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Elevated oxidative stress and alteration in antioxidant systems, including glutathione (GSH) decrease, are observed in schizophrenia. Genetic
and functional data indicate that impaired GSH synthesis represents a susceptibility factor for the disorder. Here, we show that a genetically
compromised GSH synthesis affects the morphological and functional integrity of hippocampal parvalbumin-immunoreactive (PV-IR)
interneurons, known to be affected in schizophrenia. A GSH deficit causes a selective decrease of PV-IR interneurons in CA3 and dendate
gyrus (DG) of the ventral but not dorsal hippocampus and a concomitant reduction of �/� oscillations. Impairment of PV-IR interneu-
rons emerges at the end of adolescence/early adulthood as oxidative stress increases or cumulates selectively in CA3 and DG of the ventral
hippocampus. Such redox dysregulation alters stress and emotion-related behaviors but leaves spatial abilities intact, indicating func-
tional disruption of the ventral but not dorsal hippocampus. Thus, a GSH deficit affects PV-IR interneuron’s integrity and neuronal
synchrony in a region- and time-specific manner, leading to behavioral phenotypes related to psychiatric disorders.

Introduction
A hallmark of the pathology of schizophrenia is an alteration of
the GABAergic system in prefrontal cortex (PFC) (Lewis et al.,
2005) and hippocampus (Zhang and Reynolds, 2002). This in-
cludes a reduction of glutamic acid decarboxylase 67 (GAD-67)
and the calcium-binding protein parvalbumin (PV) in fast-
spiking interneurons (FSIs) (Hashimoto et al., 2003). These FSIs
control the output of principal neurons and are necessary for the
generation of � neuronal synchrony that facilitates information
processing and transfer within and between brain regions during
cognitive tasks (Bartos et al., 2007; Fries et al., 2007; Sohal et al.,
2009). Such � oscillations are reduced in schizophrenia patients
during impaired cognitive tasks (Cho et al., 2006; Uhlhaas et al.,
2008). This suggests that abnormality in synchronized neuronal
activity driven by FSI is a core feature of this disorder.

Recently, it was shown that superoxide overproduction causes
the decrease in PV expression in a NMDA receptor (NMDAR)
hypofunction model of schizophrenia (Behrens et al., 2007), sug-
gesting that redox dysregulation could affect PV FSI. Elevated

oxidative stress and anomalies in antioxidant systems are found
in schizophrenia (Do et al., 2009b), including diminution of
brain levels of glutathione (GSH) (Do et al., 2000), the major
intracellular antioxidant and redox regulator. While elevated
oxidative stress participates in the cellular damage in various
neurodegenerative diseases but appears to be a downstream
consequence of other primary causes (Valko et al., 2007), a ge-
netic defect in GSH synthesis could be at the origin of the failure
of antioxidant defenses in schizophrenia. Both catalytic (GCLC)
and modifier (GCLM) subunits of the glutamate cysteine ligase
(GCL), the rate-limiting enzyme of GSH synthesis, have been
associated with the illness (Tosic et al., 2006; Gysin et al., 2007).
Polymorphisms of trinucleotide repeats on the GCLC gene are
associated with reduced enzyme activity and GSH levels and con-
fer a high risk for schizophrenia (Gysin et al., 2007). This suggests
that dysfunctional regulation of GSH synthesis contributes to the
pathology in high-risk genotype patients and selectively impairs
development and maturation of structures highly sensitive to
oxidative stress. Moreover, several environmental risk factors for
schizophrenia lead to increased oxidative stress, alteration of an-
tioxidant systems (Do et al., 2009a), and often permanently de-
creased PV expression in PFC and/or hippocampus (Dell’Anna et
al., 1996; Harte et al., 2007; Meyer et al., 2008). Thus, redox
dysregulation could be one causal factor for the dysfunction of
the GABAergic system in schizophrenia.

Here, we investigated whether a compromised GSH synthesis
affects PV FSI and � oscillations in the hippocampus. We used
GCLM knock-out mice, which have low GSH levels in all organs
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including brain (Yang et al., 2002). Results show that the ventral
(VH) but not dorsal hippocampus (DH) is highly vulnerable to
such redox dysregulation. This is further supported by the fact
that mice with a GSH deficit show inadequate responses to stress
and fear but have intact spatial learning and spatial memory.

Materials and Methods
Animals. GCLM �/� mice were backcrossed with C57BL/6J mice over
�10 generations. Mice were housed under a 12 h light/dark cycle in
groups of 3–5 individuals per cage. GCLM �/� mice were compared to
�/� littermates. All experiments were performed in accordance with the
guidelines outlined in the Guide for the Care and Use of Laboratory Ani-
mals and approved by the Local Veterinary Office.

Immunohistochemistry and quantification. Male mice (20 d, 40 d, and
4 – 6 months old) were anesthetized, perfused, and their brains fixed as
described previously (Cabungcal et al., 2006). Coronal and horizontal
frozen sections (50 �m) were used to investigate the DH and VH, respec-
tively. These slices were immunolabeled for PV, calbindin (CB), and
calretinin (CR) as described by Cabungcal et al. (2006). The density of
PV, CB, and CR-IR cells (cell bodies) was quantified in the different
subregions of the hippocampus (CA1, CA3, and DG) using the Stereo-
Investigator 7.5 software (MBF Bioscience). Each stereological investiga-
tion started at low magnification with the identification of the
boundaries of the region of interest (ROI) on two sections from each
animal. Boundaries between the hippocampal regions were traced con-
sidering the defined cytoarchitectonic areas of CA1, CA3, and DG (i.e.,
making use of differences in the regional distribution of certain subsets of
neurons) (Oleskevich et al., 1989) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). To ensure that CA1 and CA3
did not overlap and were isolated from each other, an intermediate zone
was created between the two regions. CA1 and CA3 ROI in a PV-IR
section were also cross-checked with the consecutive calbindin-IR sec-
tion (supplemental Fig. 2, available at www.jneurosci.org as supplemen-
tal material) from the same animal to verify regional boundary. An
optical dissector (counting box), within the section thickness and a sam-
pling frame adapted for each region, was used to analyze and count
neurons (West et al., 1991; West, 2002; Schmitz and Hof, 2005). The
optical dissector boxes (40 � 40 �m with a depth of 15 �m) were sys-
tematically placed by the program in each sampling frame starting from
a random point inside the ROI of the hippocampus (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Counting was
performed using higher magnification (�40 objective). Immunoreactive
cells were counted when they were in focus at the surface of the box until
out of focus at 15 �m depth of the counting box. A 5 �m guard zone was
used to avoid artifacts that can be influenced by tissue shrinkage from
immunopreparation. Since CA1, CA3, and DG differed in their size, the
volume of brain sections analyzed was not equal for each region. In VH,
24 counting frames were used to quantify CA3, 29 for DG, while quan-
tification in CA1 only required 23 frames. In DH, 27 counting frames
were used to quantify CA1 and CA3, while quantification in DG required
34 frames. For more details on design stereology, see Schmitz and Hof
(2005) and West (1999). The mean numbers of PV, CB or CR-IR cells per
unit volume in each of the hippocampal regions were compared between
the two genotypes using Kruskal–Wallis tests.

Immunofluorescence staining, confocal microscopy, and image analysis.
Oxidative stress was visualized using an antibody against 8-oxo-7,8-
dihydro-20-deoxyguanosine (8-Oxo-dG), a DNA adduct formed by the
reaction of OH radicals with the DNA guanine base (Kasai, 1997). The same
sections were also immunolabeled for DAPI and PV. Briefly, the tissue
sections were incubated with PBS plus Triton X-100 0.3% plus sodium
azide (1 g/L) containing 2% normal horse serum, followed by a 48 h
incubation with rabbit polyclonal anti-PV (1:2500; Swant) and mouse
monoclonal anti-8-oxo-dG (1:350; AMS Biotechnology) 1° antibodies.
The sections were washed several times before the binding of antibodies
was visualized with either fluorescent 2° antibody conjugate, goat anti-
mouse IgG (1:300; Alexa Fluor 488; Invitrogen) or anti-rabbit IgG (1:
300; CY3; Millipore Bioscience Research Reagents). Sections were
counterstained with 100 ng/ml DAPI (4�-6-diamidino-2-phenylindole;

Vector Laboratories). Sections were visualized and processed with a Zeiss
confocal microscope equipped with �10 and �20 Plan-NEOFLUAR
objectives. All peripherals were controlled with LSM 510 software
(Zeiss). Z-stacks of 9 images (with a 2.97 �m interval) were scanned
(1024 � 1024 pixels) for analysis in IMARIS 6.2 software (Bitplane). All
images of Z-stacks were filtered using a Gaussian filter to remove back-
ground noise and sharpen cell profile contours. ROI, defined in the same
procedure to those illustrated in supplemental Figure 1 (available at
www.jneurosci.org as supplemental material), were created in CA1, CA3,
and DG. Each ROI was masked throughout the Z-stacks to isolate re-
gional subvolumes of the brain to be analyzed. In the subvolumes of CA1,
CA3, and DG, 8-Oxo-dG labeling (mean fluorescent intensity and num-
ber of voxels stained) was quantified using the Coloc module of Imaris
6.2 program. Fluorescent intensity (arbitrary unit) and number of la-
beled voxels in each of the hippocampal regions were compared between
the two genotypes using Kruskal–Wallis tests.

Electrophysiology recording and analysis. Adult male mice (4 – 6 months
old) were first anesthetized under isoflurane and decapitated. Brains
were quickly removed, hemisectioned, and hippocampal slices (350 �m
thick) prepared with a vibroslicer in aerated artificial CSF (ACF) as fol-
lows (in mM): 220 sucrose, 2 KCl, 4 MgCl2, 0.5 CaCl2, 1.2 NaH2PO4, 26
NaHCO3, 10 glucose; pH 7.4. Horizontal hemisphere sections were used
to make transverse slices of the VH. Transverse slices of the DH were
achieved via �30° tilted coronal hemisphere sections. Slices were main-
tained in interface chambers superfused with aerated ACF as follows (in
mM): 125 NaCl, 3 KCl, 2 MgCl2, 1.2 CaCl2, 1.2 NaH2PO4, 26 NaHCO3, 10
glucose; pH 7.4 at 30�31°C for at least 90 min before starting electro-
physiological recordings.

Gamma oscillations were induced with 200 nM kainate and recorded in
the CA3 stratum pyramidalis with ACF-filled electrode (�1 M�). Sig-
nals were bandpass filtered at 1–1000 Hz and digitized at 5 kHz. For each
slice, 60 s recording was used for power spectrum analysis using the
Welch method (IgorPro6 WaveMetrics). The power density of the �/�
oscillations was defined as the integral of the power spectrum between 20
and 80 Hz. The power of �/� oscillations in GCLM �/� and �/� mice
was compared using Mann–Whitney test. Peak frequency of �/� oscilla-
tions in GCLM �/� and �/� mice was compared with t test.

Extracellular responses evoked by electric stimulation of the Schaffer
collaterals were recorded with ACF-filled electrodes (�5 M�) in the
stratum pyramidalis of the CA3 (for the CA3 recurrent pathway), or in
the stratum radiatum and stratum pyramidalis of the CA1 (for the Schaf-
fer collaterals-CA1 pathway). The stimulation electrode was made of two
twisted Teflon-coated platinum/iridium wires. Stimulation consisted of
100 �s bipolar current pulses generated by a stimulus isolator (model
2200, A-M Systems) and driven by a computer software (WinWCP).
Signals (0.3 –3000 Hz) were amplified with a Grass preamplifier (model
P15, Grass Instruments) and digitized via a Digidata 1300 (Molecular
Devices). Experiments were initiated when stability of responses evoked
by a 0.033 Hz baseline stimulation was maintained for �15 min. Re-
sponses to a series of single electric stimulations ranging from 10 to 300
�A were thus recorded. Paired-pulse stimulations (stimulus interval
ranging from 10 to 100 ms) at an intensity evoking �40% of maximal
population spike (PS) were used to examine paired-pulse inhibition in
the stratum pyramidalis of CA1. Paired-pulse inhibition was defined as
the ratio between the amplitude of the PS evoked by the second stimulus
(PS2) and the amplitude of the PS induced by the first stimulus (PS1).
Quantification of the field EPSPs (fEPSPs) was based on their initial slope
(when recorded in CA1 stratum radiatum) or on their amplitude (when
recorded in CA3 stratum pyramidalis). To estimate the effect of genotype
on fEPSPs or PS, a General linear model with genotype as factor and
fEPSPs or PS at different stimulus intensities as repeated measure was
applied. To estimate the effect of genotype on paired-pulse inhibition, a
General linear model with genotype as factor and the ratio PS2/PS1 for
different stimulus intervals as repeated measure was applied.

GSH measurements. Total GSH levels (reduced and oxidized forms)
were quantified in different brain structures (cortex, hippocampus, stri-
atum, midbrain, cerebellum) as described previously (Steullet et al.,
2008). GSH measurement in VH and DH was performed on parts of the
DH and VH that were dissected out from frozen coronal and horizontal
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brain slices, respectively. GSH levels in VH and DH were compared using
paired sample t test, where each pair was from the same mouse.

Behavioral tests and analysis. Adult male GCLM �/� and �/� mice
were subjected to the following behavioral tests: object recognition, re-
warded alternation in a T-maze, spatial reference learning and memory
in a water maze, elevated plus maze, novelty-suppressed feeding, light/
dark transition, and delay fear conditioning.

Object recognition. The mouse was habituated for 10 min to the arena,
which consisted of a gray nontranslucent Plexiglas arena (50 � 50 � 30
cm) with internal spatial cues on the walls. Five min after the end of this
habituation period, the mouse was familiarized to three objects (7– 8 cm
high, 5 cm wide, differing in texture, material, color, and form) that were
arranged in a determined spatial configuration. The familiarization
phase consisted of 3 � 10 min sessions interspaced by 5 min intervals.
After the third familiarization session and following a retention delay of
10 min, the mouse was placed back into the arena where one of the three
objects had been moved to a new location. The animal was given 10 min
to explore the novel spatial configuration (test for spatial recognition of
objects). Thereafter, the mouse was familiarized to this novel object ar-
rangement during a 10 min session. After this familiarization session and
following a retention delay of 10 min, the animal was placed back into the
arena where this time one novel object had replaced one of the two
objects that were previously not displaced. The animal was given 10 min
to explore the novel object (object recognition test). During all delays,
mice were placed into a holding cage in which they had ad libitum access
to food and water. All test sessions were video-recorded. The number of
object contacts was quantified after each session. General Linear Model
was used for statistical analysis. First, a multivariate analysis with geno-
type as factor and the number of contacts to each object as dependent
measures was performed to estimate the genotype effect and determine
whether each object was explored differently by the two genotypes. A
two-way ANOVA (genotypes � objects) was then performed. If an object
effect was found, post hoc one-way ANOVAs with Bonferroni’s correc-
tions were run for each genotype to compare the number of contacts at
the displaced or novel object with the number of contacts at each of the
nondisplaced or familiar objects.

Rewarded alternation task. Mice were maintained on a restricted feed-
ing schedule at 85% of their free-feeding weight throughout the entire
test period. Spatial working memory was assessed during a rewarded
alternation task in a T-maze consisting of three translucent Plexiglas
tunnel arms (30 cm long, 5 cm wide, 7 cm high). Extra-maze visual cues
in the room were available to the mice. The start arm contained a sliding
door at its distal end, through which a mouse could be released into the
maze. On three consecutive days, mice were habituated to run in the
maze and consume food rewards (pieces of sweetened nut cereals) placed
at 3 cm from the distal end of each of the two goal arms. Testing started
on the fourth day and consisted of a total of 32 trials, three trials per day
with an intertrial interval of at least 20 min. Each trial was composed of
one forced run and one choice run. On a forced run, the mouse was
placed into the start arm and was granted access to only the right or left
goal arm which was baited; access to the other arm was blocked by a
removable white plastic door. Baiting of the arms followed a pseudo-
random sequence. The forced run was completed when the mouse had
consumed the reward. After a delay of 15 s, which the mouse spent in a

holding cage, the animal was placed back into the start arm for the choice
run, during which it had access to both goal arms, but was only rewarded
for choosing the previously unvisited arm. Percent of correct choice
(unvisited arm) during the choice run was used to evaluate spatial work-
ing memory. A General Linear Model with genotype as factor and the
percent correct choice during each of the 4 trial blocks as repeated mea-
sure was used to determine the genotype effect. A two-way ANOVA
(genotypes � blocks) was also performed to test whether the percent of
correct choice increased over the successive trial blocks.

Spatial reference learning and memory in a water maze. The water maze
consisted of a large gray circular tank (120 cm diameter, 50 cm high)
filled with milky water (15 cm depth) held at 26°C (� 1°C). A goal
platform (14 � 14 cm), made of clear Plexiglas covered with a white
plastic rubber mash, was submerged 0.5 cm below the water surface.
Walls surrounding the maze possessed salient extra-maze cues. For each
trial, a mouse was placed into the maze at one of four start positions
facing the pool wall (pseudo-randomly counterbalanced between trials
and days). Mice performed 25 trials, 4 trials per day for 6 d with intertrial
intervals of at least 15 min. During the first 12 trials, mice were trained
with the hidden goal platform kept in a constant position. Trial 13 served
as a probe trial during which the platform was removed. Spatial reference
memory during the 60 s probe trial was assessed by measuring the time
spent in the goal quadrant relative to adjacent quadrants. For the remain-
ing trials, the goal platform was replaced at a new position to assess
reversal learning capacity. Swim trajectories (path, velocity, and dis-
tance) were monitored with a video camera and analyzed with Ethovision
(Noldus). Latency to find the hidden platform served as index for spatial
reference learning. A General Linear Model with genotype as factor and
the latency to escape during each of the trial blocks as repeated measure
was used to determine the genotype effect. For the probe trial, a multi-
variate analysis (General Linear Model) with genotype as factor and time
spent in each quadrant as dependent measures was performed to esti-
mate the genotype effect. A two-way ANOVA (genotypes � quadrants)
was then performed. If a quadrant effect was found, post hoc one-way
ANOVAs with Bonferroni’s corrections were run for each genotype to
compare the time spent in the goal quadrant with the time spent in each
of the other quadrants.

Elevated plus maze. Mice were acclimated to the room for at least 15
min before testing. The elevated plus maze consisted of white Plexiglas
runways (each 30 cm long and 5 cm wide) arranged in form of a plus and
positioned 65 cm above the floor. Two opposing runways were protected
by black Plexiglas walls (10 cm high; closed arms), while the other two
opposing arms had no walls (open arms). All four arms were joined by a
center platform (5 � 5 cm). A mouse was placed into the center of the
maze facing an open arm, and its behavior was monitored for 10 min
using an automated tracking software. Entry frequency into the open and
closed arms were recorded. An arm entry was considered when the whole
body (tail excluded) of the animal entered a zone. One-way ANOVAs
were used to compare entries in open arms and total entries in both open
and closed arms in the two genotypes.

Novelty-suppressed feeding. Mice were subjected to a novelty-
suppressed feeding conflict paradigm after being food deprived for 23 h.
The testing apparatus consisted of a white nontranslucent Plexiglas arena
(60 � 40 � 20 cm) with the floor covered by �2 cm of wooden bedding.

Table 1. Deficit in GSH levels in different brain structures of 35- to 40-d-old GCLM �/� relative to �/� mice

Cortex Hippocampus Striatum Midbrain Cerebellum

Percent GSH in GCLM �/� relative to �/� mice 36 � 2 32 � 1 32 � 2 24 � 2 26 � 3

Brain total GSH deficit in GCLM �/� mice. The GSH deficit is expressed as percent of GSH levels in GCLM �/� mice relative to those in �/� mice. GSH measurements have been performed in at least four mice per genotype and per age.
Data are presented by mean � SEM.

Table 2. Deficit in GSH levels in brain (anterior cortex) of GCLM �/� relative to �/� mice at different ages

5– 6 days old 16 –20 days old 35– 40 days old 3 months old

Percent GSH in GCLM �/� relative to �/� mice 17 � 2 31 � 1 31 � 3 28 � 2

Brain total GSH deficit in GCLM �/� mice. The GSH deficit is expressed as percent of GSH levels in GCLM �/� mice relative to those in �/� mice. GSH measurements have been performed in at least four mice per genotype and per age.
Data are presented by mean � SEM.
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A food pellet was placed on a piece of white filter paper (12 cm diameter)
in the center of the arena. A mouse was released in one corner of the arena
and allowed to explore for a maximum of 15 min. The latency to ap-
proach and start eating the pellet was recorded. As a control for the food
uptake motivation of each mouse, the latency to approach and start

eating a pellet introduced in the home cage was also measured. One-way
ANOVA was used to compare the feeding latency in the two genotypes.

Light/dark transition. The light/dark transition test was conducted in a
two-chamber apparatus. The light chamber (20 � 30 cm) with transpar-
ent Plexiglas walls (20 cm high), was open at the top and illuminated by

Figure 1. Parvalbumin-immunoreactive (PV-IR) profiles in the ventral hippocampus of adult GCLM �/� (A–D) and GCLM �/� (E–H ) mice. Micrographs show horizontal sections of the entire
hippocampus (A, E), and parts of CA1 (B, F ), CA3 (C, G), and dendate gyrus (DG) (D, H ), where PV-IR cells are clearly visible. The horizontal sections were taken �3.5 mm above the interaural line
and �6.50 mm bregma. I–K, Stereological quantification shows that the number of PV-IR FSI (mean � SEM) in DG and CA3 is significantly lower in GCLM �/� (n 	 7) than in �/� (n 	 5) mice.
In CA1, the reduced density of PV-IR FSI in GCLM �/� mice is close to significant. **p 
 0.01, *p 	 0.051. Scale bar: 50 �m.

Figure 2. A–H, Parvalbumin-immunoreactive (PV-IR) profiles in the dorsal hippocampus of adult GCLM �/� (A–D) and GCLM �/� (E–H ) mice. Micrographs show coronal sections of the
entire hippocampus (A, E), and parts of CA1 (B, F ), CA3 (C, G), and dendate gyrus (DG) (D, H ) where PV-IR cells are clearly visible. The coronal sections were taken ��3.1 mm bregma and 5.5 mm
above the interaural line. I–K, Stereological quantification shows for all subregions that the number of PV-IR FSI (mean � SEM) does not differ in GCLM �/� (n 	 9) and �/� (n 	 9) mice. Scale
bar: 50 �m.
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direct room light. The dark chamber (20 � 15 cm) was surrounded by
black Plexiglas walls (20 cm high) and closed at the top with a black
plastic lid. A 7.5 � 7.5 cm opening connected the two chambers. A mouse
was placed into the light chamber and allowed to freely move between the
two chambers for a 15 min period. All test sessions were video recorded.

The number of transitions between the two
compartments and the total time spent in the
light compartment (after the mouse entered
the dark chamber for the first time) were mea-
sured. One-way ANOVAs were used to com-
pare the number of transitions and the total
time spent in the light compartment by the two
genotypes.

Delay contextual and auditory-cued fear
conditioning. For conditioning on test day 1, a
mouse was placed into the conditioning cham-
ber (20 � 32 � 21 cm, shuttle box, Med Asso-
ciates) for 9 min. After a 4 min habituation
period, a sound (2900 Hz, 85 dB) was pre-
sented for 30 s (conditional stimulus, CS).
During the last 2 s of the CS, a weak electric
footshock (0.35 mA) was delivered (uncondi-
tional stimulus, UC). This CS-US pairing was
repeated 3 times at 1 min intervals. Contextual
fear conditioning was assessed on test day 2,
24 h after the conditioning sessions by placing
the mouse again into the conditioning cham-
ber and quantifying the amount of freezing be-

havior (absence of movement except breathing) during a 9 min period.
Auditory-cued fear conditioning was evaluated on test day 3, 24 h after
the contextual fear conditioning test, by placing the mouse into a novel
chamber clearly distinct from the conditioning chamber (different wall
color and material, absence of metallic mesh on the floor, different illu-

Figure 3. A–R, Localization of oxidative stress and PV-IR profiles in ventral hippocampus of 20-d-old (PND 20) (A–I ) and 40-d-old (PND 40) (J–R) GCLM �/� and �/� mice. A, E, J, N, DAPI
staining of cell nuclei (blue). B, F, K, O, DNA oxidation as revealed with 8-Oxo-dG labeling (green). (C, G, L, P) PV-IR (red). (D, H, M, Q) Colocalization of the markers. In contrast with the strong
8-Oxo-dG labeling in ventral hippocampus of adult GCLM �/� mice (Fig. 4 F), 8-Oxo-dG labeling is absent in CA3 and DG of PND 20 mice of both genotypes (B, F ). In PND 40 mice, 8-Oxo-dG labeling
is significant in CA3 of GCLM �/� compared to �/� mice (K, O). However, 8-Oxo-dG labeling is still much lower in PND 40 than in adult GCLM �/� mice (see text for details). I, R, Stereological
quantification shows that the number of PV-IR FSI is not significantly reduced in PND 20 and PND 40 GCLM �/� compared to corresponding �/� mice (n 	 5 for each age and genotype). This
contrasts with the reduced density of PV-IR FSI in ventral hippocampus of adult GCLM �/� mice (Fig. 1). Scale bar: 200 �m.

Figure 4. Localization of oxidative stress and PV-IR in DG and CA3 of ventral hippocampus of adult GCLM �/�and�/�mice.
A, E, DAPI staining of cell nuclei (blue). B, F, DNA oxidation as revealed with 8-Oxo-dG labeling (green). C, G, PV-IR (red). D, H,
Colocalization of the markers. Note the strong 8-Oxo-dG labeling in CA3 and hilar cells annexed to the DG in GCLM �/� (F ) but not
in �/� (B) mice. A reduction in density of PV-IR FSI (cell bodies) particularly in DG of GCLM �/� (G), as compared to �/� (C)
mice, is also observed. Scale bar, 200 �m.
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mination). After 4 min of habituation, the con-
ditioned tone was played for 5 min. The
amount of freezing during the sound presenta-
tion was quantified. A General Linear Model
with genotype as factor and activity level before
and during the fear conditioning paradigm as
repeated measure was used to determine the
genotype effect and whether conditioning had
an effect on activity level. A General Linear
Model with genotype as factor and freezing af-
ter each electric shock as repeated measure was
also performed to determine the effect of geno-
type and shock on freezing. The effect of geno-
type on contextual fear conditioning was
estimated using a General linear model with
genotype as factor and percent freezing at each
minute bin as repeated measure (nine bins
corresponding to 9 min stay in the condi-
tioning chamber), followed by post hoc one-
way ANOVAs at each times bins. Finally the
effect of genotype on auditory-cued fear con-
ditioning was estimated using a General linear
model with genotype as factor and percent freezing at each minute bin of
the tone duration as repeated measure (five bins corresponding to 5 min
tone presentation), followed by post hoc one-way ANOVAs at each times
bins.

Statistical analysis. Statistical tests are given under the description of
each method. p 
 0.05 is considered statistically significant.

Results
Brain GSH deficit in GCLM �/� mice
GCLM �/� mice displayed quite similar GSH deficit throughout
the brain including hippocampus (Table 1). Total GSH levels in
GCLM �/� mice were �30% of those measured in �/� litter-
mates. This GSH deficit remained fairly constant throughout life
(Table 2). In young adult �/� mice (4–6 months old), GSH levels
in VH (8.4 � 0.3 nmol GSH/mg protein, mean � SEM, n 	 6) and
DH (7.9 � 0.4 nmol GSH/mg protein, mean � SEM, n 	 6) were
not significantly different ( p 	 0.097). In young adult GCLM �/�
mice however, GSH levels were significantly higher in VH (3.4 � 0.4
nmol GSH /mg protein, n 	 6) than in DH (2.7 � 0.3 nmol GSH
/mg protein, n 	 6) ( p 	 0.045).

Reduced density of PV-IR FSI in VH of GCLM �/� mice
The number of PV-IR FSI (Fig. 1), but not CB- and CR-IR inter-
neurons (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material), was significantly lower in the VH of
young adult GCLM �/� compared with �/� mice. The defect
in PV was significant in the dendate gyrus (DG) and CA3, but was
at the limit of significance in CA1 (Fig. 1, supplemental Table 1,
available at www.jneurosci.org as supplemental material). In
contrast in DH, number of PV-IR FSI (Fig. 2) (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial) did not differ between genotypes. In 20-d-old mice, when
developmental PV expression is almost complete (Dell’Anna et
al., 1996), GCLM �/� mice did not have a deficit in number of
PV-IR FSI in VH (Fig. 3C,G,I). Likewise in mid-adolescent (40-
d-old) mice, the density of PV-IR FSI was not significantly differ-
ent in both genotypes (Fig. 3L,P,R). However in contrast with
20-d-old mice, there was a trend toward a decrease density of
PV-IR FSI in the CA3 and DG of mid-adolescent GCLM �/�
mice. Thus, a chronic deficit in GSH leads to PV-IR FSI impair-
ment in the VH, but not DH, which emerges gradually during
adolescence and early adulthood.

Oxidative stress in VH of GCLM �/� mice
To see whether the anomaly of PV-IR FSI in VH was associated
with a region-specific increase in oxidative stress, we used an
antibody against 8-oxo-7,8-dihydro-20-deoxyguanosine (8-
Oxo-dG), a marker for DNA oxidative damage (Kasai, 1997). The
VH (Figs. 4, 5, 6) but not DH (Fig. 7) of young adult GCLM �/�
showed prominent oxidative stress compared to �/� mice.
Within the VH of adult GCLM �/�, 8-Oxo-dG labeling was
most prevalent in CA3 and hilus of the DG (Figs. 4, 6) and less
pronounced in CA1 (Figs. 5, 6). Such oxidative stress was not
observed in VH of 20-d-old GCLM �/� mice (Fig. 3B,F). In
40-d-old animals, oxidative stress was significantly higher in ven-
tral CA3 of GCLM �/� compared to �/� mice ( p 	 0.026 for
8-Oxo-dG labeling intensity; p 	 0.046 for number of labeled
voxels; n 	 5 for each genotype), but not in DG (Fig. 3K,O).
However, 8-Oxo-dG labeling intensity and number of labeled
voxels were respectively 7.5 and 9.1 times lower in ventral CA3 of
40-d-old than in ventral CA3 of adult GCLM �/� mice (Fig. 6).
This indicates, as with PV-IR FSI, that the VH (CA3 and DG) is
particularly vulnerable to oxidative stress and that such redox
dysregulation emerges gradually during adolescence.

Figure 5. Localization of oxidative stress PV-IR in CA1 and CA3 of ventral hippocampus of adult GCLM �/� and �/� mice. A,
E, DAPI staining of cell nuclei (blue). B, F, DNA oxidation as revealed with 8-Oxo-dG labeling (green). C, G, PV-IR (red). D, H,
Colocalization of the markers. 8-Oxo-dG labeling is strong in CA3 and weaker in CA1 of GCLM �/� (F ), but absent in �/� mice
(B). A reduction of PV-IR FSI in GCLM �/� (G), as compared to �/� (C) mice, is also observed. Scale bar, 200 �m.

Figure 6. Quantification of oxidative stress using 8-Oxo-dG labeling in ventral hippocampus
of adult GCLM �/� (n 	 5) and �/� mice (n 	 5). A, Mean fluorescent intensity of 8-Oxo-
dG-labeled voxels (represents level of oxidative stress). The fluorescent intensity is significantly
higher in all regions of the ventral hippocampus of GCLM �/� compared to �/� mice.
B, Number of voxels labeled with 8-Oxo-dG (represents the extent of oxidative stress). The
number of labeled voxels is significantly higher in all regions of the ventral hippocampus of
GCLM �/� compared to �/� mice. Note that 8-Oxo-dG labeling (based on mean inten-
sity and number of labeled voxels) is particularly strong in DG and CA3. Data are presented
with the quartiles (bar), median (horizontal line inside the bar), mean (circle), and outliers
(triangle). **p 
 0.01, *p 
 0.05.
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Reduced kainate-induced � oscillations in VH of
GCLM �/� mice
Since PV-IR FSI are necessary for the generation of � oscillatory
synchronization (Sohal et al., 2009), we examined whether the re-
duced number of PV-IR FSI in VH of adult GCLM �/� mice was
associated with reduced � oscillations. We quantified � oscillations

induced by kainate in CA3 of VH and DH
slices. In VH, kainate generated significantly
less powerful �/� oscillations (20–80 Hz) in
adult GCLM �/� than in �/� mice (Fig.
8A,B). The peak frequency of these oscil-
lations was not significantly different in
GCLM �/� (32.2 � 1.4 Hz) and �/�
mice (28.7 � 1.9 Hz). In contrast in DH,
the power (Fig. 8C,D) and the peak fre-
quency of �/� oscillations (24.0 � 0.9
Hz vs 25.3 � 0.4 Hz) did not differ in
GCLM �/� and �/� mice. Thus, a
chronic deficit in GSH impairs �/� oscil-
lations in the VH alone.

We also investigated basal neurotrans-
mission and excitability along the CA3 re-
current and the Schaffer collaterals-CA1
pathways in the VH. fEPSPs and popula-
tion spikes (PS) recorded in CA3 and in
CA1 to Schaffer collaterals stimulation
were not significantly different in both ge-
notypes (supplemental Fig. 3A–E, avail-
able at www.jneurosci.org as supplemental
material). In addition, paired-pulse inhibi-
tion of PS (supplemental Fig. 3F, available at
www.jneurosci.org as supplemental material)
in CA1 did not differ in GCLM �/� and
�/� mice. Thus, basal neurotransmission,
excitability of pyramidal neurons and gross
modulation of their excitability are not
significantly altered in GCLM �/� mice.
However, orthodromic PS in CA3
tended to be evoked at lower stimulus
intensity and to reach higher amplitudes
in GCLM �/� than in �/� mice (supple-
mentalFig.3C,availableatwww.jneurosci.
org as supplemental material). But the
variability of orthodromic PS amplitude
was particularly large in GCLM �/� mice.
This could reflect a reduced perisomatic
inhibition of some but not all pyramidal
neurons in CA3 of GCLM �/� mice.
Thus, these data indicate that the re-
duced �/� oscillations in the VH of adult
GCLM �/� mice are not associated with
major and general impairments of neuro-
transmission and excitability.

Behavioral phenotype of
GCLM �/� mice
Since GCLM �/� mice showed alteration
in the GABAergic system specifically in the
VH, we examined a series of hippocampus-
dependent behaviors known in most cases
to implicate differentially the VH and DH.
These tests evaluated novelty-induced
exploration, object recognition, spatial

learning and memory, and behavioral responses to anxiety and
fear-evoking situations. In a novel context, GCLM �/� mice
were more active than �/� mice. When three objects were pre-
sented for the first time, GCLM �/� mice explored them more
intensively than �/� mice did (Fig. 9A). After familiarization,
the exploratory behavior of GCLM �/� mice dropped to sim-

Figure 7. Localization of oxidative stress and PV-IR in dorsal hippocampus of adult GCLM �/� and �/� mice. A, E, DAPI
staining of cell nuclei (blue). B, F, DNA oxidation as revealed with 8-Oxo-dG labeling (green). C, G, PV-IR (red). D, H, Colocalization
of the markers. Note that 8-Oxo-dG labeling is almost absent in both genotypes (B, F ). This contrasts with the strong
8-Oxo-dG labeling observed in ventral hippocampus of adult GCLM �/� mice (Fig. 4 F). The absence of 8-Oxo-dG labeling
in dorsal hippocampus of both genotypes was observed systematically in all 5 GCLM �/� and 5 �/� mice investigated.
Scale bar, 200 �m.

Figure 8. A, B, In ventral hippocampus, kainate-induced �/� oscillations are weaker in GCLM �/� than �/� mice.
A, Power of oscillations (20 – 80 Hz) is significantly lower in GCLM �/� than �/� mice. *p 
 0.05. Data (median and quartiles)
are from 13 hippocampus of 9 �/� mice and 11 hippocampus of 7 �/� mice. B, Power spectrum (median) of the traces
recorded from ventral hippocampus of GCLM �/� and �/� mice under kainate superfusion. Insert shows a typical trace
recorded in ventral hippocampus of each genotype. Horizontal bar: 0.2 s; vertical bar: 0.2 mV. C, D, In dorsal hippocampus,
kainate-induced �/� oscillations are not different in GCLM �/� and �/� mice. C, Power of oscillations (20 – 80 Hz) are not
significantly different between genotypes (ns). Data (median and quartiles) are from 10 hippocampus of 5 �/� mice and 11
hippocampus of 6 �/� mice. D, Power spectrum (median) of the traces recorded from dorsal hippocampus of GCLM �/�
and �/� mice under kainate superfusion. Insert shows a typical trace recorded in dorsal hippocampus of each genotype.
Horizontal bar: 0.2 s; vertical bar: 0.1 mV.
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ilar levels than those of �/� mice (sup-
plemental Fig. 4 A, available at www.
jneurosci.org as supplemental mate-
rial), indicating habituation to novelty af-
ter repeated exposures. When one of the
three objects was moved to another loca-
tion, both genotypes showed preference
for the displaced object, but GCLM �/�
mice spent more time exploring the non-
displaced objects than �/� mice did (Fig.
9B). When one of the previously nondis-
placed object was subsequently replaced
by a novel object, GCLM �/� mice ex-
plored intensively both the novel object
and the previously displaced object (Fig.
9C), suggesting an increased perseverative
behavior. This could also reflect a diffi-
culty of GCLM �/� mice to encode a
novel object within a spatial context, re-
quiring the mice to explore intensively the
novel object and also the other objects.
Thus, GCLM �/� mice recognize a spa-
tially displaced object, but show altered be-
havior during an object recognition task.

We then examined spatial learning and
memory, known to depend on DH. In a
T-maze rewarded alternation task, both
genotypes learned equally well to enter the
previously unvisited arm (Fig. 9D), indi-
cating intact spatial working memory in
GCLM �/� mice. We also examined spa-
tial reference learning and memory in a
water maze. GCLM �/� and �/� mice
had similar swim performance (33.5 � 4.3
cm/s vs 27.8 � 2.9 cm/s) and found
equally well the hidden platform (Fig. 9E).
During the probe trial when the plat-
form was removed, mice of both geno-
types displayed similar preference for
the goal quadrant (Fig. 9F). When the
platform was moved to another location,
GCLM �/� and �/� mice were equally
able to relearn the new location (Fig. 9E). Thus, spatial working
memory, spatial reference learning and memory, and spatial re-
versal learning are normal in GCLM �/� mice.

As the VH is part of pathways modulating emotion and stress-
related behaviors, we assessed the behavioral responses of GCLM
�/� mice in tests that elicit mild stress. GCLM �/� mice entered
significantly more often the open arms of an elevated plus maze
than �/� mice did (Fig. 10A). In a light/dark box, GCLM �/�
mice performed also significantly more transitions between the
two compartments and spent more time in the light compart-
ment than �/� mice did (Fig. 10B). In a novelty-suppressed feed-
ing test, in which mice usually hesitate to approach a piece of food in
the middle of an open field, GCLM �/� mice tended to contact the
food quicker than �/� mice did (supplemental Fig. 4B, available at
www.jneurosci.org as supplemental material). Thus, GCLM �/�
mice display less stress-induced behavioral inhibition.

Finally, we studied delay fear conditioning known to implicate
the VH. Both genotypes responded to electric shocks by display-
ing strong vocalization, high locomotion, and jumping behavior
to escape the aversive stimulus. In addition, mice of both geno-
types reduced their overall activity following repeated shock pre-

sentation (Fig. 10C), suggesting that GCLM �/� mice have
intact nociceptive sensory capacity. Though freezing increased
with the number of received shocks in mice of both genotypes,
GCLM �/� mice tended to freeze less than �/� mice did (Fig.
10D). After conditioning, GCLM �/� mice froze significantly
less when re-exposed to the context (Fig. 10E) or the tone (Fig.
10F) than �/� mice did. Thus, GCLM �/� mice show reduced
acquisition and expression of delay fear conditioning. Overall
this shows that, compared to �/� mice, GCLM �/� mice have
intact spatial learning and spatial memory, but have increased
novelty-induced exploration, altered behavior during an object
recognition task, reduced behavioral inhibition under stress, and
respond less to delay fear conditioning. This is consistent with a
VH but not DH impairment.

Discussion
Our data underscore a selective vulnerability of the VH to redox
dysregulation. A chronic GSH deficit causes elevated oxidative
stress, specific reduction in PV-IR FSI and a concomitant reduc-
tion in �/� oscillations in VH but not DH of young adult mice.
The behavioral phenotype of GCLM �/� mice further corrobo-
rates a functional disruption of the VH but not DH. In addition to

Figure 9. Object recognition (A–C) and spatial abilities (D–F ) of GCLM �/� mice. A, During the first familiarization to 3
objects, GCLM �/� mice (n 	 12) explore them more than �/� mice do (n 	 14) (*p 	 0.012). B, Both genotypes show
preference for the displaced object A ( &p 
 0.001), but GCLM �/� mice investigate more one of the nondisplaced object (object
C) than �/� mice do (*p 	 0.002). C, Novel object recognition is impaired in GCLM �/� mice ( p 	 0.008). When one of the
nondisplaced object (object C) is replaced by a novel object, GCLM�/�mice explore this novel object and the previously displaced
object A with equal intensity. Exploration of the previously displaced object A remains higher in GCLM �/� than in �/� mice
(* p	0.01). Only the familiar, nondisplaced object (object B) is less investigated than the novel object by GCLM�/�mice ( &p	0.004).
In contrast, �/� mice explore more the novel object than the two familiar objects ( &p 
 0.001). D, Spatial working memory in a
rewarded alternation task is intact in GCLM �/� mice. Percent of correct choice increases over the trial sessions similarly in
GCLM �/� (n 	 8) and GCLM �/� (n 	 8) mice. E, Spatial reference learning in a water maze is intact in GCLM �/� mice. The
ability to find a hidden platform (goal) improves equally well in GCLM �/� (n 	 6) and �/� (n 	 11). After the platform was
moved to another location (at the time indicated by an arrow), both genotypes learn equally well the new platform position. F,
Spatial reference memory is intact in GCLM �/� mice. During the probe trial (PT), both genotypes spend more time in the goal
quadrant than in the other quadrants (*p � 0.003). All data are presented with the mean � SEM.
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altered behavior during an object recognition task, GCLM �/�
mice display increased novelty-induced exploration, altered
emotion and stress-related behaviors, but intact spatial learning
and spatial memory.

As revealed by 8-Oxo-dG labeling, oxidative stress is present
in VH but not DH of young adult GCLM �/� mice, affecting
mostly CA3 and DG where the reduction of PV-IR FSI is most
severe. The elevated oxidative stress likely precedes the reduc-
tion of PV. In 20-d-old GCLM �/� mice, the VH shows no
oxidative stress and contains high density of PV-IR FSI. In
40-d-old GCLM �/� mice, the VH (in particular CA3) pre-
sents signs of oxidative stress, but no yet significant deficit in
PV-IR FSI. Thus, impairment of PV-IR FSI in VH of GCLM �/�
mice emerges after oxidative stress increases and/or cumulates
throughout adolescence.

What could be responsible for the selective localization and
timing of this oxidative stress? Its presence in VH but not in DH
of adult GCLM �/� mice is not due to lower GSH levels in the
VH compared to DH. On the contrary, GSH levels are higher in
VH, possibly as a response to increased ROS. It thus supports the
concept that the oxidative stress in VH results from higher ROS
production in VH compared to DH. The VH could be more vul-
nerable to redox dysregulation because of its richer catecholamine
innervations compared to DH (Oleskevich et al., 1989; Gasbarri et
al., 1997; Bjarkam et al., 2003). Auto-oxidation and catabolism of
catecholamines form oxidative species including H2O2, superoxide
and o-quinones (Cadet and Brannock, 1998). Catecholamines react

also with cysteine residues of GSH and
proteins to form conjugates in a super-
oxide-dependent manner (Rabinovic and
Hastings, 1998; Hirrlinger et al., 2002).
Furthermore, noradrenaline induces se-
cretion of IL-6 by astrocytes (Maimone et
al., 1993), as IL-6 is responsible (via a
NOX-dependent superoxide overproduc-
tion) of PV impairment in ketamine-treated
and aged rodents (Behrens et al., 2008;
Dugan et al., 2009). Interestingly, norad-
renergic innervations in VH are especially
dense in CA3 and hilus of the DG
(Oleskevich et al., 1989) and reach maxi-
mum density after weaning age (Moudy et
al., 1993), coinciding in time and location
with the oxidative stress observed in
GCLM �/� mice. Thus, a compromised
GSH system might not cope with high lev-
els of noradrenaline release in the ventral
CA3 and DG, causing a regional oxidative
stress.

PV-IR FSI require high-energy be-
cause of their fast-spiking properties and
thus are likely to produce high amounts of
ROS. These cells might be equipped to
cope with such constraints. Thus, hip-
pocampal PV-IR FSI have high levels of
PGC-1� (Cowell et al., 2007), which reg-
ulates metabolic demands in response to
calcium flux and ATP levels, promotes
survival under oxidative stress and en-
hances expression of Mn-superoxide dis-
mutase, an antioxidant enzyme abundant
in these FSI. Nevertheless, PV-IR FSI re-
main susceptible to excess of oxidative

stress. Superoxide overproduction causes a decrease in GAD-67
and PV expression in a ketamine model of schizophrenia and a
loss of PV FSI in aged mice (Behrens et al., 2007, Dugan et al.,
2009). In addition, maturation and phenotypic maintenance of
PV-IR FSI depend on calcium signaling via NR2A (Kinney et al.,
2006), the redox-sensitive subunit of NMDAR (Choi et al., 2001),
and L-type calcium channels (Jiang and Swann, 2005; Kinney et
al., 2006). Redox dysregulation could impair PV-IR FSI via alter-
ation of calcium signaling, since a GSH deficit causes hypofunction
of NMDAR and alters dopamine modulation of calcium influx
through L-type calcium channels (Steullet et al., 2006, 2008; Do et al.,
2009a).

The deficit in PV-IR FSI has functional consequences. PV-IR
FSI synapse on cell body and axonal initial segment of pyramidal
cells, regulating their output and coordinating activity of neuro-
nal assemblies. In hippocampal slices, kainate induces � oscilla-
tions (Traub et al., 2004) dependent on recruitment of PV-IR FSI
(Fuchs et al., 2007). We found that kainate-induced � oscillations
is decreased in VH but not DH of young adult GCLM �/� mice,
as is the density of PV-IR FSI. This suggests that a GSH deficit
leads not merely to a reduction of PV expression but rather a
profound functional disruption or even a decrease in number of
these FSI in the VH. This is supported by the fact that kainate-
induced � oscillations are enhanced in mice that do not express
PV in FSI (Vreugdenhil et al., 2003).

Using a series of hippocampus-dependent behaviors, we
found that functional disruption of FSI in the VH contributes to

Figure 10. Behavioral responses of GCLM �/� mice in mildly stressful and fearful conditions. A, In elevated plus maze,
GCLM �/� mice (n 	 13) explore more frequently the open arms than GCLM �/� mice do (n 	 25) (*p 	 0.023) (left
panel). The total number of entries in both open and closed arms is not different in the two genotypes (right panel). B, In light/dark
box, GCLM �/� mice (n 	 7) perform more transitions between the dark and light chamber than �/� mice do (n 	 11) (*p 	
0.045) (left panel). GCLM �/� mice spend more time in the light chamber than �/� mice do (*p 	 0.027) (right panel ).
C, Effect of delay fear conditioning on activity (number of crossings of infrared beams). Activity decreases during conditioning (DC), as
compared to the preconditioning period (PC) ( $p 
 0.001). No difference between GCLM �/� (n 	 11) and �/� mice (n 	 15). D,
Effects of consecutive shocks (S1–S3) on freezing. Freezing increases with the number of shocks ( p 
 0.001), but GCLM �/�
mice tend to freeze less than �/� mice ( p 	 0.054). E, GCLM �/� mice express less contextual fear conditioning than �/�
mice do ( p 	 0.028). *Significant difference between genotypes for a defined 1 min bin. F, GCLM �/� mice express less
auditory-cued fear conditioning than �/� mice do ( p 	 0.017). *Significant difference between genotypes for a defined 1 min
bin. Data are presented with the mean � SEM.
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the behavioral phenotype of GCLM �/� mice, although involve-
ment of other potentially dysfunctional brain regions cannot be
excluded. These mice display novelty-induced exploration, al-
tered behavior during an object recognition task, altered emotion
and stress-related behaviors, respond less to delay fear condition-
ing, but have intact spatial learning and spatial memory. It is
worth comparing the GCLM �/� behavioral phenotype to mice
with reduced excitatory recruitment of PV-IR FSI in the whole
hippocampus (Fuchs et al., 2007). Mice with functional disruption
of PV-IR FSI in the whole hippocampus have deficit in recognition
of novel spatial arrangement of familiar objects and in novel object
recognition (Fuchs et al., 2007). In contrast, GCLM �/� mice
recognize changes in spatial arrangement of objects, a task that
requires functional DH (Gaskin et al., 2009). Mice with func-
tional disruption of PV-IR FSI in the whole hippocampus have
also impaired spatial working memory (Fuchs et al., 2007) in a
task dependent on the DH (McHugh et al., 2008; Gaskin et al.,
2009), while GCLM �/� mice do not show such deficit. The lack
of spatial impairment in the GCLM �/� mice indicates normal
function of the DH (Bannerman et al., 2004; Broadbent et al.,
2004). In addition, mice with functional disruption of PV-IR FSI
in the entire hippocampus are hypoactive, while GCLM �/�
mice show strong novelty-induced exploration. Such hyperactiv-
ity can be induced by a decreased GABA inhibition in the VH
(Bast et al., 2001a). The altered behavior of GCLM �/� mice
under mild stress (in elevated plus maze and light/dark box) is
also in line with a specific functional disruption of the VH but not
DH (Bannerman et al., 2004). Finally, the reduced expression of
fear delay conditioning in GCLM �/� mice suggests alteration of
information processing in the VH. The VH is indeed implicated
in both contextual and auditory-cued delay fear conditioning,
while the DH is involved in trace fear conditioning and contex-
tual delay fear conditioning (Bast et al., 2001b, Hunsaker and
Kesner, 2008, Esclassan et al., 2009). In particular, lesions of the
ventral CA3 causes deficit in expression of both auditory-cued
and contextual delay fear conditioning (Hunsaker and Kesner,
2008). Together, chronic GSH deficit impacts the structural and
functional integrity of PV-IR FSI, impairing information pro-
cessing in the VH and leading to specific changes in behaviors
such as enhanced novelty-induced exploration, inadequate re-
sponses to stress and impaired responses to fear.

The finding that the VH is particularly susceptible to oxidative
stress is also of interest in regard to schizophrenia. There is grow-
ing evidence of structural and functional anomalies of the ante-
rior hippocampus (VH in rodents) in schizophrenia patients
(Goldman and Mitchell, 2004). This includes elevated blood flow
at rest and reduced activation during specific tasks (Jessen et al.,
2003; Ongur et al., 2006). The projections from the ventral/ante-
rior hippocampus to the PFC, the modulation by the ventral/
anterior hippocampus of dopamine release in the PFC and
nucleus accumbens, and the schizophrenia-like anomalies in-
duced by neonatal lesion of the VH in rats further suggest a sig-
nificant role of the anterior hippocampus in the pathology of
schizophrenia (Goldman and Mitchell, 2004).

A marked reduction of PV-IR FSI density is described in the
middle hippocampus of schizophrenia and bipolar patients
(Zhang and Reynolds, 2002). In both disorders, the GABAergic
system is mostly affected in the CA3/2 region as revealed by
GAD-67 expression (Benes et al., 2007). To our knowledge how-
ever, there is no data on anomalies of the GABAergic system
along the longitudinal axis of patient’s hippocampus. Decreased
PV expression or abnormal maturation of FSI are observed in
experimental animal models for schizophrenia (Penschuck et al.,

2006; Behrens et al., 2007; Tseng et al., 2008; Lodge et al., 2009),
and following environmental factors (Dell’Anna et al., 1996;
Harte et al., 2007; Meyer et al., 2008) or manipulations of genes
associated with schizophrenia (Hikida et al., 2007; Shen et al.,
2008; Fisahn et al., 2009). However, the degree of PV impairment
and the susceptible brain structures vary across models and de-
pend on the time of manipulation. Thus, prenatal immune chal-
lenge at E9 affects PV in the PFC, while similar insult at E17
impacts PV in both PFC and VH (Meyer et al., 2008). Likewise,
blockade of NMDAR at prenatal, postnatal, adolescent or adult
age does not impact PV-IR FSI in the same way and same brain
structures (Abekawa et al., 2007; Wang et al., 2008; Zhang et al.,
2008). A GSH deficit has also region- and time-specific effects on
PV-IR FSI, causing reduction of PV-IR FSI in the VH of adults
but affecting also postnatal maturation of PV FSI in the anterior
cingulate cortex (Cabungcal et al., 2006; Do et al., 2009a). Thus,
impairment of PV-IR FSI could be quite heterogeneous among
patients depending on their genetic background and the nature
and time of various risk factor impacts (Jaaro-Peled et al., 2009).
Therefore, examination within the same subjects of FSI in the
different subregions of the PFC and hippocampus might reveal
different endophenotypes.

In summary, a redox dysregulation induced by a compro-
mised GSH synthesis leads to region and time selective oxidative
stress and impairment of the structural and functional integrity
of FSI. Interestingly, FSI defects in the VH appear toward end of
adolescence/early adulthood, a period during which symptoms
of schizophrenia emerges. This demonstrates that redox dysregu-
lation from a genetic origin and/or induced by environmental
risk factors (infections, stress) could be central to the develop-
ment of psychiatric disorders, including schizophrenia.

References
Abekawa T, Ito K, Nakagawa S, Koyama T (2007) Prenatal exposure to an

NMDA receptor antagonist, MK-801 reduces density of parvalbumin-
immunoreactive GABAergic neurons in the medial prefrontal cortex and
enhances phencyclidine-induced hyperlocomotion but not behavioral
sensitization to methamphetamine in postpubertal rats. Psychopharma-
cology (Berl) 192:303–316.

Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T,
Zhang WN, Pothuizen HH, Feldon J (2004) Regional dissociations
within the hippocampus–memory and anxiety. Neurosci Biobehav Rev
28:273–283.

Bartos M, Vida I, Jonas P (2007) Synaptic mechanisms of synchronized
gamma oscillations in inhibitory interneuron networks. Nat Rev Neuro-
sci 8:45–56.

Bast T, Zhang WN, Feldon J (2001a) Hyperactivity, decreased startle reac-
tivity, and disrupted prepulse inhibition following disinhibition of the rat
ventral hippocampus by the GABA(A) receptor antagonist picrotoxin.
Psychopharmacology (Berl) 156:225–233.

Bast T, Zhang WN, Feldon J (2001b) The ventral hippocampus and fear
conditioning in rats. Different anterograde amnesias of fear after tetrodo-
toxin inactivation and infusion of the GABA(A) agonist muscimol. Exp
Brain Res 139:39 –52.

Behrens MM, Ali SS, Dao DN, Lucero J, Shekhtman G, Quick KL, Dugan LL
(2007) Ketamine-induced loss of phenotype of fast-spiking interneurons
is mediated by NADPH-oxidase. Science 318:1645–1647.

Behrens MM, Ali SS, Dugan LL (2008) Interleukin-6 mediates the increase
in NADPH-oxidase in the ketamine model of schizophrenia. J Neurosci
28:13957–13966.

Benes FM, Lim B, Matzilevich D, Walsh JP, Subburaju S, Minns M (2007)
Regulation of the GABA cell phenotype in hippocampus of schizophren-
ics and bipolars. Proc Natl Acad Sci U S A 104:10164 –10169.

Bjarkam CR, Sorensen JC, Geneser FA (2003) Distribution and morphology
of serotonin-immunoreactive axons in the hippocampal region of the
New Zealand white rabbit. I. Area dentata and hippocampus. Hippocam-
pus 13:21–37.

Broadbent NJ, Squire LR, Clark RE (2004) Spatial memory, recognition

2556 • J. Neurosci., February 17, 2010 • 30(7):2547–2558 Steullet et al. • Glutathione Deficit Affects Ventral Hippocampus



memory, and the hippocampus. Proc Natl Acad Sci U S A 101:14515–
14520.

Cabungcal JH, Nicolas D, Kraftsik R, Cuenod M, Do KQ, Hornung JP (2006)
Glutathione deficit during development induces anomalies in the rat an-
terior cingulate GABAergic neurons: relevance to schizophrenia. Neuro-
biol Dis 22:624 – 637.

Cadet JL, Brannock C (1998) Free radicals and the pathobiology of brain
dopamine systems. Neurochem Int 32:117–131.

Cho RY, Konecky RO, Carter CS (2006) Impairments in frontal cortical
gamma synchrony and cognitive control in schizophrenia. Proc Natl Acad
Sci U S A 103:19878 –19883.

Choi Y, Chen HV, Lipton SA (2001) Three pairs of cysteine residues mediate
both Redox and Zn 2� modulation of the NMDA receptor. J Neurosci
21:392– 400.

Cowell RM, Blake KR, Russell JW (2007) Localization of the transcriptional
coactivator PGC-1alpha to GABAergic neurons during maturation of the
rat brain. J Comp Neurol 502:1–18.

Dell’Anna E, Geloso MC, Magarelli M, Molinari M (1996) Development of
GABA and calcium binding proteins immunoreactivity in the rat hip-
pocampus following neonatal anoxia. Neurosci Lett 211:93–96.

Do KQ, Trabesinger AH, Kirsten-Kruger M, Lauer CJ, Dydak D, Hell D,
Holsboer F, Boesiger P, Cuenod M (2000) Schizophrenia: glutathione
deficit in cerebrospinal fluid and prefrontal cortex in vivo. Eur J Neurosci
12:3721–3728.

Do KQ, Cabungcal JH, Frank A, Steullet P, Cuenod M (2009a) Redox dys-
regulation, neurodevelopment and schizophrenia. Curr Opin Neurobiol
19:220 –230.

Do KQ, Bovet P, Cabungcal JH, Conus P, Gysin R, Lavoie S, Steullet P,
Cuenod M (2009b) Redox dysregulation in schizophrenia: genetic sus-
ceptibility and pathophysiological mechanisms. In: Handbook of neuro-
chemistry and molecular neurobiology: schizophrenia, Vol 27, Ed 3,
(Javitt DC, Kantrowitz JT, Lajtha A, eds), pp 285–311. New York:
Springer.

Dugan LL, Ali SS, Shekhtman G, Roberts AJ, Lucero J, Quick KL, Behrens
MM (2009) Il-6 mediated degeneration of forebrain GABAergic inter-
neurons and cognitive impairment in aged mice through activation of
neuronal NADPH oxidase. PloS One 4:e5518.

Esclassan F, Coutureau E, Di SG, Marchand AR (2009) Differential contri-
bution of dorsal and ventral hippocampus to trace and delay fear condi-
tioning. Hippocampus 19:33– 44.

Fisahn A, Neddens J, Yan L, Buonanno A (2009) Neuregulin-1 modulates
hippocampal gamma oscillations: implications for schizophrenia. Cereb
Cortex 19:612– 618.

Fries P, Nikolic D, Singer W (2007) The gamma cycle. Trends Neurosci
30:309 –316.

Fuchs EC, Zivkovic AR, Cunningham MO, Middleton S, Lebeau FE, Banner-
man DM, Rozov A, Whittington MA, Traub RD, Rawlins JN, Monyer H
(2007) Recruitment of parvalbumin-positive interneurons determines
hippocampal function and associated behavior. Neuron 53:591– 604.

Gasbarri A, Sulli A, Packard MG (1997) The dopaminergic mesencephalic
projections to the hippocampal formation in the rat. Prog Neuropsycho-
pharmacol Biol Psychiatry 21:1–22.

Gaskin S, Gamliel A, Tardif M, Cole E, Mumby DG (2009) Incidental (un-
reinforced) and reinforced spatial learning in rats with ventral and dorsal
lesions of hippocampus. Behav Brain Res 202:64 –70.

Goldman MB, Mitchell CP (2004) What is the functional significance of
hippocampal pathology in schizophrenia? Schizophr Bull 30:367–392.

Gysin R, Kraftsik R, Sandell J, Bovet P, Chappuis C, Conus P, Deppen P,
Preisig M, Ruiz V, Steullet P, Tosic M, Werge T, Cuénod M, Do KQ
(2007) Impaired glutathione synthesis in schizophrenia: convergent
genetic and functional evidence. Proc Natl Acad Sci U S A
104:16621–16626.

Harte MK, Powell SB, Swerdlow NR, Geyer MA, Reynolds GP (2007) Defi-
cits in parvalbumin and calbindin immunoreactive cells in the hippocam-
pus of isolation reared rats. J Neural Transm 114:893– 898.

Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson
AR, Lewis DA (2003) Gene expression deficits in a subclass of GABA
neurons in the prefrontal cortex of subjects with schizophrenia. J Neuro-
sci 23:6315– 6326.

Hikida T, Jaaro-Peled H, Seshadri S, Oishi K, Hookway C, Kong S, Wu D, Xue
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