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Abstract
Much evidence suggests that oxidative stress plays a role in schizophrenia pathogenesis. Major
oxidative stress sources include hydrogen peroxide and biogenic aldehydes that are mainly cleared
in vivo by glutathione peroxidase (GPX) and aldehyde dehydrogenase (ALDH), respectively. Both
enzymes are richly expressed in brain. Schizophrenia patients have significantly increased plasma
levels of malondialdehyde and glutathione, combined with decreased GPX activity and ALDH1
mRNA levels in the ventral tegmental area. Absence of Aldh1a1 (murine homolog of ALDH1)
gene causes increased basal extracellular dopamine concentrations, a common characteristic of
schizophrenia. Studies investigating association between gene polymorphisms of GPX1 (the most
abundant form of GPX) or ALDH1A1 with schizophrenia also have not clearly demonstrated
whether ALDH1A1 or GPX1 is involved in pathogenesis of schizophrenia. To investigate possible
contributions of ALDH and GPX to pathological behaviors associated with schizophrenia, we
generated mice with both Aldh1a1 and Gpx1 gene deletions (KO). Aldh1a1/Gpx1 KO and wild
type (WT) mice had similar number of novel entry and alteration in Y-maze test, suggesting no
cognition deficit in KO. Furthermore, KO and WT displayed similar social interaction and novelty
preferences in three chambered tests. Overall, KO and WT had similar activity levels, as indicated
by their entries in the Y-maze and sociability tests. Furthermore both genotypes buried a similar
percentage of marbles in a 30 min marble-burying task. In summary, homozygous deletion of
Gpx1 and Aldh1a1 genes was not associated with schizophrenia–like behavioral phenotypes
including anxiety, hyperactivity, cognitive deficit or social disability. Our findings suggest that
constitutive absence of these genes alone is unlikely to give rise to common behavioral
schizophrenia symptoms. However, these mice may be highly sensitive to oxidative challenges
during critical stages of prenatal or juvenile brain development.
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1. Introduction
Schizophrenia is a devastating form of mental illness with cognitive, positive and negative
symptoms expressed as abnormal mental function and disturbed behavior [1]. The onset of
symptoms typically occurs in young adulthood [2]. About 24 million people worldwide are
affected by schizophrenia (http://www.who.int/mental_health/management/schizophreni a/
en/). The global lifetime prevalence of schizophrenia reaches up to 3.5% [3]. Schizophrenia
patients die 12–15 years earlier than the average population [4]. Increased dopamine
synthesis, dopamine release, and basal synaptic dopamine concentration has been shown to
be associated with schizophrenia by neuroimaging studies [5, 6]. Nevertheless, the
pathogenesis of schizophrenia is still unknown.

There is some evidence suggesting that oxidative stress and damage play important roles in
pathogenesis of schizophrenia [1, 7–9]. Reactive oxygen species, such as hydrogen peroxide
and biogenic aldehydes are sources of oxidative stress capable of causing significant cellular
inflammation and damage. Neuroinflammation has been suggested to play an important role
in schizophrenia and other psychiatric illness, including autism and depression [10–12]. In
terms of defending cells against oxidative stress, glutathione peroxidase (GPX) is a major
enzyme clearing hydrogen peroxide, and aldehyde dehydrogenase (ALDH) is a major
enzyme clearing biogenic aldehydes in vivo.

GPX reduces free radicals to protect cells against oxidative stress, by oxidizing glutathione
(GSH) to Glutathione disulfide (GSSG) at the same time [13]. GPX1, the most abundant
form of GPX, is expressed in kidney, liver, erythrocytes, brain, lung and heart [14]. Gpx1
plays a limited role during normal development and under physiological conditions, which is
evidenced by the fact that Gpx1 null mice are healthy and fertile and do not show any
histopathology up to 15 months of age [14, 15]. However, Gpx1 null mice show increased
susceptibility to the oxidative stress-inducing agents paraquat and hydrogen peroxide [16].
Gpx1 null mice have increased levels of lipid peroxides and their liver mitochondria have
increased hydrogen peroxide release [17]. Besides, although many studies have been
conducted to associate GPX1 gene polymorphism with schizophrenia, it is still not clear
whether GPX1 gene polymorphism is involved in pathophysiology of schizophrenia due to
limitations of the studies [12, 18–20]. Furthermore, decreased GPX activity, low plasma
GPX levels and increased plasma GSH levels were detected in schizophrenia patients as
compared to age-matched controls [21–23]. GPx1 is predominately localized to microglia
with lower levels in neurons in both rat brain [24] and human brain [25]. Deletion of GPx1
gene might lead to microglia activation, a marker of neuroinflammation, which further
causes schizophrenia–like phenotypes.

ALDH is an important enzyme for dopamine metabolism. Dopamine is metabolized by
monoamine oxidase to 3,4-Dihydroxyphenylacetaldehyde (DOPAL), which then is
metabolized to 3,4-Dihydroxyphenylacetic acid by ALDH. Plasma levels of
malondialdehyde (MDA) were significant elevated in schizophrenia patients [23].
Furthermore, despite reported studies linking ALDH1A1 polymorphisms with schizophrenia
[26], contribution of ALDH1A1 to pathogenesis of schizophrenia still need to be further
confirmed. Also, ALDH1 mRNA levels in the ventral tegmental area of schizophrenia
patients were significantly reduced as compared to controls [27]. Aldh1a1, the murine
homolog of human ALDH1, is expressed in brain of mice and rats [28]. Absence of the
Aldh1a1 gene significantly increased basal extracellular dopamine levels [29], which
mimics increased extracellular basal dopamine concentrations in schizophrenia.

Given this evidence, we hypothesized that constitutive absence of both Gpx1 and Aldh1a1
genes producing key enzymes responsible for clearing 2 important forms of oxidative stress:
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aldehyde and hydrogen peroxide, might produce schizophrenia–like behavioral phenotypes.
To test the hypothesis, we employed several widely-used murine behavior tests to
characterize schizophrenia-like phenotypes: Y-maze, 3-chamber sociability, and marble
burying. These tests can reveal behavioral tendencies in mice that resemble cognitive and
negative symptoms of schizophrenia. This study is unique in using mice with homozygous
deletion of Gpx1 and Aldh1a1 genes to study the pathological roles of oxidative stress in
pathogenesis of schizophrenia.

2. Materials and methods
2.1. Animals

Mice with homozygous homozygous deletion of Aldh1a1 and Gpx1 genes (Aldh1a1/Gpx1
KO) were generated by crossing mice lacking the Aldh1a1 gene (supplied by courtesy of Dr.
G. Duester) with mice lacking the Gpx1 gene (supplied by courtesy of Dr. Holly Van
Remmen). Details regarding the generation and characterization of these two mouse models
have been previously described [14,30]. The corresponding wild type control mice of each
genotype were crossed to generate the wild type control for Aldh1a1/Gpx1 KO mice (WT).
Mice were genotyped as described before for Aldh1a1 gene [29] and Gpx1 gene [14]. Age-
matched of Aldh1a1/Gpx1 KO and WT mice (3.1–3.6 months) were used for several
behavioral tests. These behavioral tests were chosen because they are widely used to
evaluate schizophrenia–like behavioral phenotypes in mouse schizophrenia models. Animal
experiments were conducted according to the National Institutes of Health “Guide for the
Care and Use of Laboratory Animals” and were approved by the Institutional Animal Care
and Use Committee of the University of Texas Health Science Center at San Antonio.

2.2. Y-maze test
A three-arm Y-maze (arm A, B and C, Figure 1A (http://sbfnl.stanford.edu/cs/bm/lm/
bml_ymaze.html),) was used as a measure of cognitive function, memory and general
locomotor activity. Mice were pre-trained with one arm blocked (the novel arm: arm A) and
allowed to move in the other two arms freely. Mice were then placed at the end of one of the
two (not novel, arm B or C) arms and allowed to move freely through the 3 arms of the
maze during a 5-min session and the series of arm entries (arm A or B or C) was recorded
visually. Alternation was defined as successive entry into the three arms, on overlapping
triplet sets.

2.3. Marble bury test
Mice were individually placed for a 30-min session in a large clean plastic rat housing cage
covered with sawdust to a depth of 5 cm. Twenty clean blue glass marbles were evenly
spaced apart in three rows of 6–7 marbles and topped with a filter lid for 30 min (Figure
1B). The number of marbles buried was counted at the end of the session. Percentage of
marbles buried or the number of marbles buried was plotted. Buried was defined by having
over two thirds of the total top surface of the marble covered by bedding [31].

2.4. Three-chamber sociability tests
Social interaction and social novelty tests were conducted following the same protocols
using the same custom-made three-chambered rectangular plastic testing arenas (Figure 1C)
as described previously [31]. Similar size of male SR mice with a mixed background of
Swiss, C57BL and 129Svev housed were used as stranger mice, which were generously
given by Dr. Paul Hasty at the University of Texas Health Science Center at San Antonio.
The SR mice were housed in the same facility but had no prior contact with test mice.
Briefly, before testing, each test mouse was introduced into the central chamber with both
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side compartment doors shut for 10 min, and then the mouse was allowed to explore the
entire arena for another 10 min with both doors opened. Test mice were re-confined in the
central chamber while an empty wire cup-cage (subject), and a cup cage containing a novel
stranger mouse (stranger 1) were put into either end of the arena. Each test mouse then
explored the testing arena, novel cage and stranger for 10 min of testing after the doors were
re-opened. The social novelty test was conducted after the social interaction test. Test mice
were re-confined to the central chamber and a second ‘new’ stranger mouse (stranger 2) was
put under the second empty cup cage. Stranger 1 (the novel mouse from the social
interaction test) remained at the same place as in social interaction test. A new testing
session lasted 10 min after the doors were opened. A digital camcorder mounted on a tripod
was used to record mouse behavior during test sessions. Chamber entries and time spent by
stranger mice was recorded by a genotype-blind observer.

2.5. Statistical analysis
Results are expressed as mean ± SEM. Behavioral data were analyzed using Student t-test
(2-tail). Differences were considered as statistically significant when p < 0.05.

3. Results
All mice used were genotyped by PCR to separately confirm the absence of Gpx1 gene
(Figure. 2A) and the presence of the Neo cassette which deletes the expression of
Aldh1a1gene (Figure. 2B) in the Aldh1a1/Gpx1 KO mice.

3.1. Effects of Aldh1a1 and Gpx1 gene deletion on body weight
As shown in Figure 3, Aldh1a1/Gpx1 KO and WT mice did not have difference in body
weight (26.36 ±0.87 g Vs. 27.99 ± 0.63 g, p=0.418).

3.2. Effect of Aldh1a1 and Gpx1 gene deletion on performance in Y-maze test
Three-arm Y-maze test was conducted first to evaluate general locomotor activity, cognition
and memory in Aldh1a1/Gpx1 KO and WT mice. The number of novel arm entry for
Aldh1a1/Gpx1 KO was close to that of WT mice (6.00±0.44 Vs. 4.89±0.45, p=0.098, Figure
4A). The number of alternation between Aldh1a1/Gpx1 KO and WT mice were similar
(8.78±0.72 Vs. 7.33±0.47, p=0.113, Figure 4B). The number of total arm entry for Aldh1a1/
Gpx1 KO mice was not significantly different from that of WT mice (16.00±1.01 Vs.
15.00±0.47, p=0.384, Figure 4C). Furthermore, the ratio of the number of novel arm entry to
the number of total arm entry showed in Figure 4D was comparable between Aldh1a1/Gpx1
KO and WT mice (novel/total entry, 0.38±0.02 Vs.0.33±0.02, p=0.128). Additionally, the
ratio of the number of alteration to the number of total arm entry showed in Figure 4E
paralleled in Aldh1a1/Gpx1 KO and WT mice (alternation/total entry, 0.49±0.03Vs.
0.55±0.04, p=0.217).

3.3. Effect of Aldh1a1 and Gpx1 gene deletion on performance in social interaction and
social novelty test

In social interaction test, the amount of time Aldh1a1/Gpx1 KO mice spent with the novel
mice did not differ from WT mice as shown in Figure 6A (Novel mice time, p=0.810). The
mean novel mice time was 321.9±20.06 seconds Vs. 331.5±33.63 seconds for Aldh1a1/
Gpx1 KO mice and WT mice, respectively. The ratio of the time spent with the novel mice
to the time spent with the novel subject for Aldh1a1/Gpx1 KO mice was also not different
from the ratio for the WT mice (Novel mice/subject time ratio, 1.85±0.30 Vs. 2.10±0.48,
p=0.663, Figure 6B). Additionally, the Aldh1a1/Gpx1 KO mice and the WT mice performed
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comparable number of transitions among the three chambers (26.29 ± 2.22 Vs. 24.14 ± 2.12,
p=0.499, Figure 6C).

In social novelty test, the Aldh1a1/Gpx1 KO mice and the WT mice spent similar amount of
time with the novel mice as shown in Figure 7A (novel mice time, 242.2 ±34.28 seconds Vs.
245.2 ± 25.58 seconds, p=0.948). Likewise, the ratio of the time spent with the novel mice
to the time spent with the familiar mice for Aldh1a1/Gpx1 KO mice was almost the same as
the ratio for the WT mice as shown in Figure 7B (novel mice/familiar mice time ratio,
p=0.991). The mean value of the novel mice/familiar mice time ratio was 1.02±0.24 Vs.
1.02±0.21 for Aldh1a1/Gpx1 KO mice Vs. WT mice. Besides, the number of transitions
among the three chambers the Aldh1a1/Gpx1 KO mice and the WT mice performed was
alike (25.83 ± 3.79 Vs. 36.00 ± 4.41, p=0.112, Figure 7C).

4. Discussion
Schizophrenia is a highly prevalent mental disease affecting quality of life of millions of
patients worldwide. Cardinal symptoms of schizophrenia include positive and negative
symptoms as well as cognitive and social dysfunction. In spite of the high prevalence of
schizophrenia, its mechanisms of pathogenesis are still under investigation. Much evidence
has suggested that oxidative stress is important for pathogenesis of schizophrenia [1, 8, 9].
Hydrogen peroxide and biogenic aldehydes are major sources of oxidative stress in vivo
which are cleared mainly by GPX and ALDH, respectively. GPX1 and ALDH1 are richly
expressed in the brain [14, 28]. To shed light on whether GPX1 and ALDH1 play a role in
pathogenesis of schizophrenia, we used a new mouse model with deficiency of Aldh1a1 and
Gpx1 genes. We conducted a battery of behavioral tests to evaluate whether Aldh1a1/Gpx1
KO mice have schizophrenia-like behavioral phenotypes.

Overweight or underweight has been linked to schizophrenia. For instance, a study with
15,171 subjects reported that underweight as well as obesity is a characteristic in Japanese
schizophrenia inpatients [32]. Another study enrolled 896 patients and showed that obesity
is associated with reduced cognitive function in Chinese patients with schizophrenia [33].
To make sure that body weight does not confound the behavioral tests we were using, body
weight was measured before the mice were chosen for behavioral tests. We found that the
Aldh1a1/Gpx1 KO and WT mice had similar body weight, which thus excluded the
confounding effect of body weight on the following behavioral tests.

To evaluate whether Aldh1a1/Gpx1 KO mice have schizophrenia-like cognitive deficit or
altered locomotor activity, we did the three-arm Y-maze test. We measured novel arm entry
to evaluate spatial memory and alternation to measure working memory of the mice. As
shown in Figure 4A and 3B, we did not detect difference in the absolute number of novel
arm entry or the absolute number of alternation between Aldh1a1/Gpx1 KO and WT mice.
We also measured total arm entry to evaluate general locomotor activity, which was similar
between Aldh1a1/Gpx1 KO and WT mice (Figure 4C). We further calculated the relative
novel arm entry and alteration calibrated by the number of total arm entry as shown in
Figure 4D and Figure 4E, both novel/total entry and alternation/total entry ratios were
comparable between Aldh1a1/Gpx1 KO and WT mice. These data indicate that deletion of
Aldh1a1 and Gpx1 genes does not lead to dysfunction in locomotion, spatial memory or
working memory.

To evaluate whether Aldh1a1/Gpx1 KO mice have schizophrenia-like negative symptoms
such as anxiety, we conducted marble bury test. Marble bury test has been widely used to
measure anxiety in rodents. The number of marbles buried is an index of anxiety-related
behavior. Mice with anxiety bury more marbles compared to mice without anxiety and
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marble bury test is also sensitive to anxiolytic treatment [34]. As shown in Figure 5,
Aldh1a1/Gpx1 KO did not bury different number of marbles compared to WT mice,
indicating absence of anxiety-like behavior in mice when Aldh1a1 and Gpx1 genes are
deleted.

To evaluate whether Aldh1a1/Gpx1 KO mice have schizophrenia-like social dysfunction,
social interaction test and social novelty tests were conducted. The amount of time spent
with novel mice was not altered by deletion of Aldh1a1 and Gpx1genes in both tests,
indicated by either similar absolute amount of time or similar relative amount of time
calibrated by the time spent with subject cage in social interaction test and by the time spent
with familiar mice in social novelty test. The absolute number of transitions in both social
interaction test and social novelty tests were also comparable between Aldh1a1/Gpx1 KO
and WT mice. These data imply that deficiency of Aldh1a1 and Gpx1genes does not lead to
social dysfunction.

Schizophrenia is associated with elevated amphetamine-induced synaptic dopamine
concentrations [35]. Because we did not see cognitive and social dysfunction as well
anxiety-like behavior based on the above data we obtained, we did not further treat Aldh1a1/
Gpx1 KO mice with amphetamine to see if amphetamine-induced dopamine release and
locomotor activity is altered or not as a measure of positive symptoms. However, it would
be interesting to test whether Aldh1a1/Gpx1 KO mice are vulnerable to ketamine or
amphetamine in adolescent mice, as both chemicals have been widely used to induce
schizophrenia like phenotype.

Oxidative stress plays an important role in pathogenesis of Schizophrenia [1, 8, 9]. Higher
plasma levels of MDA [23], lower plasma GPX levels [22], lower GPX activity [21], as well
as higher plasma GSH level [23] were detected in schizophrenia patients compared to
normal control. Additionally, loss of Aldh1a1 gene significantly increased basal
extracellular dopamine level like in schizophrenia [29]. However, we did not find that
deficiency in 2 anti-oxidative stress genes Aldh1a1 and Gpx1 is associated with
Schizophrenia-like behavior including anxiety, hyperactivity, cognitive deficit or social
dysfunction as we originally hypothesized. There are three possible reasons to explain the
lack of schizophrenia-like behavior in Aldh1a1/Gpx1 KO mice. Firstly, deficiency of these
two important oxidative stress response genes is not enough to give rise to oxidative stress to
cause schizophrenia. There are many forms of Aldh and Gpx which might compensate the
effect of Aldh1a1 and Gpx1 gene loss. For example, there are 22 families of ALDH (http://
www.aldh.org/) and more than 5 isoforms of GPX [36]. Future studies may include
oxidative challenges such as controlled introduction of free radicals during juvenile
development by the oxidative stress-inducing agent paraquat or hydrogen peroxide.
Secondly, although deletion of Aldh1a1 might cause accumulation of DOPAL (the aldehyde
metabolite of dopamine) leading to oxidative damage to dopaminergic neurons,
nondopaminergic neurons like cholinergic [37] and glutamatergic [38] neurons have also
been reported to play an important role in pathogenesis of schizophrenia. Thirdly, Aldh1a1
is most richly expressed in mesencephalon dopaminergic neurons [28] and not richly
expressed in other brain regions that have been suggested to be intensively involved in
schizophrenia such as hippocampus [39,40], nucleus accumbens [39], prefrontal cortex [41]
and white matter [42]. Furthermore, several studies failed to reveal association of the genetic
polymorphisms of GPX1 or ALDH1A1 with schizophrenia. For example, no association
between the Pro197Leu [18] or Pro200Leu [43] polymorphisms in GPX1 with schizophrenia
was observed in schizophrenia patients. Case-control analyses also failed to detect
association of five single nucleotide polymorphisms of ALDH1A1 in Chinese Han
schizophrenia subjects [26]. Therefore, homozygous deletion of GPX1 and ALDH1A1
genes might not be enough to give rise to schizophrenia behavioral phenotype.
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In addition, it has been reported that neuroinflammation plays an important role in
schizophrenia [11]. GPx1 is predominately localized to microglia [24, 25], so another
original rationale for us to test schizophrenia behavior phenotypes in Aldh1a1/Gpx1 KO
mice is that loss of GPx1 gene leads to microglia activation, a marker of neuroinflammation,
to cause schizophrenia–like behavior. Since in this study mice were not presented with any
form of an oxidative challenge, and we saw no evidence that KO alone produced
schizophrenia-like behaviors, we did not test any neuroinflammation marker in Aldh1a1/
Gpx1 KO mice. In future studies a controlled oxidative challenge may better reveal the
contribution of Gpx1 to pathogenesis of schizophrenia from the angle of neuroinflammation.

In summary, homozygous deletion of Gpx1 and Aldh1a1 genes alone was not associated
with schizophrenia–like behavior including anxiety, hyperactivity, cognitive or social
dysfunction in mice. Our study is innovative in that we used mice with deletion of both
Gpx1 and Aldh1a1 genes to study contribution of oxidative stress to pathogenesis of
schizophrenia. Establishment of this baseline is an important first step before undertaking
further studies of oxidative challenge in these mice to examine the function of the two
specific oxidative response genes Gpx1 and Aldh1a1 as a risk factor for idiopathic
pathogenesis of schizophrenia. As such our Aldh1a1/Gpx1 KO mice are a valuable model to
study the role of oxidative stress in the pathogenesis of schizophrenia, especially under
stress conditions in adolescent mice induced by ketamine or amphetamine to study whether
Aldh1a1 and Gpx1 deletion predispose the mice to develop schizophrenia. Also, future
analysis of Parkinson-like behavior in Aldh1a1/Gpx1 KO mice might be interesting since
mRNA expression of ALDH1 [27] and Gpx1 [44] reduced in substantia nigra of the brains
derived postmortemly from patients with Parkinson’s disease.
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Figure 1.
Behavioral test instruments. A Y-maze, B Marble bury test, C Social interaction test.
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Figure 2.
Expression of Aldh1a1 and Gpx1 mRNA in Gpx1/Aldh1a1 KO and WT mice.
Representative genotyping gel. Gpx1/Aldh1a1 KO animals did not contain a functional copy
of the Gpx1 gene (2A) or Aldh1a1 gene (2B), but were positive for the Neo insert used to
disrupt gene expression (2B).
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Figure 3.
Effect of deletion of Aldh1a1 and Gpx1 on body weight.
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Figure 4.
Effect of deletion of Aldh1a1 and Gpx1 on performance in three-arm Y-maze test. 4A, the
absolute number of novel arm entry; 4B, the absolute number of alteration; 4C, the absolute
number of total arm entry; 4D, the relative number of novel arm entry expressed as the ratio
of the absolute number of novel arm entry to the absolute number of total arm entry; 4E, the
relative number of alteration expressed as the ratio of the absolute number of alteration to
the absolute number of total arm entry.
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Figure 5.
Effect of deletion of Aldh1a1 and Gpx1 on performance in marble bury test.
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Figure 6.
Effect of deletion of Aldh1a1 and Gpx1 on performance in social interaction test. 6A, the
absolute amount of time spent with novel mice; 6B, the relative amount of time spent with
novel mice expressed as the ratio of the absolute amount of time spent with novel mice to
the absolute amount of time spent with the subject; 6C, the absolute number of transition
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Figure 7.
Effect of deletion of Aldh1a1 and Gpx1 on performance in social novelty test. 7A, the
absolute amount of time spent with novel mice; 7B, the relative amount of time spent with
novel mice expressed as the ratio of the absolute amount of time spent with novel mice to
the absolute amount of time spent with familiar mice; 7C, the absolute number of transition.
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