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A hallmark of schizophrenia pathophysiology is the dysfunction of
cortical inhibitory GABA neurons expressing parvalbumin, which
are essential for coordinating neuronal synchrony during various
sensory and cognitive tasks. The high metabolic requirements of
these fast-spiking cells may render them susceptible to redox
dysregulation and oxidative stress. Using mice carrying a genetic
redox imbalance, we demonstrate that extracellular perineuronal
nets, which constitute a specialized polyanionic matrix enwrapping most of these interneurons as they mature, play a critical role
in the protection against oxidative stress. These nets limit the
effect of genetically impaired antioxidant systems and/or excessive reactive oxygen species produced by severe environmental
insults. We observe an inverse relationship between the robustness of the perineuronal nets around parvalbumin cells and the
degree of intracellular oxidative stress they display. Enzymatic
degradation of the perineuronal nets renders mature parvalbumin
cells and fast rhythmic neuronal synchrony more susceptible to
oxidative stress. In parallel, parvalbumin cells enwrapped with
mature perineuronal nets are better protected than immature parvalbumin cells surrounded by less-condensed perineuronal nets.
Although the perineuronal nets act as a protective shield, they
are also themselves sensitive to excess oxidative stress. The protection might therefore reﬂect a balance between the oxidative
burden on perineuronal net degradation and the capacity of the
system to maintain the nets. Abnormal perineuronal nets, as observed in the postmortem patient brain, may thus underlie the
vulnerability and functional impairment of pivotal inhibitory circuits in schizophrenia.
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ast-spiking interneurons expressing parvalbumin (PV) constitute a subpopulation of GABA cells that control the output
of principal neurons and are necessary for fast rhythmic neuronal
synchrony, facilitating information processing during cognitive
tasks (1, 2). To coordinate the activity of neuronal assemblies, PV
cells are interconnected by both chemical and electrical synapses,
have the capacity to ﬁre at high frequency without adaptation, and
selectively position inhibitory synaptic terminals onto the cell
body and axon initial segment of their target neurons. Fast-spiking
properties consequently impose high metabolic demand and increased mitochondrial density, which renders PV cells, but not
other interneurons such as calretinin and calbindin cells, particularly sensitive to oxidative stress (3). For instance, ketamine
induces superoxide overproduction that strongly impairs PV cells
(i.e., loss of normal phenotype including PV immunoreactivity
but without cell death) (4, 5). Moreover, severe environmental
stressors produce oxidative stress in the brain and impair PV cells
(6–8). Postmortem studies reveal PV-cell anomalies in individuals
with schizophrenia or bipolar disorder (9–11). Abnormal neuronal synchrony in γ-frequency (30–80 Hz) and β-frequency (13–28
Hz) bands during sensory and cognitive processing tasks (12–15)
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further indicates a PV cell network dysfunction in schizophrenia.
Parallel evidence of oxidative stress and altered antioxidant response is also found both in schizophrenia and in bipolar disorder
(16, 17). Oxidative stress and decreased levels of the endogenous
antioxidant and redox regulator glutathione (GSH) are observed
in the prefrontal cortex of patients (18–20). Therefore, redox
dysregulation via impaired GSH synthesis (21, 22) or abnormal
function of proteins encoded by other susceptibility genes [i.e.,
proline dehydrogenase (oxidase) 1 (PRODH), disrupted in
schizophrenia 1 (DISC1), D-amino acid oxidase activator (DAOA
or G72), dystrobrevin binding protein 1 (DTNBP1)] (23–27)
could, together with oxidative stress generated by environmental
insults, contribute to the pathophysiology of these disorders
(28, 29).
Here, we explore whether these metabolically intense interneurons have evolved unique protective mechanisms to limit their
intrinsic vulnerability. When most fast-spiking PV cells mature
(30), they become enwrapped by a specialized extracellular matrix
or aggrecan-enriched perineuronal nets (PNNs). These PNNs
consist of highly charged chondroitin sulfate proteoglycans (e.g.,
aggrecan, neurocan, brevican), hyaluronan, tenascin, and link
proteins (31). The PNNs promote interneuron maturation and
synaptic and network stability (reviewed in refs. 32 and 33). It has
also been suggested that PNNs may protect neurons against iron
sequestration and oxidative stress (34, 35). Therefore, we examined the relationship between the PNNs around PV cells and
oxidative stress in mice that suffer from a genetic redox dysregulation and that are consequently more susceptible to oxidative
stress. These mice do not express the modulatory subunit of the
glutamate cysteine ligase (Gclm, ref. 36), the rate-limiting enzyme
of GSH synthesis. These Gclm knockout (KO) mice have low
brain GSH levels (∼30% of WT levels) (37) and represent a valid
animal model, as low brain GSH levels (18, 19) and genetic association with GCLM have been reported in schizophrenia (22).
We assessed both the cumulative effect of chronic redox dysregulation and the effect of additional oxidative challenges applied
at different ages. The anterior cingulate cortex (ACC) was chosen
as a prefrontal area known to be affected and to display redox
dysregulation in schizophrenia (20). In this study, we provide
experimental evidence that the PNNs protect mature PV cells
against oxidative stress.
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Six-Month Chronic Redox Dysregulation Preferentially Affects PV
Cells Lacking PNNs. Compared with WT mice, the ACC of young

adult (postnatal day, P90) Gclm KO mice displayed signiﬁcantly
more oxidative stress, as revealed by the presence of 8-oxo-7,8dihydro-20-deoxyguanine (8-oxo-dG), a product of DNA oxidation [8-oxo-dG intensity (arbitrary unit, mean ± SD): 2.16 ± 0.18
(KO) vs. 1.12 ± 0.66 (WT); 4 mice each; P = 0.02]. This level of
oxidative stress was, however, insufﬁcient to signiﬁcantly affect
PV cells [number of PV immunoreactive cells: 71.8 ± 12.6 (KO)
vs. 71.3 ± 12.8 (WT)] or PNNs labeled with the lectin Wisteria
ﬂoribunda agglutinin (WFA). A large population of WFA-positive
PNNs is associated with PV cells (38). The number of PV cells
with WFA-labeled PNNs [54.8 ± 7.5 (KO) vs. 52.8 ± 9.2 (WT)]
and the overall intensity of WFA labeling [arbitrary unit: 2.9 ±
0.2 (KO) vs. 3.0 ± 0.9 (WT)] were not signiﬁcantly different
between genotypes.
However, as Gclm KO mice aged further, the chronic deﬁcit in
GSH eventually led to PV-cell impairment. Although the oxidative stress levels were similar in P90 and P180 Gclm KO mice,
the ACC of P180 Gclm KO mice contained fewer PV immunoreactive cells (Fig. 1 A and B) compared with age-matched
WT mice. In contrast, WFA-labeled PNNs were not affected
(Fig. 1 A and B). The proportion of PV cells surrounded by
PNNs was consequently higher in P180 Gclm KO mice than in
age-matched WT mice (Fig. 1 A and B). This led us to hypothesize that PV cells enwrapped by well-formed PNNs may have
been better protected against a 6-mo chronic oxidative stress. As
PV cells are involved in fast rhythmic neuronal synchrony, we
assessed whether the decreased number of PV immunoreactive
cells was associated with altered local neuronal synchrony in
P180 Gclm KO mice. Fast oscillatory neuronal activity was induced in ACC slices by coapplication of carbachol, kainic acid,
and quinpirole (Fig. S1). Power spectrum analysis of the extracellular recordings revealed prominent β oscillations (13–28 Hz)

Fig. 1. Chronic 6-mo redox dysregulation preferentially affects PV cells
lacking PNNs. (A) PV immunoreactivity (red) and WFA-labeled PNNs (green)
in the ACC of adult (P180) Gclm KO and WT mice. (Scale, 40 μm.) (B) (Left)
stereological quantiﬁcation reveals fewer PV immunoreactive cells in KO
mice than in WT mice (n = 6 per group). (Center) WFA-labeled PNNs are not
affected in KO mice. (Right) percentage of PV immunoreactive cells
enwrapped by WFA-labeled PNNs is higher in KO mice, suggesting that the
affected PV cells were those lacking PNNs. (C) Local neuronal synchronization in ACC slices (induced by carbachol, kainic acid, and quinpirole) is reduced in P180 KO mice. The power of β- (13–28 Hz; Left) and γ-oscillations
(30–60 Hz; Right) is weaker in KO (n = 11) vs. WT slices (n = 15). (D) Power
spectra of KO and WT recordings (mean of pooled data). Note that the peak
frequencies of both β and γ oscillations do not differ signiﬁcantly across genotypes [mean ± SD; β peak: 21.8 ± 3.2 Hz (KO) and 21.0 ± 2.3 Hz (WT); γ peak:
40.8 ± 5.6 Hz (KO) and 41.0 ± 4.5 Hz (WT)]. Bars, SD. **P < 0.01; *P < 0.05.
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accompanied by smaller γ oscillations (30–60 Hz), reﬂecting
rhythmic neuronal synchronization at these frequencies (Fig.
S1). In the ACC of P90 mice that showed no deﬁcit in the
number of PV immunoreactive cells, these oscillations were not
signiﬁcantly different between genotypes (Fig. S2). In contrast,
the ACC of P180 Gclm KO mice, which contained fewer PV
immunoreactive cells (Fig. 1B), displayed signiﬁcantly weaker β
and γ oscillations compared with the ACC of age-matched WT
mice (Fig. 1 C and D). Taken together, accumulated oxidative
stress resulting from a very long chronic redox dysregulation (as
in P180 mice but not P90 mice) impairs many PV cells and their
associated local neuronal synchrony while sparing those PV cells
bearing well-formed PNNs.
Immature PV Cells Bearing Less-Condensed PNNs Are More Vulnerable
to Oxidative Stress. If mature WFA-labeled PNNs are protective,

one would expect PV cells to be highly sensitive to oxidative
stress in younger animals, when these PNNs are not yet wellformed. In P20 Gclm KO mice, the WFA-labeled PNNs had not
yet fully condensed compared with those at P90 (Fig. 2A). We
compared the effects of an additional pharmacological stressor
on PV cells across these ages. Gclm KO mice were injected daily
with a speciﬁc dopamine reuptake inhibitor, 1-[2-[Bis-(4-ﬂuorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine dihydrochloride (GBR12909, GBR), either from P10 to P20 or from P80
to P90. GBR increases extracellular dopamine, which in turn
generates reactive oxygen species (ROS) (39, 40) in regions
richly innervated by dopaminergic terminals, such as the ACC.
This pharmacological approach partially mimics the pronounced
prefrontal dopamine release during psychosocial stress (41, 42).
GBR induced a signiﬁcant increase of 8-oxo-dG signal in the
entire ACC of Gclm KO mice at both ages (P20 and P90), but
the labeling was signiﬁcantly higher at P20 (Fig. 2C). GBR-induced oxidative stress was accompanied by a decreased number
of PV immunoreactive cells at P20, but not at P90 (Fig. 2B). In
contrast, GBR-generated ROS were not sufﬁcient to elicit oxidative stress in WT mice with an intact antioxidant system (Fig.
S3). Because GBR neither signiﬁcantly induced 8-oxo-dG labeling nor altered PV immunoreactivity in WT mice at either age
(Fig. S3), this indicates that PV-cell impairment in preweaning
GBR-treated KO mice was associated with the induced oxidative
stress and not with other dopamine-mediated mechanisms. Furthermore, the antioxidant N-acetylcysteine prevents the GBRinduced PV-cell defect in Gclm KO mice (3). Taken together,
these data suggest that fully mature WFA-labeled PNNs (as seen
in P90 Gclm KO mice) are able to limit the GBR-induced increase in oxidative stress throughout the ACC, and therefore
prevent PV-cell impairment at this age.
We further quantiﬁed the correspondence of PNN robustness
and oxidative stress in PV cells. The amount of WFA-labeled
PNNs and 8-oxo-dG signal associated with individual PV cells in
the ACC of P90 Gclm KO mice following GBR treatment were
conjointly plotted. The degree of oxidative stress per PV cell
(8-oxo-dG labeling) varied with the PNN density (WFA labeling)
surrounding it, yielding a signiﬁcant inverse correlation (Fig.
2D). Thus, PV cells enwrapped by well-formed PNNs displayed
less oxidative stress.
PNNs Are Themselves Sensitive to Excessive Redox Dysregulation.

Although the additional oxidative stress generated by GBR did
not affect PV immunoreactivity in P90 Gclm KO mice (Fig. 2B),
it led to an overall decrease in WFA labeling around PV cells
(Fig. 3). This indicates that although PNNs limit oxidative stress
and protect PV cells, they are also by themselves sensitive to
excess amounts of oxidative stress. We then investigated the
effects of a cell-autonomous redox dysregulation on PV immunoreactivity and WFA-labeled PNNs. We generated mice whose
PV cells were fully incapable of synthesizing GSH by a restricted
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Results

Degradation of Mature PNNs Renders PV Cells More Susceptible to
Oxidative Stress. To substantiate whether mature PNNs play

Fig. 2. Mature PNNs protect PV cells from oxidative stress. (A) WFA-labeled
PNNs in P20 Gclm KO mice are not fully developed around PV cells compared
with P90 mice (n = 5 per group). Micrographs of PV immunoreactivity (red)
and WFA labeling (green) in the ACC. (Scale, 40 μm.) (B) GBR-induced oxidative stress only affects PV cells in P20 Gclm KO. Micrographs of PV immunoreactivity in the ACC of P20 GBR- and PBS-treated KO mice. (Scale, 80
μm.) (C) GBR treatment generates signiﬁcant additional oxidative stress in
the ACC of P20 and P90 Gclm KO mice (n = 4 per group). Micrographs of
8-oxo-dG labeling after GBR treatment. (Scale, 40 μm.) (D) PV cells (red or
arrowheads) surrounded by dense WFA-labeled PNNs (light blue, pseudocolor modiﬁed for improved visibility) display low levels of 8-oxo-dG signal
(green), and vice versa. (Scale, 10 μm.) Quantile density contours and linear
regression plot illustrate the inverse relationship between the number of
voxels stained with WFA (PNNs) and 8-oxo-dG associated with each PV cell.
Rank-transformed values for WFA (rWFA) and 8-oxo-dG (r8-oxo-dG) were
used to compute the Pearson correlation coefﬁcient. Bars, SD. **P < 0.01;
*P < 0.05.

deletion of the gene coding for the catalytic subunit of glutamate cysteine ligase (GCLC), only in PV cells. PV-Gclc KO
mice showed a progressive GCLC deletion in PV-expressing
cells, with ∼70% of PV-Cre(+) cells displaying no Gclc mRNA
in the cerebral cortex of 2-mo-old animals. These conditional
KO mice displayed a much stronger 8-oxo-dG labeling within
PV cells compared with PV-Gclc WT mice (Fig. 4 A and B) or
Gclm KO mice (Fig. S4). Under such severe cell-autonomous
redox dysregulation, signiﬁcantly fewer PV immunoreactive
cells and WFA-labeled PNNs were observed (Fig. 4 C and D).
In cortical layers enriched in PV cells, some cells displayed
strong 8-oxo-dG labeling, although they were neither PV immunoreactive (Fig. 4A) nor enwrapped by WFA-labeled PNNs.
These may represent PV cells that had already lost PV immunoreactivity. However, in this model, it remains unclear whether
the loss of WFA-labeled PNNs precedes the loss of PV expression or whether it is the consequence of PV-cell dysfunction or
degeneration.
9132 | www.pnas.org/cgi/doi/10.1073/pnas.1300454110

a protective role, we stripped them off the ACC of young adult
(P90) Gclm KO mice and monitored PV-cell susceptibility to
oxidative stress, using GBR. The chondroitinase ABC (ChABC)
enzyme was locally injected into one ACC, and the contralateral
side received a vehicle (sham). ChABC injection efﬁciently degraded PNNs unilaterally, as veriﬁed 2 d postinjection by the
absence of WFA labeling in the treated ACC (Fig. S5). After
ChABC injection, mice were further treated for 11 consecutive
days with either GBR or a vehicle (PBS) and then killed (Fig.
5D). In both PBS-treated (n = 5) and GBR-treated (n = 7) mice,
WFA labeling in the ChABC-injected ACC was faint and signiﬁcantly weaker than in sham ACC (P < 0.001; Fig. 5A).
However, only GBR caused a signiﬁcant decrease in the number
of PV immunoreactive cells in the ChABC-injected ACC compared with the contralateral side (Fig. 5B). The 8-oxo-dG labeling after GBR treatment was likewise signiﬁcantly higher in
ChABC-injected than in sham ACC (Fig. 5C). PNN degradation
did not, however, affect the number of calbindin- and calretininimmunoreactive cells when subjected to GBR-induced oxidative
stress (Fig. S6). This demonstrates that mature PNNs speciﬁcally
protect PV cells from additional oxidative stress.
Finally, we functionally assessed whether PNN degradation
rendered local PV-cell networks vulnerable to further oxidative
stress. Fast rhythmic oscillations reﬂecting neuronal synchronization were clearly altered in slices of ChABC-injected ACC
from the P90 GBR-treated Gclm KO mice [signiﬁcant interaction between treatment (PBS vs. GBR) and PNN status
(ChABC vs. contralateral sham), multivariate analysis; P =
0.039]. In control PBS-treated Gclm KO mice, the power of
oscillations (induced by coapplication of carbachol, kainic acid,
and quinpirole) tended to be stronger in the ChABC-injected
side compared with contralateral sham ACC (Fig. 5E). Instead,
in GBR-treated Gclm KO mice, the power of oscillations tended
to be weaker in the ChABC-injected side compared with sham
ACC (Fig. 5F). Thus, a lack of PNNs favors β/γ oscillatory power,
which is then weakened during oxidative stress challenge, consistent with the reduced number of PV immunoreactive cells
under the latter condition (Fig. 5B).
Discussion
Our study provides experimental evidence that intact and mature
WFA-labeled PNNs protect fast-spiking PV cells against oxidative stress. This can explain our observation that PV cells
enwrapped with well-formed WFA-labeled PNNs, but not PV
cells lacking WFA-labeled PNNs, are protected against a longlasting chronic redox dysregulation (as in P180 Gclm KO mice).

Fig. 3. PNNs are sensitive to additional oxidative stress in Gclm KO mice.
(A) Micrographs of PV (red) and WFA labeling (green) after GBR treatment
in P90 Gclm KO and WT mice. (Scale, 40 μm.) (B) Quantiﬁcation (n = 5 per
group) shows that the number of PV immunoreactive cells is not signiﬁcantly different in GBR-treated WT and KO mice (Left). However, GBR signiﬁcantly reduces WFA labeling in KO compared with WT mice (Right). Bars,
SD. ***P < 0.001.
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ROS is known to break down two PNN components, hyaluronan and chondroitin sulfate (47). Traumatic injury, which
causes a rapid and strong increase in superoxide production and
oxidative stress (48), notably leads to a transient reduction of
WFA-labeled PNNs rendering the damaged tissue permissive for
axon sprouting (49).
In addition to reduced PV expression and abnormal expression of several pre- and postsynaptic markers associated with PV
cells, a signiﬁcant decrease in WFA-labeled PNNs has recently
been reported in patients with schizophrenia (50), potentially
reﬂecting oxidative stress and decreased levels of GSH. However,
PNN anomalies could also have other origins. Pantazopoulos

The higher susceptibility of PV cells to oxidative stress (this
study) and to ROS (5) in preweaning compared with adult mice
might also be related to the lack of fully condensed PNNs around
immature PV cells. However, we cannot exclude the possibility
that other additional factors might contribute to the high vulnerability of these cells during their maturation.
Our work provides experimental support to observations
suggesting that PNNs are neuroprotective (34, 35). Through
their poly-anionic nature, PNNs chelate iron (43), thereby limiting the formation of iron-generated reactive hydrogen radicals.
Components of the PNNs, such as hyaluronan and chondroitin
sulfate, have antioxidant properties (44, 45) and can reduce the
generation of hydroxyl radical (OH_) via their capacity to chelate
transition metals and limit the initiation of Harber-Weiss and
Fenton’s reactions. This, in turn, decreases lipid peroxidation,
DNA damage, and protein oxidation. Notably, PNN degradation
by ChABC exacerbated the GBR-induced increase of 8-oxo-dG
labeling throughout the ACC, not just in PV cells (Fig. 5C).
Chondroitin sulfate has further been shown to decrease the
production of ROS generated by H2O2 or mitochondrial disruption by induction of the antioxidant enzyme heme oxygenase-1
through the phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (Akt) pathway (45). Thus, intact PNNs could serve as a protective shield to neutralize ROS either directly and/or via activation of intracellular pathways to boost the cellular antioxidant
capacity. Selenoprotein deﬁciency likewise reduces the number of
PV cells and impairs behaviors such as fear learning and sensorimotor gating in mice (46). Conversely, we also show that WFAlabeled PNNs themselves suffer from excessive oxidative stress or
severe redox dysregulation.
Cabungcal et al.
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Fig. 4. PV cells and their PNNs are sensitive to cell-autonomous redox
dysregulation. (A) Redox dysregulation restricted to PV cells (PV-Gclc KO
mice) leads to strong 8-oxo-dG signals within PV cells of the ACC. Some cells
without PV but with strong 8-oxo-dG labeling may have lost their PV immunoreactivity. (Scale, 10 μm.) (B) Quantiﬁcation shows higher 8-oxo-dG
labeling within the ACC (Left) and within PV cells (percentage PV colocalized with 8-oxo-dG; Right) of PV-Gclc KO compared with PV-Gclc WT
mice (n = 5 per group). (C) PV immunoreactivity and WFA-labeled PNNs in
the ACC of PV-Gclc KO and WT mice. (Scale, 50 μm.) (D) Quantiﬁcation
indicates signiﬁcant decrease in number of PV immunoreactive cells (Left)
and PNNs (Right) in PV-Gclc KO mice (n = 5 per group). Bars, SD. ***P <
0.001; **P < 0.01.

Fig. 5. PNN removal by ChABC renders PV cells vulnerable to oxidative
stress. (A) WFA (green) and PV (red) labeling after GBR or PBS treatment in
ChABC-injected and contralateral sham ACC of P90 Gclm KO mice. Dashed
line: separation of hemispheres (ChABC-injected ACC; Right). (Scale, 100 μm.)
(B) GBR (n = 7), but not PBS (n = 5), induces a signiﬁcant decrease in PV
immunoreactive cells in ChABC-injected ACC. (Scale, 50 μm.) (C) The 8-oxo-dG
labeling in ChABC-injected and contralateral sham ACC after GBR or PBS
treatment. (Scale, 80 μm.) The 8-oxo-dG signal is stronger in ChABC-injected
ACC after GBR treatment. (D) Experimental design. (E and F) Neuronal
synchronization induced by coapplication of carbachol, kainic acid and
quinpirole in PBS- (n = 5) (E) and GBR-treated (n = 5) (F) KO mice. The effect
of PNN degradation on the oscillation power depends on the treatment
(PBS vs. GBR): signiﬁcant interaction (P = 0.039, multivariate analysis) between PNN status in ACC (ChABC- vs. sham-injected) and treatment (PBS vs.
GBR). In PBS-treated mice, oscillations tend to be higher in ChABC-injected
compared with contralateral sham ACC (9 of 11 slices) (E). In contrast, in
GBR-treated mice, oscillations tend to be weaker in ChABC-injected compared with contralateral sham ACC (4 of 7 slices) (F). Graphs indicate the
paired power values recorded in a ChABC-injected ACC and its contralateral
sham ACC connected by a line. Bars, SD. ***P < 0.001.
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et al. (50) reported that the reduction of WFA-labeled PNNs is
accompanied by an increase of chondroitin sulfate proteoglycans
within glial cells of patients with schizophrenia, suggesting a defect in the capacity of glial cells to excrete some of the PNN
components. Moreover, a genetic association has been found
between schizophrenia and the gene B3GAT2, which is involved
in biosynthesis of the human natural killer-1 (HNK-1) carbohydrate epitope of tenascin, a major constituent of PNNs (51).
PV cell protection might then reﬂect a balance between the
oxidative burden on PNN degradation and the capacity of PV
cells and nearby glial or neuronal cells to maintain the extracellular nets. Importantly, PNNs control the accumulation of
a noncell autonomous homeoprotein, orthodenticle homeobox 2
(Otx2), within PV cells. Both speciﬁc interactions with sugar
residues in the PNNs (52) or sulfation patterns (53) enable the
persistent uptake of this factor, which in turn promotes PNN
formation, suggesting a positive feedback loop for PV-cell maintenance. Across multiple neuropsychiatric disorders, including
autism, schizophrenia, and bipolar disorder, the developmental
gene expression program in PV cells is instead immature (54).
Our data are thus directly relevant to the anomalies of PV-cell
networks observed in these disorders.
Stress can structurally remodel, in a reversible and adaptive
manner, the neuronal connectivity in several brain regions, including the prefrontal cortex. This structural plasticity is dependent on a large variety of mediators, including those associated
with the extracellular environment, such as cell-adhesion molecules (55). However, stressful experiences can also have long-term
maladaptive consequences on neuronal circuitry. Daily life
stressors are known to increase psychotic experiences and stressrelated negative emotions (56). Severe life event stresses, through
activation of the hypothalamic-pituitary-adrenal axis, induce
a vital release of dopamine, the catabolism of which is known to
generate ROS. Psychosocial stresses during brain development
could result, when combined with GSH dysregulation, in an excess of ROS and oxidative damage, leading to progressive
structural and functional connectopathy. Traumatic experiences
during childhood thus enhance the risk for psychosis.
Taken together, excessive ROS production, generated during
strong environmental insults, and particularly in at-risk individuals for redox dysregulation, will have a potent effect on fastspiking cells bearing immature or abnormal PNNs. Given the
pivotal role of PV cells and PNNs in regulating the onset and
closure of brain plasticity (52, 57), oxidative stress may contribute to the slow emergence of psychoses by mistiming key windows of brain development. Our data provide a unique function
and therapeutic insight presented by this specialized extracellular
matrix structure in psychiatric disorders.
Materials and Methods
Animals. Gclm KO mice (36) were provided by Y. Chen (University of Colorado Denver). Gclm KO mice were backcrossed with C57BL/6J mice over >10
generations. PV-Gclc KO mice were obtained by crossing mice having Gclc
gene ﬂanked by loxP sites (Gclc ﬂoxed) (58) (provided by Y. Chen) with mice
expressing Cre recombinase in PV cells (PV-Cre mice) (59) (S. Arber, University of
Basel, Switzerland). PV-Cre mice were used as controls (PV-Gclc WT). Experiments were approved by and performed in accordance with the guidelines of
the Veterinary Ofﬁce of the Canton de Vaud in Switzerland and the Harward
Institutional Animal Care and Use Committee in the United States.
Induction of an Additional Oxidative Challenge. Additional oxidative stress was
generated in regions richly innervated by dopaminergic neurons (i.e., the
ACC) with the dopamine reuptake inhibitor GBR. GBR (BioTrend AG) was
injected (s.c. 5 mg/kg) daily in Gclm KO and WT mice either from postnatal
days P10 to P20 (preweaning) or from P80 to P90 (young adult). PBS was
used for the control injection.
Surgery and Chondroitinase ABC Treatment. Intracortical injection of ChABC
(from Proteus vulgaris, Sigma-Aldrich) was used to degrade PNNs in the ACC
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of young adult (P90) Gclm KO mice. ChABC degrades chondroitin sulfate
proteoglycans, which are a major component of the PNNs (32). Cortical injection of ChABC fully removed labeling by the lectin WFA, which binds PNNs
without causing any inﬂammatory processes (56). Mice were anesthetized
with ketamine/xylazine (73/11.6 mg/kg, i.p.). Isoﬂurane was used to keep the
mice in a deep state of anesthesia throughout the surgical procedure. Bilateral craniotomy was performed (Bregma, ∼1.2; lateral, ∼0.25; depth, ∼1.25
mm) to inject 1 μL ChABC (50 U/mL; 0.1 μL/min; see ref. 60) into one ACC and 1
μL vehicle solution (PBS with 0.1% BSA) into the contralateral ACC. As analgesics, lidocaine (Wacker Chemie AG) was applied locally, and buprenorphine
(Temgesic, Essex Chemie AG) was injected (0.1 mg /kg, s.c.) immediately after
surgery. GBR treatment was initiated 4 d after the ChABC injection.
Immunohistochemistry and Stereological Quantiﬁcation. Parvalbumin immunohistochemistry and stereological quantiﬁcation of PV cells in the ACC were
performed as described in detail in the SI Materials and Methods. The mean
number of PV cells per unit volume in the ACC was compared between
genotypes or treatments, using one-way ANOVA followed by post hoc
Dunnett multiple comparisons.
Immunostaining, Confocal Microscopy, and Image Analysis. Immunoﬂuorescence histochemistry for 8-oxo-dG, PV, calbindin, calretinin, and WFA-labeled
PNNs was performed as described in the SI Materials and Methods. Quantiﬁcation of 8-oxo-dG labeling and number of PV, calbindin, and calretinin
immunoreactive cells or PV cells with WFA-labeled PNNs was done as described in SI Materials and Methods. General 8-oxo-dG labeling (mean
ﬂuorescence intensity in arbitrary units), number of PV cells, number of PV
cells with WFA-labeled PNNs, and percentage of PV cells with WFA-labeled
PNNs were compared between the two genotypes and treatments (when
applied), using multivariate ANOVA followed by Dunnett tests. The number
of PV, calbindin, and calretinin cells and the overall 8-oxo-dG labeling in
ChABC-injected ACC and contralateral sham ACC in PBS- and GBR-treated
mice were compared using multivariate ANOVA and pair-wise Dunnett tests.
To analyze the relationship between PNN robustness and oxidative stress in
PV cells, we used rank-transformed values of the number of WFA-labeled
voxels around PV cells and the number of 8-oxo-dG–labeled voxels in PV cells
(with Gaussian distribution) to calculate the Pearson correlation coefﬁcient,
and tested the signiﬁcance. We used JMP8 Statistical Discovery Software
(SAS Inc.) to plot the quantile density contours and linear regression.
Electrophysiology. Slices through the ACC were prepared on a vibroslicer
in aerated artiﬁcial cerebrospinal ﬂuid (ACF) (in mM: 252 sucrose, 3 KCl,
2 MgSO4, 1.2 CaCl2, 1.2 NaH2PO4, 24 NaHCO3, and 10 glucose at pH 7.4) and
maintained in interface chambers superfused with aerated ACF (in mM: 126
NaCl, 3 KCl, 1 MgCl2, 1.2 CaCl2, 1.2 NaH2PO4, 24 NaHCO3, and 10 glucose at
pH 7.4). Field potentials were recorded with ACF-ﬁlled electrodes (∼1 MΩ).
Oscillations were induced with 50 μM carbachol, 0.8 μM kainic acid, and 1 μM
quinpirole in 5 mM KCl-containing ACF. Signals were band pass-ﬁltered at
0.3–1,000 Hz and digitized at 5 kHz. Once oscillations became stable, a 60-s
recording was used for the power spectrum analysis, using the Welch
method (IgorPro6, WaveMetrics). For each mouse, recordings were performed in both ACC along two to three consecutive slices. The power density
of β and γ, which was calculated from the integral of the power spectrum
within 13–28 and 30–60 Hz, respectively, and their peak frequencies were
compared across genotypes, using independent sample t tests.
To study the effect of PNN degradation, we recorded and analyzed
oscillations induced by coapplication of carbachol, kainic acid, and quinpirole
in ACC that were previously injected with ChABC and compared with contralateral sham ACC. Recordings were performed bilaterally in three to four
slices spanning the injection sites. After the recordings, each slice (400 μm
thick) was then ﬁxed with 40 g/L paraformaldehyde and recut into 40-μm
frozen sections. Two noncontiguous sections for each 400-μm slice were used
to check for WFA labeling and PV immunoreactivity. Only recordings from
slices displaying little or no WFA labeling in the ChABC-injected ACC compared with the contralateral sham ACC were analyzed. This veriﬁcation was
done blindly before performing the electrophysiological analysis. The effects
of ChABC and GBR treatment and their interaction on the power of oscillations were assessed using a multivariate analysis, with treatment (PBS vs.
GBR) as the between-subject factor and with PNN status (ChABC-injected vs.
sham-injected ACC) as the within-subject factor.
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