdo Paulo, Ribeirdo Préto Campus,
were housed in groups of 2 to 3 per microisolated cage, with
water and food available ad libitum, and under standard lab-
oratory conditions. Animals from the same experimental group
were housed together. All procedures followed Brazilian and
international regulations for the care and use of laboratory
animals and were approved by the Ribeirdo Préto Medical
School Ethical Committee (#155/2018).

Stress Protocol

The animals were subjected to the following combination of
footshock and restraint stress, as previously described
(18,21,22,24). Briefly, rats were exposed to daily footshocks for
10 days during adolescence (between postnatal day [PND] 31
and 40) or adulthood (between PND 61 and 70 or PND 64 and
73 in animals subjected to surgery). During each session, 25
randomized footshocks (1.0 mA, 2 seconds) were delivered
every 60 * 20 seconds. Rats were also subjected to 3 restraint
stress sessions (days 1, 2, and 10) for 1 hour during which they
were placed inside an acrylic tube of an age-adjustable size
immediately after the footshock session. Naive animals were
left undisturbed in their home cages in the animal room.

Between 3 and 4 weeks after the stress exposure, animals
were tested for anxiety-related responses (light-dark box
[LDB]), sociability (social interaction), and cognitive function
(novel object recognition [NOR] test). After that, some animals
were subjected to VTA dopamine system activity evaluation
through in vivo electrophysiology, and others were assessed
for PV* and PNN™ cells in the vHip.

Only male rats were used in this study (a total of 163)
because we previously found that female adolescent rats were
resistant to presenting behavioral and electrophysiological
changes after exposure to the same stress protocol (25).

Behavioral Tests

Animals were tested in LDB, social interaction, and NOR tests.
Please see the Supplement for a detailed description of these
behavioral tests.

In Vivo Electrophysiological Activity of VTA
Dopamine Neurons

Extracellular single-cell electrophysiological recordings were
performed in animals anesthetized with 8% chloral hydrate
(400 mg/kg, intraperitoneally). After positioning the animal in a
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stereotaxic frame, the coordinates used to record the activity
of VTA dopamine neurons were 5.3 mm posterior to bregma,
0.6 mm lateral to the midline, and 6.5 to 9.0 mm ventral from
the brain surface. Glass electrodes filled with 2% Chicago Sky
Blue in 2M NaCl were lowered through 6 to 9 vertical tracks in
a predetermined pattern (26). The number of spontaneously
active dopamine neurons identified according to established
criteria (27), their firing rate, and the percentage of spikes in
burst were recorded. At the end of the recording, Chicago Sky
Blue dye from the electrode was infused via iontophoresis (20
LA constant negative current, 20 minutes) for histological
confirmation of the electrode sites.

Immunofluorescence for PV/PNN Expression in the
vHip

After the behavioral tests, animals not subjected to VTA
dopamine neuron recordings were anesthetized and perfused
with  0.1M phosphate-buffered saline and 4% para-
formaldehyde. Brains were removed and kept in 4% para-
formaldehyde for 2 hours and then placed in 30% sucrose
solution for 30 hours. For each animal, 5 to 6 tissue sections
(30 um thick) covering the rostrocaudal axis were collected and
subjected to the free-floating immunofluorescence method to
evaluate the expression of PV and PNNs in the vHip, more
specifically in the ventral subiculum subregion of the vHip.
Sections were incubated with a combination of 1% fetal bovine
serum, goat anti-PV antibody (1:150) (#ab32895; Abcam), and
biotinylated Wisteria floribunda agglutinin (1:500) (#FL-1351-2;
Vector Laboratories) for 18 hours at 4 °C. Wisteria floribunda
agglutinin is currently the most often used marker for PNNs,
binding to N-acetylgalactosamine residues in CSPGs (chon-
droitin sulfate proteoglycans) and enabling their visualization in
imaging studies (28). Next, the sections were incubated with a
solution containing 1% fetal bovine serum, donkey anti-goat
AlexaFluor 594 (1:300) (#A-11058; Invitrogen), and AlexaFluor
488 conjugated to streptavidin (1:1000) (#S11223; Invitrogen)
for 2 hours at room temperature. The slides were mounted with
a mounting medium containing DAPI (#ab104139; Abcam) to
visualize the borders of the ventral subiculum. Image acquisi-
tion was conducted using the Leica TCS SP5 confocal mi-
croscope and the Leica Application Suite software (see the
Supplement for details of image acquisition and analysis).

Degradation of PNNs in the vHip Through
Chondroitinase Infusion

Rats (PND 55-58) were anesthetized with isoflurane and sub-
jected to stereotaxic surgery for bilateral infusion of ChABC
from Proteus vulgaris (0.05 U/uL in 0.75 pL) (Sigma) or peni-
cillinase from Bacillus cereus (an inert enzyme in mammals
used as a control; 0.05 U/uL in 0.75 pL) (Sigma) into 2 vHip
regions. The coordinates were 5.3 mm posterior to bregma, 4.4
mm lateral to the midline, and 6.8 and 7.3 mm ventral to the
brain surface. The animals were subjected to a combination of
stressors 1 week after surgery. Subsequently (3-4 weeks after
the end of stress), the behavioral changes and VTA dopamine
neuron activity or PV/PNN expression in the vHip were
measured.
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Statistical Analyses RESULTS

Data were presented as the mean = SEM. We verified whether
all data followed the homogeneity of variances (Bartlett’s test)
and the normal distribution (Shapiro-Wilk’s test). Data that met
these parameters were subjected to parametric analysis [2-
way analysis of variance (ANOVA) followed by Tukey’s post- ~ The animals (1 = 12/group) were subjected to stress during
test or Student’s t test]. Otherwise, they were subjected to  adolescence (PND 31-40) or adulthood (PND 61-70). Between
nonparametric analysis (Kruskal-Wallis followed by Dunn’s 3 and 4 weeks later, animals were tested for anxiety (LDB),
test). For the 2-way ANOVA, condition (naive and stressed) and sociability (social interaction test), and cognitive function (NOR
stress period (adolescence and adulthood) or treatment  test). After the behavior tests, animals underwent VTA dopa-

Adolescent Stress Causes Long-Term Behavioral
Impairments and Increased VTA Dopamine System
Activity in Adult Animals

(penicillinase and ChABC) were considered as the main fac- mine neuron recordings or evaluation of PV and PNN™ cells in
tors. At the end of the behavioral tests, we calculated a  the vHip (Figure 1A).

behavioral z score (29) to reduce the intrinsic variability of Adolescent stress causes the adult animal to spend less time
single behavioral tests and provide a more reliable character-  in the light compartment of the LDB, indicating a preference for

ization of the impact of stress on each animal’s behavior (see =~ dark spaces, which may suggest anxiety-like behavior
the Supplement for details). Pearson correlation analyses were  (Figure 1B). The Kruskal-Wallis test indicated a significant effect
performed to examine correlations between the behavioral z (H = 14.86, p < .05). Dunn’s posttest showed that the explo-
score and changes in PV*, PNN™, and PV*/PNN™ cells in the ration time of the light zone in animals exposed to adolescent

vHip after adolescent and adult stress. The significance level ~ stress was significantly lower (o < .05 vs. naive animals from the
was set at p < .05. adolescent stress protocol). Stress also caused the animals to
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Figure 1. Long-term impact of adolescent and adult stress on behavioral and VTA dopamine system activity in adult animals. (A) Experimental design of
procedures carried out to evaluate the impact of stress during adolescence (PND 31-40) and adulthood (PND 61-70) on anxiety (LDB), sociability (Sl), cognition
(NOR test; n = 12/group), and VTA dopamine system activity through in vivo electrophysiology (n = 6/group). Animals that did not undergo VTA recordings were
perfused to evaluate PV and PNN expression in the ventral hippocampus (Figure 2). (B) Adolescent stress-induced anxiety-like response in the LDB test
indicated by a decrease in light zone exploration (1 outlier from the adult stress group identified by the ROUT test was removed from the analysis). (C)
Adolescent and adult stress decreased Sl. (D) Adolescent stress also impaired discrimination memory in the NOR test. (E) A higher behavioral z score was
observed for animals that were exposed to adolescent stress, suggesting a higher deleterious impact of an adolescent than adult stress on behavioral
performance. In addition, (F) adolescent stress increased the number of spontaneously active dopamine neurons in the VTA. There was also (G) a stress effect
in the firing rate, (H) but with no changes in the burst activity (adolescent stress—naive: 48 cells, stress: 77 cells; adult stress —naive: 60 cells, stress: 49 cells).
Data represent mean + SEM. For the exploration of the light compartment in the LDB, the discrimination index in the NOR test, and the behavioral z score, *p <
.05 after the Kruskal-Wallis test followed by Dunn’s posttest. For the other parameters, *p < .05 after 2-way ANOVA followed by Tukey’s posttest. DA,
dopamine; IF, immunofluorescence; LDB, light-dark box; NOR, novel object recognition; PND, postnatal day; PNN, perineuronal net; PV, parvalbumin; SI,
social interaction; VTA, ventral tegmental area.
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show lower sociability (Figure 1C). A 2-way ANOVA revealed an
effect of stress (Fq44 = 7.26, p < .05) but no effect of stress
period and no interaction. Regarding cognitive function, the
Kruskal-Wallis test indicated a significant effect in the NOR test
(H = 12.94, p < .05). Dunn’s posttest indicated that animals
exposed to adolescent stress presented a lower discrimination
index (p < .05 vs. naive animals from the adolescent stress
protocol) (Figure 1D).

Using the behavioral z score approach, we found that
adolescent stress caused more marked, long-lasting behav-
ioral deficits than adult stress (Figure 1E). The Kruskal-Wallis
test indicated a significant effect (H = 23.19, p < .05).
Dunn’s posttest revealed a significantly higher behavioral z
score caused by adolescent stress (p < .05 vs. all groups),
suggesting a more pronounced impact of stress on the ani-
mals’ overall performance.

In addition, similar to our previous findings (18,21,22),
adolescent stress caused the animals to present a significantly
higher VTA dopamine neuron population activity in adulthood
than naive animals (n = 6/group) (Figure 1F). A 2-way ANOVA
indicated an effect of stress (F; o0 = 9.51, p < .05), stress period
(F1.20 =4.64, p < .05), and the interaction between them (Fy 20 =
18.29, p < .05). Tukey’s posttest showed that the number of
spontaneously active VTA dopamine neurons was significantly
higher in adulthood after adolescent stress (p < .05 vs. naive
animals from the adolescent stress protocol), which was not
observed after adult stress. Following stress exposure, there
was also higher firing of VTA dopamine neurons (stress effect:
Fi203 = 6.6, p < .05) (Figure 1G) but with no effect of stress
period and no interaction. However, no change was observed in
the burst activity after adolescent or adult stress (Figure 1H).

Adolescent Stress Decreases PV" and PNN* Cells
in the vHip in Adult Animals

Animals not subjected to electrophysiology (n = 6/group) were
perfused for subsequent immunofluorescence to investigate

PNNs and Stress Susceptibility

the long-term impact of adolescent and adult stress on the
expression of PV and PNN in the vHip (Figure 2A, B). Overall,
animals exposed to adolescent but not adult stress had
significantly lower numbers of PV* cells, PNN content, and
PV~ cells surrounded by PNNs, which correlated with behav-
ioral deficits. Regarding the number of PV' cells, a 2-way
ANOVA indicated an effect of stress (F120 = 12.88, p < .05)
and interaction between stress and stress period (F120 =
23.74, p < .05), with no effect of the stress period. As for the
number of PNN™ cells, there was an interaction between stress
and stress period (F120 = 22.13, p < .05), with no effect of
stress or stress period. Concerning PV*/PNN™ cells, there was
an effect of stress (Fy 20 = 11.39, p < .05) and interaction be-
tween stress and stress period (F1 20 = 5.69, p < .05) but no
impact of stress period. Tukey’s posttest indicated a signifi-
cant reduction in PV*", PNN™, and PV"/PNN" cells caused by
adolescent stress (p < .05 vs. naive animals from the
adolescent stress protocol). In magnitude, adolescent stress
decreased the number of PV*, PNN*, and PV*/PNN™ cells by
36%, 27%, and 29%, respectively. In contrast, adult stress did
not induce such changes.

Furthermore, correlation analysis indicated that the higher
the detrimental impact of adolescent stress on behavioral
performance (behavioral z score), the lower the number of PV ™,
PNN™, and PV*/PNN™ cells in the vHip (Figure 2C). This was
not observed after adult stress (Figure S1).

PNN Degradation in the vHip Recreates an
Adolescent-Like Phenotype of Stress Susceptibility
in Adult Animals

To evaluate the effectiveness of ChABC infusion on PNN
degradation, an independent group of nonstressed animals
received a bilateral injection of ChABC or penicillinase into the
vHip at PND 56-58 (n = 4-5/group) (Figure 3A). Their brains
were collected on what would be equivalent to the first (PND
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Figure 2. Impact of adolescent and adult stress on PV", PNN™, and PV*/PNN" cells in the vHip in adulthood. (A) Adolescent stress decreased the number
of PV*, PNN™, and PV*/PNN™ cells in the vHip of adult animals (n = 6/group). Data represent mean = SEM. *p < .05, 2-way ANOVA followed by Tukey’s
posttest. (B) Representative images of the vHip showing lower expression of PV/PNNs after adolescent stress (green: PNNs; red: PV; blue: cell nucleus). Image
acquired on the Leica TCS SP5 confocal microscope at 20X magnitude. Scale bar = 100 um. (C) Pearson’s correlation analysis indicated a significant negative
correlation between the behavioral z score and the number of PV*, PNN™, and PV*/PNN™ cells in the vHip, indicating that the lower the number of PV*, PNN™,
and PV*/PNN™ cells in the vHip, the higher the detrimental impact of adolescent stress on behavior was. PNN, perineuronal net; PV, parvalbumin; vHip, ventral

hippocampus.
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Figure 3. ChABC intra-vHip combined with adult stress causes the rats to show behavioral deficits and changes in VTA dopamine system activity similar to
those found after adolescent stress. (A) ChABC or penicillinase (control) was infused into the vHip of an independent group of animals (not exposed to stress)
that were perfused on what would be the first (PND 64) and last (PND 73) day of adult stress to evaluate local PNN degradation caused by ChABC (n = 4-5/
group). (B) ChABC intra-vHip decreased the number of PNN* and PV*/PNN™ cells on PND 64 and PND 73, as evidenced by their respective representative
images of the vHip (green: PNNs; red: PV; blue: cell nucleus). Image acquired on the Leica TCS SP5 confocal microscope at 20X magnitude. Scale bar = 100
um. Data represent mean + SEM. *p < .05, unpaired Student’s t test. (C) After ChABC or penicillinase infusion into the vHip, animals were subjected to adult
stress following behavioral (n = 12/group) and electrophysiological (n = 6-7/group) assessment. Animals that did not undergo VTA recordings were perfused to
evaluate PV and PNN expression in the vHip (Figure 4). (D) No change in the amount of time spent in the light compartment of the LDB was observed. However,
the combination of ChABC intra-vHip and adult stress caused the animals to show (E) decreased social interaction and (F) cognitive impairment on the NOR
test and (G) led to a higher behavioral z score than the other groups, indicating a higher impact of stress on behavior that is similar to that found after
adolescent stress. In addition, similar to adolescent stress, (H) the combination of ChABC intra-vHip and adult stress caused the animals to show increased
VTA dopamine neuron population activity. Data represent mean += SEM. For social interaction time, behavioral z score, and the number of spontaneously
active VTA dopamine neurons, “p < .05 after the Kruskal-Wallis test followed by Dunn’s posttest. For the other parameters, *p < .05 after 2-way ANOVA
followed by Tukey’s posttest. ChABC, chondroitinase ABC; DA, dopamine; IF, immunofluorescence; LDB, light-dark box; NOR, novel object recognition; PND,
postnatal day; PNN, perineuronal net; PV, parvalbumin; Sl, social interaction; vHip, ventral hippocampus; VTA, ventral tegmental area.

intra-vHip ChABC degraded PNNs during this period, poten-
tially rendering PVIs more vulnerable to the adverse effects of

64) and last (PND 73) day of the adult stress protocol to verify
PNN degradation (Figure 3B). At both time points, Student’s t

tests indicated that ChABC caused the animals to present
significantly lower number of PNN* cells (PND 64: 31%
reduction, tg = 2.67, p < .05; PND 73: 25% reduction, t; = 3.00,
p < .05), including PV* cells surrounded by PNNs (PND 64:
39% reduction, tg = 3.60, p < .05; PND 73: 48% reduction, t; =
2.42, p < .05) (Figure 3B). There was no difference in the
number of PV* cells (Figure S2). These findings suggest that

stress.

After confirming PNN degradation, animals (n = 12/group) were
subjected to stereotaxic surgery for ChABC or penicillinase infu-
sion into the vHip and were subsequently exposed to adult stress
(PND 63-74), being tested 3-4 weeks later (Figure 3C).

In the LDB test, no change in the time spent in the light

compartment was observed

(Figure 3D).
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interaction, the Kruskal-Wallis test indicated a significant effect
(H = 14.78, p < .05). Dunn’s posttest revealed that ChABC-
treated animals submitted to adult stress had a lower social
interaction time (p < .05 vs. naive+penicillinase), similar to
what was found after the adolescent stress. Regarding
discrimination memory in the NOR test, a 2-way ANOVA
revealed an effect of treatment (F; 44 = 8.84, p < .05), stress
(F1,44 = 18.55, p < .05), and the interaction between treatment
and stress (Fy 44 = 5.82, p < .05) (Figure 3F). Tukey’s posttest
indicated that ChABC-treated animals submitted to adult
stress had a significantly lower discrimination index (p < .05
vs. naive+penicillinase), suggesting cognitive impairment
similar to that observed after the adolescent stress.

Like adolescent stress, the behavioral z score indicated that
the combination of intra-vHip ChABC infusion and adult stress
caused marked, long-lasting behavioral deficits (Figure 3G).
The Kruskal-Wallis test showed a significant effect (H = 19.40,
p < .05). Dunn’s posttest indicated that animals that received
intra-vHip ChABC infusion and were stressed had a higher z
score, indicating worse behavioral performance (p < .05 vs. all
groups).

Regarding VTA dopamine neuron activity, stressed ChABC-
treated animals showed enhanced VTA dopamine neuron
population activity (n = 6-7/group) (Figure 3H). The Kruskal-
Wallis test indicated a significant effect (H = 12.67, p < .05).
Dunn’s posttest revealed a significant increase in the number of
spontaneously active VTA dopamine neurons of animals that
received ChABC intra-vHip and were subjected to stress during
adulthood (p < .05 vs. naive+penicillinase). No change in the
firing rate or burst activity was found in the groups (Figure S3).

Overall, these findings support our hypothesis that
removing PNNs in the vHip recreates an adolescent-like
phenotype of stress susceptibility.
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Degradation of PNNs in the vHip Combined With
Adult Stress Causes a Long-Term Decrease in Local
PV* and PNN" Cells

Animals that were not subjected to electrophysiology were
perfused for immunofluorescence (n = 5-6/group) (Figure 4A,
B). A 2-way ANOVA indicated an effect of treatment (Fy 17 =
9.04, p < .05), stress (Fq17 = 23.42, p < .05), and the inter-
action between treatment and stress (F¢ 17 = 31.09, p < .05) on
the number of PV* cells. This was also observed for the
number of PNN™ cells (treatment, F; 17 = 5.53, p < .05) (stress,
F117 =12.32, p < .05) (treatment X stress interaction, Fy 17 =
8.79, p < .05). Conversely, for the number of PV*/PNN™ cells,
there was no significant effect of treatment but a significant
effect of stress (F1 17 = 12.31, p < .05) and interaction between
treatment and stress (Fy,17 = 6.21, p < .05). Tukey’s posttest
revealed a lower number of PV, PNN*, and PV*/PNN™* cells
in animals that received ChABC intra-vHip and were stressed
(p < .05 vs. naive+penicillinase), indicating that, similar to
adolescent stress, after local PNNs’ degradation combined
with adult stress, there was a long-lasting decrease in the
number of PV* (36% reduction), PNN™ (36% reduction), and
PV*/PNN™ cells (31% reduction) in the vHip.

DISCUSSION

Both clinical and preclinical evidence suggest that stress may
increase susceptibility to various mental disorders, including
anxiety, depression, and schizophrenia (4,18,30,31). It has
been hypothesized that repeated stress exposure accumulates
after some time, increasing stress reactivity and risk for posi-
tive symptoms (31). However, the timing of stress exposure
could be crucial to determining the outcomes observed.
Adolescence is a period of neurodevelopment characterized

B Penicillinase ChABC

Naive

Adult stress

Figure 4. Effects of ChABC intra-vHip combined with adult stress on PV, PNN™, and PV*/PNN™ cells in the vHip. (A) Animals that received ChABC intra-
vHip and were stressed in adulthood had fewer PV*, PNN™, and PV*/PNN™ cells (n = 5-6/group). (B) Representative images of the vHip of a
naive+penicillinase, naive+ChABC, adult stress+penicillinase, and adult stress+ChABC animals indicate these changes (green: PNNs; red: PV; blue: cell
nucleus). Image acquired on the Leica TCS SP5 confocal microscope at 20X magnitude. Scale bar = 100 um. Data represent mean + SEM. *p < .05 after 2-
way ANOVA followed by Tukey’s posttest. ChABC, chondroitinase ABC; PNN, perineuronal net; PV, parvalbumin; vHip, ventral hippocampus.
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by heightened vulnerability to stressors, which may cause
long-term complications (2,32,33).

In this study, we first evaluated the impact of stress during
adolescence and adulthood on behavior and VTA dopamine
neuron activity later in life. In agreement with previous studies
from our group (18,21,22), we observed that adolescent stress
caused anxiety-like behavior, decreased sociability, and
induced cognitive impairments in adulthood. We also found
that adolescent stress increased the number of spontaneously
active VTA dopamine neurons, which was not observed in
animals exposed to stress during adulthood. Decreased PV*,
PNN™, and PV"/PNN™ cells in the vHip were also observed
after adolescent but not adult stress.

In rats, the vHip corresponds to the anterior hippocampus in
humans, a structure involved in emotional and affective pro-
cessing and stress response (34). Recent research suggests
that the hippocampus is a central structure in several dys-
functions observed in stress-related psychopathologies (2,35).
For example, VTA hyperactivity may be explained by PV loss or
dysfunction in the vHip, which leads to heightened activity of
pyramidal neurons and subsequent hyperactivation of dopa-
minergic neurons that project to striatal regions (2,36). This
phenomenon has been associated with the emergence of
psychotic symptoms (37,38). Also, through its projections to
the PFC and amygdala, abnormal vHip activity impacts
cognition and affective behaviors (37). PVI desynchronization
has been linked to the various symptoms observed in
schizophrenia (39). Reduced hippocampal PV expression has
been observed in postmortem brain samples from individuals
with schizophrenia (40,41), as well as in animal models of the
disorder (42,43).

Our results suggest that the well-known heightened sus-
ceptibility to stress that occurs during adolescence is due to
the vulnerability of PVIs in the vHip during that sensitive period,
when PNNs are not yet fully established. PVIs are more
vulnerable to oxidative and metabolic stress during this sen-
sitive period of development, the moment of their maturation,
and the refinement of GABAergic neurotransmission (2,44).
The window of vulnerability for PVIs persists until the emer-
gence of PNNs, a glycosaminoglycan extracellular matrix (16).
PNNs typically consist of a hyaluronate backbone that con-
nects CSPGs to the cell surface along with glycoproteins, such
as tenascin-R and link proteins (45). These structures are
crucial in protecting PVIs from potential harm and facilitating
their activity states (17,46).

Given that PVIs have high activity and receive numerous
glutamatergic projections from afferent structures, there is a
risk of excessive activity-dependent Ca®* influx into these
cells, particularly when PV levels are low. This imbalance can
generate reactive oxygen species, mitochondrial membrane
rupture, and subsequent activation of apoptotic pathways
(18,47). Therefore, PNNs act as a physical barrier, offering
stability to glutamatergic inputs and shielding PVIs from
oxidative and metabolic damage (19,20). Additionally, PNNs
play a role in synaptic homeostasis by limiting axonal growth,
synaptic rearrangement, and plasticity (16,48). Several studies
have revealed the involvement of PNNs in the pathogenesis of
different psychiatric disorders. For example, animal models of
schizophrenia show a reduction in PNNs in the PFC (49,50),
amygdala (50), and hippocampus (51,52). Corroborating this
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evidence, postmortem samples from individuals with schizo-
phrenia also indicate a decrease in PNNs in the PFC (53),
amygdala (54), and temporal lobe (55).

Recent studies estimate that in a mature brain, approxi-
mately 60% of PNNs are situated around PVIs and that, spe-
cifically in the hippocampal formation, PNNs surround 40% to
50% of PVIs (56). The absence of PNNs decreases the relative
expression of PV in the vHip, which suggests that its protective
effect may underlie the vulnerability of PViIs (57). PNNs un-
dergo a prolonged maturation process, reaching complete
formation in mid-to-late adolescence (53). Therefore, during
adolescence, when PNNs are not fully formed, PVIs would be
more susceptible to stress and potentially influence the
development of psychiatric disorders (2). Consistent with our
results, fewer PNNs during adolescence could underlie the
greater vulnerability of PVis to stress, thereby causing the
long-lasting behavioral and electrophysiological changes
induced by adolescent stress.

Modulating plasticity in adult life through pharmacological
strategies that interfere with molecular brakes, including PNNs,
offers insights into how stress may impact the organism during
periods of greater plasticity. Previous studies by our group
indicate that adult stress, along with sensitive period reopening
induced by repeated administration of valproic acid (an inhib-
itor of histone deacetylase, an enzyme essential for limiting
neuroplasticity in the adult brain), promotes changes in the
number of PVT/PNN™ cells and behavioral and electrophysi-
ological impairments similar to those observed after adoles-
cent stress (18). Furthermore, knockout animal models of PNN
components exhibit structural disorganization of these net-
works, a reduced number of PV and PV"/PNN™ cells, and an
excitatory-inhibitory imbalance (58,59). Local infusion of
ChABC in adult animals is another approach that increases
brain plasticity, similar to the sensitive period. ChABC is a
bacterial enzyme that degrades the glycosaminoglycan chains
in CSPGs, thereby removing the protection mediated by PNNs
(23). Enzymatic ablation or rendering PNNs to a looser state
can induce a juvenile-like phenotype characterized by height-
ened plasticity (60,61). Studies indicate that ChABC can
reopen plasticity in the visual cortex (48), and this plasticity
depends on intracellular signaling in PVIs (62).

The relationship between stress, PVIs, and PNNs has also
been observed in animals that lack the PGC-1a coactivator,
which acts as an antioxidant in GABAergic neurons. These
animals have higher levels of oxidative stress and a reduction
in PV" and PNN* cells. ChABC infusion into the retrosplenial
cortex of these animals increases the impact of oxidative
stress on PV* cell reduction (63). Furthermore, it has been
observed that ChABC infusion into the prelimbic PFC of adult
animals induces depression-like behaviors after an unpredict-
able chronic stress protocol, similar to that observed after
adolescent stress (64). Animals presented the same behavioral
impairments after a virus injection that degrades one of the
PNNs components, neurocan. These studies highlight the
importance of PNNs in protecting and preserving PVIs and
support the hypothesis that degradation of PNNs may increase
PVI vulnerability to stress.

To corroborate these findings and reinforce the idea that
PVis are more susceptible during periods of greater plasticity,
we tested a pharmacological intervention that alters PNN
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Figure 5. Schematic diagram outlining stress susceptibility and PNN dynamics. During adolescence, the incomplete formation of PNNs renders PVIs more
vulnerable to the effects of stress, leading to PVI damage/loss. This, in turn, is proposed to lead to increases in the activity of glutamatergic pyramidal neurons
and deficits in excitatory/inhibitory balance, causing long-lasting behavioral deficits and increased VTA DA system activity. In contrast, in adulthood, fully
formed PNNs confer protection to PVIs, making them less susceptible to stress-induced damage. The local infusion of ChABC into the vHip of adult rats
degrades PNNs. Consequently, PVIs become more vulnerable to stress, which results in similar behavioral and electrophysiological deficits observed after
adolescent stress, recreating an adolescent-like phenotype of stress susceptibility. ChABC, chondroitinase ABC; DA, dopamine; PNN, perineuronal net; PV,
parvalbumin; PVI, parvalbumin interneuron; Pyr, pyramidal neuron; vHip, ventral hippocampus; VTA, ventral tegmental area.

structure. Therefore, to degrade PNNs and recreate an
adolescent-like phenotype of stress susceptibility, we infused
ChABC bilaterally into the vHip of adult animals. After a few
days of recovery, the animals were subjected to the same
stress protocol. We observed that ChABC could degrade
PNNs on what would be the first and last day of stress without
affecting the number of PV cells, thereby potentially rendering
PVIs more vulnerable during the stress protocol.

We found that, similar to adolescent stress, removing
PNNs from the vHip before adult stress caused cognitive and
social interaction impairments and a hyperdopaminergic
state in the VTA. Through immunofluorescence analysis, we
found fewer PV*, PNN™, and PV*/PNN™ cells in animals that
received ChABC intra-vHip before being subjected to adult
stress. This suggests that stress may exacerbate

degradation or delay PNN regeneration induced by ChABC
because naive animals that received this treatment did not
show this long-lasting reduction. The absence of PNN pro-
tection around PVIs may explain the greater susceptibility of
these animals to stress, further manifested by a decrease in
PV~ cells, indicative of potential PVI dysfunction. It is note-
worthy that, despite the similarities for most of the deficits
found in animals exposed to adolescent stress and animals
that received ChABC intra-vHip and were exposed to adult
stress intra-ChABC, some differences were found. For
example, anxiety-related changes in the LDB were observed
only after adolescent stress. Although more studies are
needed to assess these differences, one putative mechanism
could involve compensatory mechanisms in anxiety-related
pathways.
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Interestingly, we did not observe behavioral and electro-
physiological changes in naive animals that received ChABC
intra-vHip. It has been observed previously that bilateral in-
jection of ChABC into the vHip increased the activity of vHip
pyramidal neurons and VTA dopamine neurons 1 week after
drug infusion (65). ChABC rapidly degrades PNNs by about
90%, and PNNs gradually regenerate over time (66). In the
current study, behavioral tests and electrophysiological re-
cordings were performed between 5 and 8 weeks after sur-
gery, when PNNs were reconstituted. This suggests that
removing PNNs alone would not be sufficient to cause long-
lasting behavior and dopaminergic changes but, in the face
of stress, it leads to persistent downregulation of PVl numbers.

While the current study yielded consistent results that
support our hypothesis, it is important to acknowledge some
limitations. The Wisteria floribunda agglutinin marker, although
widely used to detect PNNs in immunofluorescence, does not
equally bind to all CSPGs. Therefore, it would be relevant to
explore other markers specific to different proteoglycans (16).
Additionally, we have discussed our findings focusing on the
impact of stress on PVIs in their associated PNNs in the ventral
subiculum of the vHip. Although PNNs primarily surround PVis,
PNNs also ensheath pyramidal neurons in the dorsal CA2
subregion of the hippocampus (67). While it is conceivable that
pyramidal neurons present in the ventral subiculum may also
have PNNs and could be affected by stress and/or ChABC
infusion, this remains speculative and lacks substantial evi-
dence. Finally, our research focused exclusively on male ani-
mals. Previous studies by our group have already evaluated
the impact of the same stress protocol on adolescent females,
but no behavioral or electrophysiological changes were
observed (25). This is proposed to occur due to estrogen
interference in PV maturation, which leads to their earlier
maturation in females than males. However, replicating the
study aiming for PNN degradation in females would be
valuable.

This study focused on how increasing plasticity in adult life
may negatively impact development. Nevertheless, it is
essential to recognize the potential positive outcomes asso-
ciated with this approach, such as amblyopia recovery in the
visual system (48), functional improvement after lesions in the
nigrostriatal tract (68) and the spinal cord (69), and extinction of
conditioned fear memories (70). While these studies suggest
that compromising PNN integrity may enhance cognition and
plasticity, such manipulations can also weaken the neuro-
protective barrier that this matrix provides, thereby increasing
PVI’s vulnerability to damage.

Conclusions

Overall, our findings indicate that the long-lasting impairments
caused by adolescent stress may be attributed to the impact of
stress on PVIs in the vHip, which are not yet protected by
PNNs during this period. Furthermore, we suggest that
degradation of PNNs in the vHip through ChABC infusion re-
capitulates an adolescent-like phenotype of stress suscepti-
bility, highlighting the protective role of PNNs against stress-
induced damage in PVIs (Figure 5). Our study provides in-
sights into potential therapeutic strategies targeting these
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pathways to prevent and treat stress-related psychiatric
disorders.
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